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CHAPTER 1

INTRODUCTION

1.1 HISTORY OF SPECTROSCOPY

1.1.1 OPTICAL SPECTROSCOPY

Optical spectroscopy is one of the most important and influential instruments in
the toolbox of a scientist. It provides a unique possibility to link a macroscopic
observation, dispersed light, to microscopic properties such as the atomic
composition, the presence of specific chemical groups and even the molecular
structure.

Newton is often referred to as the first spectroscopist? since he coined the term
spectrum. Additionally, he demonstrated that sunlight is composed of multiple
colors by dispersing a ray into its rainbow spectrum and recombining it again using
a set of prisms.” In the beginning of the 19th century Wollaston improved Newtons
approach and was the first to discover that, upon close inspection, the continuous
spectrum of the sun is interrupted by sharp dark bands.* Although the precise origin
of these (Fraunhofer) lines remained a mystery for another hundred years, their
presence hinted at a way of distinguishing light sources with a similar appearance,
like stars, by characterizing their spectrum. In 1822 Herschel observed that different
substances burn at distinct colors and noted that even extremely "minute" quantities
of certain elements can be detected by the hue of the flame.> Bunsen and Kirchhoff
combined the previous two observations by demonstrating that the low pressure gas
of a substance absorbs and emits light of exactly the same color.® After cataloging the
absorption lines of most of the alkali and earth alkali metals, they went on and used
their new realization to prove the existences of cesium and rubidium” by identifying,
until then, unassigned emission lines in water from the village Diirkheim and in the
mineral lepidolite.

Kirchhoff’s rules established the possibility to describe the atomic composition
of stars, light years away, by matching their absorption lines with the cataloged
emission lines of all known elements. Equipped with this knowledge, Jules Jansen
and Norman Lockyer proved the existence of helium in 1868 by observing the sun
spectrum and identifying a so far unclassified sharp yellow line.® This was the first

11



12 INTRODUCTION 1.1

Amino acid 1 Amino acid 2

FIGURE 1.1. Two linked amino acids. The amide I mode involves the amide group (highlighted
in red) and arises mainly from the C=O-stretching vibration with contributions from the
C-N-stretching and N - H-bending vibration.’?

time that an element was discovered on a celestial body other than the earth. Since
then, the discovery of most elements has either been led or confirmed by means of
optical spectroscopy.

1.1.2 INFRARED SPECTROSCOPY

The electromagnetic spectrum has more to offer than just the visible. Herschel
showed already in 1800 that there is invisible radiation beyond the red part of the
solar spectrum (the infrared), carrying enough energy to heat thermometers above
room temperature.'® Nevertheless, it took almost a century until the exploration of
this new invisible part of the spectrum began. In 1882, Abney and Festing invented
a new photographic compound which was sensitive in the near infrared (<1.2 um).
They studied different organic compounds and discovered extinction lines similar to
the ones found in the visible. These lines were highly correlated with the presence of
certain chemical groups which led to initial speculations that infrared spectroscopy
is less sensitive to the presence of specific elements but instead rather interacts with
the collective motion of atoms.!! This theory was confirmed by Coblentz who
can be seen as the father of infrared spectroscopy. Not only was he the first to
measure more than a hundred organic compounds in the whole mid-infrared range
(1-15 pm) and to coin the term mid-infrared; but he was also the first to provide
experimental evidence for the connection between fundamental vibrations and
molecular structure.”? Only years later Rose published a paper where he concisely
stated that the structural groups of hydrocarbons have a specific absorption frequency
and a fixed cross section independent of the compound they are part of. This laid
the foundation for the qualitative and quantitative analysis of arbitrary samples
using infrared spectroscopy.'®!* In the 1940s the American petroleum and rubber
industry became intensely interested in a fast and efficient method to identify,
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monitor and distinguish compounds with very similar atomic composition but a
different chemical structure such as crude oil and its refined derivatives. They chose
infrared spectroscopy which by then showed very promising indications of being
chemically specific and capable of identifying chemical bonds and groups, and even
capable of providing some structural information such as the distinction of various
structural isomers. The industrial application fueled the development of new, easy
to use spectrometers, which led to the dispersion of infrared spectroscopy into other
industries and academic research.

1.1.3 PROTEIN SPECTROSCOPY

Arguably one of the most powerful applications of infrared spectroscopy is the
investigation of the three-dimensional structure of proteins. Proteins and peptides
are the molecular machines in our bodies and they orchestrate almost every biological
process from DNA replication’® to mood regulation.!®!” The key aspect to their
functionality is their three-dimensional form." Small variations in their structure can
already have severe impact on their efficiency or, even worse, result in diseases, such
as sickle-cell anemia!® or progeria syndrome?®?. Therefore, the precise knowledge
of the (correctly folded) protein structure is of key interest, not only for medical
purposes, but for a fundamental understanding of biology.

One way by which infrared spectroscopy can provide information about the protein
structure is via the spectrum of the amide I vibration. The amide I vibration is one of
the characteristic modes of the peptide bonds inside proteins. It mainly corresponds
to the stretching of the backbone carbonyl group (C=0O, ~80%) with additional
contributions from the C-N-stretching and N-H in-plane bending vibration (see
Figure 1.1).” This mode has a rather large infrared extinction coefficient, absorbing
at ~1650 cm™!, and is extremely sensitive to changes in the backbone environment,
such as hydrogen bonding. In principle, a protein which consists of 7 amino acid
residues contains 7 — 1 amide I oscillators. The spectrum of a well-structured protein
usually looks very different from the spectrum of an isolated amide I vibration. The
reason for this difference is the coupling between the individual amide groups inside
a protein, which leads to collective oscillations of the involved amide I vibrations.
The frequencies of these collective oscillations depend sensitively on the three-
dimensional organization of the residues inside the protein, and therefore on the
secondary structure.?!

Figure 1.2 shows how the amide I spectra can be used to distinguish between the
three most common secondary-structure motifs: random coil, a-helices and [-
sheets. Usually, unstructured domains (random coils) show a broad featureless
band at 1639-1654 cm™!, a-helices a relatively narrow band at 1642-1660 cm™!
and [B-sheets mostly show two distinct resonances, with one intense peak around
1630 cm ™! and a weak one at ~1680 cm™!.2! These spectral signatures allow not only
a qualitative but also a quantitative analysis of the protein architecture.?>%

*premature aging
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FIGURE 1.2. Infrared spectra of the amide I region. Spectrum (center) of the same peptide
(poly-l-lysine) in three distinct secondary structure conformations (spectra adapted from?*).
The different spectral shapes of S-sheets (red, left) and a-helices (blue, right) originate from
distinct hydrogen bonding patterns and phase relations of the involved amide groups.

1.2 NOVEL DEVELOPMENTS IN PROTEIN INFRARED
SPECTROSCOPY

1.2.1 TWO-DIMENSIONAL INFRARED SPECTROSCOPY

One limitation of infrared spectroscopy is that information-rich spectral windows,
like the amide I region, are often crowded with absorption bands originating from
various chemical groups and/or different secondary structure motifs. This overlap of
many resonances can result in hard to interpret, featureless and broad lineshapes. A
second limitation is that although most chemical groups have an infrared signature,
it is very difficult to obtain information about the spatial organization of the groups
from the linear spectrum. In other words, the linear spectrum does not allow one
to unambiguously determine how different vibrational modes are coupled to each
other.

Both shortcomings can be lifted by moving from steady state linear infrared
spectroscopy to ultrafast two-dimensional infrared (2DIR) spectroscopy. In 2DIR
spectroscopy ultra-short laser pulses are used to excite molecular vibrations and to
follow their relaxation dynamics. The excitation acts like a short-term tag which
labels an oscillator and allows to track it on a femtosecond timescale. Similar to
nuclear magnetic resonance (NMR) spectroscopy, the spectra in 2DIR spectroscopy
are spread along two dimensions where one axis marks the excitation and the other
the detection frequency. This frequency dispersion by itself can greatly simplify the
assignment of the observed vibrational bands. Furthermore, interacting chemical
groups give rise to distinct spectral features, i.e. cross-peaks, which carry information
about the underlying coupling mechanism and the relative orientation of the involved
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FIGURE 1.3. Rapid motions of solvent molecules in close vicinity of the peptide backbone
cause the amide I vibrational frequency e to fluctuate. 2DIR spectroscopy can be used to

access the timescale of these fluctuations, and thereby the solvent exposure, by monitoring the
time-dependent lineshapes (Section 2.5.4).

vibrational modes.

Many studies have demonstrated that 2DIR spectroscopy is capable of extracting
direct structural information about the investigated system. In one of the earliest
2DIR experiments, Woutersen and Hamm used polarization-resolved 2DIR to study
the spatial structure of the model peptide trialanine.”> By studying the polarization
dependence of the cross-peaks between the alanines and assuming a planar geometry
for the amide units, they could determine the absolute angles between the three
residues. In a different set of studies the group of Rubtsov looked at the picosecond
dynamics of cross-peaks in various molecules and demonstrated that the time-
dependence of the cross-peak intensity can be used to measure the atomic distance
between chemical groups with angstrom precision.?

In addition to providing structural information, 2DIR is extremely sensitive to
protein-solvent interactions. The rapid motions of solvent molecules close to the
protein cause fluctuations in the amide I vibrational frequency (Fig. 1.3) resulting
in inhomogeneous broadening of the spectrum. Since the time resolution of 2DIR
spectroscopy is higher than the timescale of most solvent motions, also the solvent-
induced spectral diffusion can be followed in real time. The group of Hochstrasser
used a combination of isotope-labelling and 2DIR to study the time scale of the
frequency variation of most of the amide I vibrations in S-amyloid fibrils. Fast
variations were only observed for a small subset of residues, which they assigned
to the presence of mobile water molecules inside the otherwise dry protein? (Fig.
1.4). These results indicate that 2DIR is capable of detecting individual, structurally
significant water molecules in the vicinity of the protein backbone.

Intrinsically disordered peptides In recent years, it became increasingly obvious
that many proteins are not perfectly well structured. On the contrary, it is
currently assumed that 35% of the proteins in the human proteome contain extended
intrinsically disordered domains.?® These unstructured regions allow the proteins
to display a large conformational diversity, and thereby scaffold and bind with
numerous interaction sites. Furthermore, the high flexibility often leads to a
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FIGURE 1.4. Schematic representation of one monomer unit of A 340 fibril. The measurement
of the frequency fluctuations of individually labeled residues (red) with 2DIR suggested the
presence of individual water atoms (blue), contained inside the otherwise dry protein.?’

low binding affinity resulting in fast interprotein interactions, making proteins
containing intrinsically disordered domains a key element in many cellular signal-
processing pathways.?” Malfunction of intrinsically disordered proteins (IDP) has
been linked to a variety of human maladies including diabetes, cardiovascular and
neurodegenerative diseases and most cancer varieties.”®?! Oftentimes the reason
for the malfunction originates in misfolding of the proteins into a nonfunctional,
insoluble aggregate. A detailed understanding of the aggregation process and, in
general, the physiochemical properties of the unstructured domains, is essential for
the development of possible cures. Unfortunately, fast progress has been limited due
the extreme flexibility of these proteins.

Most IDPs occupy a large and fairly flat energetic landscape which allows them to
rapidly interconvert between different conformations and which prevent high quality
crystal formation. This makes them an extremely difficult subject for conventional
experimental methods to study protein structure, such as x-ray crystallography and
NMR spectroscopy.’? Therefore, ultrafast experimental methods can be very useful
to extract direct structural information.

Elastin-like polypeptides (ELPs) were proposed as a minimal model system for
the investigation of IDPs since they possess many physical, chemical and biological
properties common to IDPs.** ELPs are intrinsically disordered biopolymeres which
can undergo a temperature-induced and aggregation-like phase transition. In Chapter
4 we will employ the structural specificity and picosecond time-resolution of two-
dimensional infrared spectroscopy to investigate the inverse-temperature transition
of ELPs and to identify residual structural elements.

1.2.2 EFFORTS TO ENHANCE IR SENSITIVITY

Although infrared absorption spectroscopy provides a powerful tool to study
biomolecules in solution, it is severely limited when it comes to the investigation of
nanometer-sized samples, like self-assembled monolayers, supported lipid bilayers
(and possibly anchored membrane proteins), or in general ultrathin films. The
origin for this limitation is twofold: most chemical groups have a relatively small
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FIGURE 1.5. Efforts to enhance the infrared absorption of (ultra-)thin films (see text for
discussion).

nanoantennas

absorption cross-section in the infrared and the high solvent-to-film ratio causes
significant background absorption.

A common approach to mitigate these problems is to employ attenuated total
reflection infrared spectroscopy (ATR-IR). In ATR-IR the infrared light is passed
through an optically dense crystal and internally reflected from a surface onto
which the sample is deposited. The reflection is accompanied by an evanescent field
which extends into the sample volume. The resulting short optical path lengths of
around 0.5-3 pum allows one to study samples with a strong solvent absorption
In addition, the optical path length is highly reproducible (because it does not rely
on the use of a sample spacer), so that the solvent background can be subtracted
very accurately. Although this method can greatly boost the sensitivity for adsorbed
thin films, it is generally insufficient to achieve monolayer detection. In 1974,
Fleischman et al. showed that monolayer sensitivity can be obtained in Raman
scattering experiments by attaching the studied molecules to a roughened silver film,
introducing the new method of surface enhanced Raman spectroscopy (SERS).*> Half
a decade later, it was demonstrated that similar results can be achieved in infrared
spectroscopy by adsorbing molecules to a metal film deposited on top of an infrared
transparent substrate,’® although with significantly less signal enhancement. The
signal enhancement in surface enhanced infrared absorption spectroscopy (SEIRA)
originates from nanometer sized features and the strong curvature of the roughened
metal film which leads to strong local electric fields.

In recent years, nanofabrication methods became commonly available which allowed
the replacement of the metal films with specifically engineered metal nanostructures.
These resonant nanoantennas act like little lenses, strongly focusing the infrared
light into subwavelength volumes, thereby strongly enhancing the vibrational signals
from molecules adsorbed to the nanoantennas. The current generation of SEIRA
can thus achieve zeptomolar sensitivity>”>*® and has been incorporated in on-chip’
designs paving the way for a new class of biological sensors.*’

Despite these advances, most studies so far have been limited to exploring surface
enhancement in linear infrared spectroscopy. Obviously, it would be highly beneficial
to also apply these surface-enhancement techniques for increasing the sensitivity of
nonlinear infrared spectroscopy. This would, for example, make it possible to
study the structure of membrane proteins that are embedded in surface-attached
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membranes. A large part of this thesis is dedicated to the development of the
technique of Nanoantenna Enhanced Nonlinear Infrared Spectroscopy (NENIS).

1.3 OUTLINE OF THE THESIS

Chapter 2 presents the theory on which the experiments described in this thesis
are based. The first part of the chapter deals with the theory of surface plasmons.
In the second part of the chapter non-linear light conversion is discussed, and the
fundamentals of linear and nonlinear infrared spectroscopy are introduced. The last
part of the chapter introduces the experimental observables of 2DIR spectroscopy
and discusses the information they provide. In Chapter 3 the experimental setup that
has been used to collect data for this thesis is described. In Chapter 4 the inverse
temperature transition of elastin-like peptides is studied with time resolved 2DIR.
Chapter 5 introduces a novel method to perform nonlinear vibrational spectroscopy
on nanoscale volumes with the assistance of infrared nanoantennas. The capabilities
of this method are demonstrated by recording the 2DIR spectrum of a 5 nm thick
film of polymethylmethacrylate. In Chapter 6 an analytical model for nanoantenna
enhanced vibrational spectroscopy is introduced and the implications of local-field
effects are discussed. In Chapter 7 we use 2DIR spectroscopy to study the molecular
motion of the organic cation in methylammonium lead iodide perovskites, and in
Chapter 8 we investigate how this motion is affected by the substitution of the halide
anions in the material.



CHAPTER 2

THEORY

2.1 MACROSCOPIC ELECTRODYNAMICS

2.1.1 MAXWELLS EQUATIONS

The basis for describing electric and magnetic fields and their interaction with matter
is given by Maxwell’s equations, which were published by their namesake James
Clerk Maxwell in 1861. In 1884 Oliver Heaviside reformulated the equations to their
nowadays well-known form. The macroscopic Maxwell equations in their differential

form in ST units read (e.g.*):
V-D(7,t) = p(7,t) (2.12)
V.B(%,t)=0 2.1b)
VXRzn:_aﬁ?” 2.1¢)
V x H(7,t)= %H@o, 2.1d)

where j and p are the current and charge densities, E is the electric field, D the electric

displacement, H the magnetic field and B the magnetic induction. Since the materials
investigated in this thesis are nonmagnetic (¢, = 1), we will focus on describing the
interaction of matter with the electric field. The presence of an external electric

field can induce electric dipoles @ inside the volume V' of medium resulting in a
macroscopic polarization P(7,t) = 1/V 3" | i;(7,t). If the applied electric field
strength is small, the polarization increases linearly with the field:

- -

P=cyyE, 2.2)

where y, is the electric susceptibility. For a monochromatic electric field, the electric
displacement field inside a material is given by:

5:50E+13:(1+)(e)505257505, (2.3)

19
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field amplitude

time

FIGURE 2.1. Field amplitude of a propagating (polychromatic) light pulse with indicated group
(v,) and phase velocity (v,).

where ¢, is the vacuum permittivity. From the last equation follows that the
displacement field also increases linearly with the electric field where ¢, the material
permittivity, is the proportionality constant. It is worth noting that x. and ¢ are
complex tensors in general and only reduce to scalars for isotropic media and small
electric field strengths.

The propagation of electromagnetic fields is described by the wave equation which
can be derived by taking the curl of Eq. (2.1c), assuming a source-free medium (0 =0,

;: 0), and making use of Eq. (2.1d) and Eq. (2.3):

1 52 d? 7
<V2_c_2ﬁ> =Hogal 29

where ¢ = 4/(eoug)" is the speed of light in vacuum, and y, the vacuum
permeability.

2.1.2 THE REFRACTIVE INDEX 7

To describe the propagation of light inside a material it is convenient to introduce the
material specific refractive index. By assuming a nonmagnetic material u, =1 we can
relate the refractive index 7, the dielectric function, and the susceptibility via:

n=,e 4, X1+ y=r+ix. 2.5)

In the last equation we have written the refractive index as sum of the real (7) and
imaginary (x) part of z. To understand the properties of the refractive index, it
is insightful to investigate the implication for a monochromatic plane wave with
frequency w traveling through the material:

E :Eoei(kx_“’t)—l—c.c.. (2.6)

Here k denotes the wave vector, and c.c. refers to the complex conjugate. The wave

vector is defined as*!
p = @) 2.7)

c
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and is in general complex valued due to its dependence on 7(w). Combining the last
two equations leads to:

E=E ei“)(g"_t)-e_“)gx—f—c.c., 2.8
0

where we have separated the exponent into an oscillating contribution depending on
7 and an exponentially decaying contribution depending on «. Thus, a nonvanishing
imaginary part of 7 leads to a decrease of the amplitude as the wave travels through the
medium. We can quantify the amount of attenuation by inspecting the light intensity
of a plane wave inside the material, which is given by:*

l 1 K
Izicﬁﬁe{E-E*}: Ecﬁe_zw?x|E§|, 2.9)

where the asterisk denotes the complex conjugate. By comparing the last equation to
the Lambert-Beer law:
[=le™, 2.10)

we see that the absorption coefficient « is related to the imaginary part of the
refractive index by:

a=2%0. (2.11)

¢
Next, we look at the influence of the real part of the refractive index 7 on
the oscillating part of the electric field which governs the velocity of the wave.
Monochromatic plane waves (see Eq. (2.8)) propagate at the phase velocity:
¢

v,(w)= T 2.12)

through the medium. Therefore, the real part of the refractive index determines the
speed of light inside a material (relative to the speed of light in vacuum). If 7 is

frequency dependent (5—2 # 0), then the medium is often referred to be dispersive.
In this thesis we employ ultrashort light pulses, consisting of multiple frequency
components, to study the molecular dynamics of bulk samples. The envelope of the
light pulses, will travel at a constant group velocity:*!

o= 2.13)
8 ~ di

n+ WIS
If the group velocity is also frequency dependent, then the pulse will spread with
propagation time. Figure 2.2 shows the real and imaginary part of the refractive index
close to a resonance. The lineshape of the real part extends over a much broader
frequency region than the imaginary part, which implies that severe pulse elongation

can occur even though the medium is transparent (x & 0).

2.1.3 MODELS FOR THE REFRACTIVE INDEX

To describe the frequency dependence of the refractive index, we assume that an
electric field E = E,e™"®? inside a material can displace charges, like electrons,
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FIGURE 2.2. Frequency dependence of the real 77 and imaginary « part of the refractive index
7 in vicinity of a resonance at cv.

ions®.** For small electric field strengths the bound charges with effective mass m
and charge ¢ will experience a restoring force with spring constant k. In addition, the
movement of the charges will be damped by a general friction term I' due to, among
others, radiative damping.** Summing over all presented terms allows us to write the
equation of motion:
a%x
mﬁ:Freszore-i_Fdamp_’_Fdrive (214)

- ax = =
:—/ex—mrg—j +qEq et (2.15)

This differential equation can be solved by using the ansatz ¥ = X,e~*** which leads
to:
- gk, 1

x —_—
0 . bl
m wé—a)z—zfa)

(2.16)
where we have introduced the fundamental frequency w, = \/g of the oscillator.
Since the oscillators inside the medium can have different properties (like friction
terms), and experience different local environments, we can divide them into
ensembles i with the oscillator densities N;, local friction terms I; and fundamental
frequencies w,. By combining the expression for the displacement of the charge x,
with the definition for the microscopic dipole g = ¢x and Eq. (2.3) we can express
the dielectric function as:
2

C— ]\2]" — 2.17)

—mey wi —w?—iljw

e (@) =1+

Figure 2.2 shows the dielectric function close to a resonance.
Equation 2.17 (Lorentz model*?) provides a general approach for charge displacement
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FIGURE 2.3. Dielectric function (top) and refractive index (bottom) of gold calculated with
the Drude model ('=17.1-10" s, , =2.15-10" 4).

and offers an accurate description for a wide range of phenomena including bound
electrons, dielectrics and molecular vibrations.

For (noble) metals at visible and infrared frequencies where the majority of the
accessible charges originate from free electrons, the Lorentz model reduces to the
Drude model.* In this special case, the restoring force vanishes (k = 0) and we can

substitute the electron mass m,, charge ¢ = —e and density 7 into Eq. (2.17) and

arrive at: ,
2

en 1 w5

e (w)=1+ - =1——F7 2.18

Ae) m,ey—w?—ilw w?+ilTw @18)

. . . e’n
where we have introduced the material specific plasma frequency w, =4/ —.

Figure 2.3 shows the real and imaginary part of the dielectric function of gold
calculated with literature values for I and «w,.* With increasing wavelength the real

part of ¢, decreases monotonically and the imaginary part increases monotonically.
The Drude model reproduces the experimental data of noble metals, like gold, very
well in the infrared, but it breaks down in the visible and ultraviolet frequency range
where interband transition from bound electrons becomes a dominant contribution
to the dielectric function.*

Since for most metals the friction term is significantly smaller than the plasma
frequency (' < w),,), the dielectric function can be further simplified to:

e rl——. (2.19)

Using the Fresnel equation to determine the reflectivity, one can show that materials

with a negative real part act as good reflectors. However, for «w > w » Er becomes

positive and the material becomes transparent.*! The plasma frequency of most

metals is in the ultraviolet, explaining why they are good mirrors in the visible and
the infrared.
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FIGURE 2.4. a) Charge density and electric field of a surface-plasmon-polariton (SPP) at the
metal-dielectric interface. b) Dispersion relation of a plane wave in vacuum (dashed) and a SPP
(straight).

2.2 PLASMONICS

Plasmonic nanoantennas have the ability to localize energy from the free radiation
field to their direct vicinity (see Fig. 2.6). In Chapter 5 and Chapter 6 we will show
how the near-field enhancement associated with this process can be exploited to
greatly increase the signals in nonlinear infrared spectroscopy.

The following section will provide some theoretical background. We will first
introduce the surface-plasmon-polariton as a solution to Maxwell’s equations at the
plane metal-dielectric interface. In the second part we will make the connection
with nanoantennas by considering sub-wavelength particles. Nanoantennas can be
resonantly driven by the external light field leading to strongly localized particle-
plasmon-polaritons (PPP). We will introduce two intuitive models to explain the
origin of the resonance condition of the PPPs and show how it is affected by the
antenna geometry.

2.2.1 SURFACE PLASMON POLARITONS

Figure 2.4a shows a schematic representation of a surface-plasmon-polariton (SPP)
which is the charge density oscillation and the accompanying electromagnetic wave
at the interface of a dielectric and a material with (close to) free electrons, like most
noble metals.*

To show that SPPs are solutions of Maxwell’s equations it is sufficient to look at a two
dimensional system (x-z-plane) where the dielectric and the metal form an interface
along the x-axis, and the materials have respective dielectric constants ¢, and ¢,
Here we assume that both dielectric constants are real. We will use a p-polarized wave
which propagates along the x-axis in the x-y-plane and has wave vector components
parallel k) and perpendicular k; to the interface. Since SPPs are bound to the
interface, the electric field has to decay exponentially into both media. Therefore,
the perpendicular component of the wave vector £, has to be imaginary. We are
assuming that the plasmon propagates along the interface (x-direction). Therefore,
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the wave vector component parallel to the interface & has to have a real part. Hence,
the electric field inside the metal (m) and dielectric (d) are given by:
. (B .
E ={ 0 |etfur—eteikiz [ =y . (2.20)
Ly

Because we consider a material without any excess charge carriers, V - D =0 we find
that
kH,IEH,l-'—kl,lEl,l =0 l:m,d (221)

Next we use the standard electromagnetic boundary conditions at a charge-free
interface:*

EmEJ_,m_EdEJ_,d =0. (223)

The last four equations only have a nontrivial solution for

Emkl,d_gdkl,m:O’ (224)
Lastly, we use the dispersion relation of a homogeneous medium:**!
Elkzzkil—f-/e‘zll [=d,m, (2.25)

where k is the wave vector in vacuum. Combining Eq. (2.24) and Eq 2.25, and using
the fact that the parallel component of the wave vector has to be conserved,*! we find
for the components of the wave vector:

€€
k=~ 2 (2.26)
\ e, teg ¢
& w
= — =m,a. .
E I=m,d 227
’ \ e,teg ¢

Electric fields that are confined to an interface decay exponentially into both media.
Therefore, it follows from Eq. (2.27) that the sum of the dielectric functions has to be
negative. Demanding a real solution for & also requires the product of the dielectric

functions to be negative, therefore:
€g+€,, <0 (2.28)
e +e, <O (2.29)
It is easy to find material pairs that fulfil these requirements. As was shown in

Section 2.1.3, the dielectric function of noble metals is mainly composed of a large,
negative real part at visible and infrared frequencies, and dielectrics like air, glass or



26 THEORY 2.2

a b
2m | Ax

-~
L

-
-_—

o,

2|
A

FIGURE 2.5. a) Fabry-Perot-model of a single nanowire. A wave traveling along the wire
acquires a phase ¢» = =7/ and upon reflection at the caps an additional factor of ¢ . b) Mass-
spring-model of a single nanowire, where the free electron gas is displaced by Ax inducing net
charges at the ends.

CaF, have a small, positive and real ¢, in the same frequency range. Having found
possible material pairs, the remaining question is how to excite surface-plasmon-
polaritons. Figure 2.4 shows the dispersion relation for the parallel component of
the wave vector of a plane wave in free space and for a SPP at a air-metal interface.
Energy and momentum conservation dictates that excitation of the plasmon happens
at the intersection of the two curves. Since no such crossing point exists (different
momentum at every energy), it is not possible to directly excite SPPs with plane-wave
illumination.

2.2.2 PARTICLE PLASMONS

In contrast to plane interfaces, it is possible to directly (by plane-wave illumination)
excite surface plasmons on particles much smaller than the wavelength.* Imagine, for
example, a small metal wire with a diameter of 10-100 nm, so that the penetration
depth (skin depth) of the electric field is of the same order as the radius®. Combined
with the strong curvature of the wire, this leads to a broad distribution of differently
oriented wave vectors at the interface, of which some match the dispersion relation
of the plasmon.

The excited surface plasmons are strongly localized on the wire and in the simplest
case propagate as rotationally symmetric waves along the structure.**° If we are
dealing with a wire of finite length, like a rod, the ends act as discontinuities which
can be described as mirrors at which the propagating wave is reflected with a phase
jump ®,.* It is easy to imagine that we can find wavelengths A’ for a given length d
of the metal rod where the phase difference & between consecutive round trips is an
integer 7 multiple of 277, resulting in constructive interference:

2
by

*Using Equation 2.11 we can estimate the skin depth (decay of the field magnitude to 1/¢) of gold (x ~
38) at 6 pm to be 13 nm.

8=2(=I[+%,)=2n7r n=0,1,2,.... (2.30)
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Thus, a localized particle-plasmon-polariton (PPP) can be described as a standing
electromagnetic wave on a metal nanorod.> This Fabry-Pérot model, besides
providing an intuitive model for the plasmon resonance, also correctly captures the
higher-order modes which have been observed in near-field probing experiments’!
(see also Fig 2.6). It is worth noting that the wavelength A’ of this PPP is smaller than
the corresponding vacuum wavelength A,. Using the Drude model and assuming a
subwavelength metal rod one can show that:

X=a+bh, (2.31)

where 2 and b are frequency independent parameters which are given by the
geometry of the rod and end caps.”

It is instructive to introduce an alternative description where the localized surface
plasmon is treated as the resonant displacement of the free electrons of the metal
(mass-spring-model). We describe the nanorod as a cylinder with base A = 7(d /2)?
and length / (see Fig. 2.5). If the electron distribution of this rod is displaced
by Ax relative to the lattice, net charges =4 accumulate at the ends. This charge
accumulation is strongly dependent on the electron density # and leads to a Coulomb
potential of the form:

1 ¢° 1 (neA)?

V(Ax)= = Ax?, 2.32
(Azx) dreg d  4mey | * (2.32)

where e is the electron charge. By expressing the spring constant as D = w3 m
where m = m,nAl represents the collective mass of all electrons, the restoring force
can be written as:

A nzezziz

F(Ax)=— =— Ax =—DAx, 2.33
(&%) dAx 2mey [ * * @33)
which allows us to determine the resonance frequency
@, d
)4

e = —22, (2.34)

R 2\/5 l
where w, = 4/ ':—f; is the material specific plasma frequency. Although this model

disregards higher-order resonances and does not accurately predict the precise spectral
position of the plasmon resonance, it provides an intuitive picture for the resonance
condition, and works very well for capturing general trends. Among others, it
correctly predicts the scaling of the resonance frequency with the inverse of the aspect
ratio R =d /1, as well as the dependency of wp,, on the charge carrier density (i.e.
the metal used).”*

2.3 NONLINEAR POLARIZATION

Most experiments in this thesis deal with the ultrafast dynamics of vibrational modes
that are resonant in the mid-infrared, e.g. the amide I (6 pm) and the NH3 T-bending
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FIGURE 2.6. a) Linear infrared spectrum of gold nanorods on a CaF, substrate. In addition
to the fundamental resonance at 1700 cm™', higher-order modes can be seen at ~3300 cm™,
~4900 cm™!, ~6400 cm ™. b) Finite-difference time-domain simulations of one gold nanorod
(black bar in the center) on a CaF; substrate. The color scale shows the enhancement of the
incident electric field at the resonance frequency of the nanoantenna.

vibration (7 um). Unfortunately, there are no ultrafast, tunable laser systems which
access this wavelength range directly. Instead, one usually starts with an intense light
source in the visible or near-infrared (0.5-1.2 um) and exploits the nonlinearity of
the light-matter interaction to generate infrared wavelengths. Modern pulsed laser
sources in the visible can generate electric field strengths of more than 10° V/m
for which in many materials the linear relationship between the polarization and
the electric field does not hold anymore. In this case we can express the induced

polarization as a power series in the electric field E®
S 1) S @) S G)
P=¢, Z;Xif E + ; X Ei B+ ; KB B+ ), (2.35)
]= ]‘) =1 j’ =1

where the tensors y*) are the various expansion orders of y with rank n + 1. By
writing the products in Equation 2.35 we are assuming that all orders of y are real,
i.e. that the material reacts instantaneously to the applied electric field.*® For light-
conversion applications involving y(? this is mostly valid since the involved crystals
are transparent and can be assumed lossless in the frequency regions of interest. By
expressing every expansion order 7 by a symbol P™ we can rewrite Equation 2.35
as a sum of linear P(Y) = P% and nonlinear terms PN’:

P=P" 4y p@ 4 PO 4 ... = pL 4 pNL, (2.36)

The magnitude of the different susceptibility tensor elements strongly depends on the
material and symmetry of the medium. For instance, the second order polarization
vanishes inside the bulk of a centrosymmetric material. Therefore a non-vanishing
second order polarization can only arise at the interface of a material or inside the
bulk of a non-centrosymmetric material.>>>°

For the following discussion we will drop the vectorial nature of the electric field
and the polarization and consider P for a noncentrosymmetric, nonlinear medium
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in the presence of two monochromatic, linearly polarized plane waves propagating
in the z-direction. We can write the total electric field as a superposition of the two
scalar input fields, with w, > w,:

E(t,z)=A cos(k;z—cw,t)+A,cos(kyz—cw,t), (2.37)

where A, is the amplitude, &, the wave vector and w,, the frequency of the respective
field. Inserting Equation 2.37 into the second order polarization P yields:

PO = yPE? =2 5? (0.547 cos(2(kyz — e, 1)) (SHG)  (2.38)
40.543 cos(2(kyz — w,t)) SHG)  (2.39)
+A, A, cos((k; + ky)z — (w, + w,)t) (SFG)  (2.40)
+A,Aycos((ky —ky)z —(w,;—w,)t)  (DFG)  (2.41)
+0.5(4] +A2)). (OR)  (2.42)

This equation shows that the nonlinear polarization has new frequency components
which were not present in the input fields. Specifically, the first two terms represent
second harmonic generation (SHG) or the doubling of w; and w,, the third term is
the sum frequency (SFG) and the fourth term the difference frequency of the two
input frequencies. The last term is constant in time and corresponds to a static
polarization of the medium (optical rectification).

To simplify the discussion, we assume that the most dominant contribution originates
from the DFG-term (Eq. (2.41)) where the ordering of the frequencies is given by:
w; > w, > w;. In general, all of the above frequency mixing processes are present,
but by manipulating magnitude of the wave vectors of the input fields and the
generated field, the conversion efficiency of specific processes can be selected, as will
be shown below.

To investigate the light conversion process inside the nonlinear material, we insert
the nonlinear polarization into the wave equation Eq. 2.4:

d?E(t,z) ¢, d%E(t,z)  I*PNK(r)

g2 @ ar T gn 24
The nonlinear polarization acts as a source term which oscillates at c;:
PNE(t,z) = PNE(2)e ™' 4 c.c., (2.44)
which in turn drives an electric field with amplitude A(z):
E(t,z)=A(z)e ™" +c.c. (2.45)

at the same frequency. We assume that the field amplitudes A, A, and A, are time-
independent. By executing the time derivative we can remove the time-dependence
from Eq. (2.43):

321‘{(2) £, 03 & NL
3,2 + = A(z) = =3 P (2). (2.46)




30 THEORY 2.3

The amplitude of the generated electric field is explicitly dependent on the position,
since it will increase or decrease as the input fields propagate through the material.
We make the assumption that the higher-order terms of the expansion in Eq. 2.36
only contribute a small correction to the linear term. Therefore, it is expected that
the amplitude will vary slowly over multiple optical cycles. This is called the slowly
55,56 and it allows us to separate the amplitude A(z) =

varying envelope approximation
k2 and a slowly

A(z)e’™* of the generated field into a rapidly varying component e
evolving envelope A(z). With this we can simplify the first term in Eq. (2.43):

9%A(z)e'*” ., JA(z)  J?A(2)\ ;
= —k%A(z) + 2ik ihz 2.47
dz? < (@)+2 dz * dz? >e 247)
~ <—/e2A(z) +2ik 3A(Z)> etk (2.48)
dz
by assuming |ik % > % ‘ Combining Eq. (2.44) and Eq. (2.48) we can rewrite
the wave equation Eq. (2.43) in its general form:
zikg—AeikZ = upw? PN, (2.49)
z

By replacing the nonlinear polarization with the DFG-term from Eq. (2.42), we arrive
at:
., OA; 203 :

21/@8—;6‘2/632 :—C—;X(Z)AlAze‘(klfkl)z. (2.50)
The right-hand side of the equation can be interpreted as the spatially modulated
polarization, with wavelength 27t/(k, — k,), driving an electric field; and the left
hand side is the generated electric field with wavelength 27t /k5. The efficiency of the
nonlinear light conversion is dictated by the wave vector mismatch Ak =k, —k,—k;
between the polarization and the wave front of the generated field. This means,
that as long as Ak is non-vanishing, there exists a point /[, = r/Ak at which the
generated field has a phase shift of 7 relative to the field generated at z = 0. This
destructive interference results in an energy flow from Ej back to E; and E,. The
coherence length /. defines the maximum path length up to which the amplitude of
the generated field increases.
Under most conditions, even when employing materials with strong optical
nonlinearity, the build up of E; will be negligible, since Ak # 0. To understand
why Ak # 0 we can rewrite the wave vector mismatch:
_ M@ M, @s

Ak =

Ak = = (@, = ) + 05 =), @.5)

2.51)
Cc Cc Cc

In the absence of a resonance, most materials exhibit normal dispersion (7(cw,) >
n(ew,) for all w; > w,), in which case the wave vector mismatch in the last equation
is always greater than zero. It is, nevertheless, possible to achieve Ak = 0 by using
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a technique called phase-matching, which employs a class of materials which are
nonlinear and birefringent. In these materials, the refractive index strongly depends
on the polarization and propagation direction of the electric field. Therefore, perfect
phase-matching can be achieved by adjusting the beam polarization and choosing
the correct crystal orientation.’> In our setup, we use this approach to effectively
convert 800 nm light to the mid-infrared (Section 3.1).

2.4 NONLINEAR INFRARED SPECTROSCOPY

Most of the experiments presented in this thesis involve nonlinear infrared
spectroscopy. In this section we will introduce the theoretical foundation for infrared
light-absorption, discuss the basic principles of pump-probe spectroscopy and show
how it can be used to explore ultrafast molecular dynamics.

2.4.1 INFRARED ABSORPTION

Molecular vibrations can be described as quantum mechanical harmonic oscillators.”->

The time-independent Hamiltonian of an oscillator with mass 7 and spring constant
k is given by:

"2
" 4 1, .
=L 4 k32 2.53
0=t (2.53)

where p and % refer to the momentum and position operator, respectively. The
energies E, for the allowed states |¥) of the system can be found by solving the time-
independent Schrédinger equation:%%6!

H,|¥) = E|T). (2.54)

By determining the eigenvalues of the equation one can find the state energies:
1
E,=hwy(v+ 5), (2.55)

where v is the vibrational quantum number and w, = 4/k/m the fundamental
frequency of the oscillator. The system described so far is stationary, and it will not
undergo state transitions because the Hamiltonian is independent of time. A time-
dependent perturbation V(t) of the static Hamiltonian:

H(t)=H,+ V(t) (2.56)

is necessary to induce a state transition. In spectroscopy, the perturbation is given

by an oscillating electric field which acts on the dipole moment (operator) 2 of the
molecule:”’

A 1= = 12> . .
V(t)= _Ep -E(t) :_EﬁEO (e7'f e r). (2.57)

Here we have used the electric dipole approximation which assumes that the spatial
extent of the electromagnetic wave is much larger than the size of the oscillator:
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e!R¥i0t oy =19t The temporal evolution of the wave function |¥) is described by
the time-dependent Schrédinger equation:®%¢!

IR
ih 2 [U) = H(1)|0). (2.58)

For a small perturbation, the transition rate R, per unit time from an initial state
|s) with energy E_ to a final state |e) with energy E, is in first order given by Fermi’s
golden rule:**

_ 27 A

Ry = e (el V(1) Is) (8 (e — @) + 8 (w0, + @), (2.59)

where w,, = (E, —E,)/%. Substituting the perturbation from the light field and

writing the inner product (- E in terms of the angle ¢ between E and 2, we can
reformulate the transition rate to:

Roo= 5B cos’(O)( (e, —w)+ 8. +))el A1) P, @60

Equation 2.60 provides much information about light absorption. The cos*(#) factor
implies that the relative orientation of the transition dipole moment and the electric
field dictates the absorption. The two Dirac-8 functions ensure energy conservation:
the amount of energy extracted (8(w,, — w)) from or provided (8 (w,, + w)) to the
electric field has to be exactly the energy difference between two states.

To evaluate the last factor in Eq. 2.60, it is convenient to expand 4(x) in a Taylor
series around the equilibrium x = x,:

. ) Er Ji() .
L] = ) els) — 2 o)+ DB gy
0fore#s

The first two terms are zero for state transitions, due to the orthogonality of
the vibrational states. By using only the first order of the Taylor expansion,
the selection rules are limited to e = s £ 1. To also capture multi-quantum
absorption, like overtones and combination bands, higher-order terms of the

potential (anharmonicity) or the expansion of g need to be included. Although
it is possible to excite such higher-order transitions, their cross section usually
rapidly decreases with the number of vibrational quanta involved®!

Lastly, the % 4 term implies that for a mode to be excitable by the electric field, the
transition dipole moment of the molecule has to change as a result of the vibrational
motion. This explains why the symmetric stretch vibration of HyO has an infrared
absorption but the same vibration in CO; does not.
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FIGURE 2.7. Pump-probe experiment. An intense pump pulse excites a significant amount
of molecules in its focal spot (in the sample). The excited molecules are monitored by a weak
probe pulse which interrogates the sample at a time delay ¢, , after the pump pulse.

2.4.2 ANHARMONIC OSCILLATOR

It is easy to see that the harmonic potential used in the previous section is not a
realistic representation of a vibration.The repulsive force should become infinitely
large as the distance between two atoms (or chemical groups) vanishes due to
electrostatic repulsion; for x — oo, the restoring force should become zero upon
dissociation. For a more realistic representation, one can expand the vibrational
potential to include higher-order terms:

| 1
H=—7*4+—kx?+c2’+dz*, 2.62
2mp 2 ~— ( )
Jad
HO

where ¢ and d are expansion coefficients. In the last equation we have also rewritten

A
the harmonic Hamiltonian Hj as a function of the ladder operators:*%6!

X = b (2% +a) b =i\ bm“)(ﬂ—é). (2.63)
2mew 2

These operators simplify the calculation of the energy eigenvalues, since they
essentially increase or decrease the energy of the oscillator by one quantum when
they operate on the energy eigenstate |7):

Aln)y=vn—1|n+1) (2.64)
any=  Vnln—1). (2.65)

It is straightforward to show that the expectation value of the cubic term ((n| %’ 7))
always equates to zero since all terms in the expansion of x* have an uneven number

bSome of these transitions can still be observed. For example, for long optical path lengths HyO has a
blueish color relative to DO which originates from a four-quantum transition (~760 nm).
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of creation 4 and annihilation 4T operators and therefore are not quantum conserving.

. . . A
Using perturbation theory to first order, the energy levels corresponding to H can
be written as>>®°

E, :E,§°>+d<n<0>|>e4(n<°>> (2.66)
1\ 3dK [, 1

where 79 and E{?) are the states and the corresponding eigenenergies of the harmonic
oscillator (zeroth order). Since the restoring force becomes weaker with increasing
displacement, d has to be negative, resulting in lower energy eigenvalues than for
the harmonic oscillator. Furthermore, the quartic term in the Hamiltonian leads to
nonequally spaced energy levels. This has very important consequences for pump-
probe spectroscopy, where we simultaneously investigate the |0) — |[1)-transition
and the |1) — |2)-transition. For the harmonic case, both transitions have the same
frequency.

For the following sections it is important to understand which energy states are
usually accessible under normal lab conditions (room temperature). The probability
for a mode to be thermally excited at a temperature T from state |s) to |e) is given by

Boltzmann statistics:

Eo—E,

ox<e &7 (2.68)

where kj is the Boltzmann constant. As an example, let us consider the NHz T
bending vibration which will be studied in Chapters 7 and 8 (c & 1470 cm™!). From
this frequency we can estimate that the excited state population of this vibration is
only 0.1% at room temperature. Since all modes considered in this thesis are of similar
or even higher frequency (>1470cm ™), we will assume that their population manly
occupies the ground state.

2.4.3 PUMP-PROBE SPECTROSCOPY

Linear infrared spectroscopy provies structural information about the interrogated
molecules. For example, it provides information on the functional chemical groups
present inside the molecules, on the strength of their hydrogen bonds, and, in the
case of proteins, on their secondary structure. By extending the experiments to
the nonlinear regime, we can gain additional information about dynamic processes,
such as vibrational relaxation and molecular reorientation, and about the coupling
between different vibrational modes.

In infrared pump-probe spectroscopy, an intense pump pulse is used to saturate a
vibration and to prepare a nonequilibrium state. A subsequent weak probe pulse is
used to interrogate the excited system. In the following chapters we are going to look
at the amide I’ and the symmetric NH3-bend vibrations, which have a decay rate of
~1 ps. The ultrafast processes involving these mode can be observed by introducing
a very well-defined time delay ¢, , between the pump and probe pulses, which can be

scanned with high precision over multiple orders of magnitude (fs-ns).
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FIGURE 2.8. a) First three levels of an anharmonic vibrational potential. The pump (bold
red arrow) excites part of the ground-state |0) population to the first excited state |1). Shortly
thereafter the probe pulse exhibits a decreased absorption at the fundamental frequency wy,
due to the pump-induced ground-state depletion and stimulated emission from |1). In addition,
the probe is absorbed more at cv;, because |1) oscillators can be excited to |2). b) shows the
linear spectrum measured with and without the preceding pump interaction. ¢) Pump-probe
delay dependent absorption change Aa.

In practice, an absorption change is measured by comparing the absorption of the
probe by the sample in the presence and absence of a pump excitation:
robe __ _probe probe
Aa? = @pump,, ~ Lpump,- (2.69)
For clarity, we will omit the superscript in the following. The second term is just the
linear absorption of the probe:

a(w)=noy(w), (2.70)

where 7 is the concentration of molecules per unit area and oy, the spectrum of the
ground state absorption (|0) — |1)). The interaction with the pump leads to three
effects:

1. ground-state depletion: The probe light is absorbed less at the fundamental
transition oy, () since a fraction of the oscillators N are excited to the first excited
state |1).

2. stimulated emission: The fraction of excited molecules N can be stimulated to
the ground state by emitting a photon. This can also be interpreted as a decrease
in absorption at the transition oy, , since more photons are leaving the sample than
have entered.

3. excited-state absorption: The fraction of excited molecules N can be excited
further to the second excited state leading to absorption at slightly lower
frequencies w,, due to the anharmonicity of the vibrational potential.

Over time the excited molecules will relax from the excited state to the ground state:

N(t)=N(0)e™ 7, @2.71)
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FIGURE 2.9. Polarization-dependent absorption change. By measuring the absorption change
in parallel A and perpendicular Aa, polarization, relative to the pump polarization, the
isotropic Aq;,, and anisotropic R(z) signal can be constructed.

where we have assumed a direct decay to the ground state with relaxation time 7.
Hence, we can write for the pump induced absorption change:

Aa(w,t)=(n—N(1))og (w) = N(t)og () + N(t)oy(w) —nog(w)  (2.72)

=((01()—204,() IN(0)e ™+ 2.73)
—  —
ESA bleach

One usually refers to the negative terms of the absorption change as bleach and to the
positive term as excited state absorption (ESA). Figure 2.8 summarizes this section in
a schematic way.

2.4.4 POLARIZATION DEPENDENCE

One of the key pieces of information that we can access with pump-probe
spectroscopy is the vibrational relaxation rate. Ideally, one would just need to
monitor the amplitude of the pump-probe signal as a function of delay time
to determine the excited-state population and, thereby, the vibrational lifetime.
However, a complication arises because (in addition to the excited state population)
there are other factors that can affect the amplitude of the pump-probe signal, for
example reorientation (rotation) of the excited molecule. In a polarization-resolved
pump-probe experiment, where all pulses are linearly polarized, we can construct

the isotropic signal:
Aa(t) +2Aa(t
Aa(t);,, = 9l 3 ( )l, 2.74)

which only depends on the number of excited molecules.*” Here, Ae| and Aa, are

the absorption changes measured with a probe polarization parallel and orthogonal
to the pump polarization, respectively.® It is important to realize that, due to the

“The factor of 2 enters due to the azimuthal symmetry of the excited dipole. If the pump beam linearly
polarized (e.g. E,), there are two different probing polarizations which result in the same absorption
change (i.e. £, and E)).
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cos? 0 excitation dependency, the absorption change directly after excitation is highly
anisotropic (Aa); > Aa ). By keeping track of the degree of anisotropy, we gain access
to the average transition dipole orientation of the excited molecules, relative to the
pump polarization as a function of delay time. This information can, for example, be
used to determine the reorientation time of small molecules like water?. The time-
dependent anisotropy can be constructed as:**

B Ag(t)—Aay(t)
- Ag(t)+20a,(2)

R(t) 2.75)

This definition removes the contribution of the vibrational relaxation to the
anisotropy by normalizing to the isotropic signal. The experimental anisotropy
provides a measure for the orientation correlation function of the transition dipole
moment. More precisely, the anisotropy is related to the angular displacement of the
transition dipole moment during the pump-probe delay via:

R(1)= 3 (PA(0)- 1)) .76
= §<%<300329—1>>, 2.77)

where (...) is the ensemble average and P(x), = (3x* — 1)/2 is the second order
Legendre polynomial. It is insightful to look at the limiting cases of Equation 2.77
for an isotropic sample.

If 4(0) and u(t) are parallel R(¢) is é That is, the detected molecules have exactly
the same orientation as the exited ones which is, for example, the case directly after
excitation (¢,, ~ 0 ps) since there was not enough time yet for the molecules to
undergo any kind of motion. Shortly after excitation, the molecules will undergo
(rotational) diffusion and possibly transfer energy to other oscillators. Thus, for long
pump-probe delays the molecular ensemble will approach an isotropic distribution
with (cos2 (9> = 1/3 and the anisotropy will decay to R(¢) = 0. If x(0) and u(t) are
perpendicular, R(¢) is —é.

In a polarization-resolved experiment we usually measure the decay of the anisotropy.
The decay mechanism strongly depends on the system. In water, for example, both
the reorientation of the individual molecules (~1-5 ps®*) but also resonant energy
transfer (<200 fs°>:%) contribute to the decay of the anisotropy. In big molecules like
proteins the anisotropy tends to stay close to 0.4 within the probed time interval since
the rotational diffusion is slow compared to the vibrational lifetime.

2.5 TWO-DIMENSIONAL INFRARED SPECTROSCOPY

Two-dimensional infrared spectroscopy (2DIR) provides several advantages over
conventional pump-probe spectroscopy. 2DIR can be seen as a pump-probe

dFor example, the reorientation time of OD vibration of HOD in HyO is 2.5 ps.®
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FIGURE 2.10. Coupling in 2DIR. a) level diagram of two vibrational modes in the monomer
and weakly coupled configuration. |i;) represent states with i quanta in mode A and j quanta
in mode B, and the associated line represents the energy level. Red arrows indicate cy,
transitions (bleach), blue arrows the w,, transitions (ESA) and black arrows cross excitation.
b) corresponding 2DIR map.

experiment resolved both along the probe and the pump frequency. The additional
resolution along the pump axis gives more detailed access to the time evolution of
spectral lineshapes (spectral diffusion), and it allows us to identify and characterize
anharmonic coupling between vibrations.

Figure 2.10 shows the energy levels for two coupled vibrations and the correspondmg
2DIR spectrum. The spectrum can roughly be divided into two parts: peak pairs
along the diagonal consisting of a negative bleach (|0) — |1)) and a positive excited
state (J1) — |2)) absorption of the individual vibrational modes; peak-pairs on the
off-diagonal (cross-peaks) which also consist of a positive and a negative part. The
appearance of cross-peaks means that excitation of vibration A induces a transient
signal from vibration B. Therefore, the mere presence of cross-peaks is a very valuable
piece of information since it directly implies coupling between two vibrational
modes. By investigating the dynamics of the cross-peaks we can discriminate between
different coupling mechanisms, such as anharmonic interaction or energy transfer.
In addition, by analyzing the cross-peak anharmonicity (bleach-induced absorption
splitting) we can get an indication about the coupling strength, and by looking at
the cross-peak anisotropy one can extract the angle between the coupled transition
dipoles.

The lineshape of every resonance provides insight into the local environment of
the respective vibrational mode. In contrast to linear infrared spectroscopy, in
2DIR it is possible to directly disentangle contributions from homogeneous and
inhomogeneous line broadening by inspecting the lineshapes at early ¢, -delays.
By following the spectral evolution of a peak, one gains access to the timescale of
the local fluctuations, which for molecules in solutions often can be related to the
solvation dynamics.
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2.5.1 ANHARMONIC INTERACTION

Next, we are going to inspect the coupling between two vibrational modes where,
for simplicity, we will focus on a weakly coupled dimer and provide a flavor for
the general information content accessible by 2DIR. The coupling between two
vibrations, which we describe in their respective local mode coordinates, 4, and gj,
is determined by the potential energy surface. Expanding the potential around the
local mode coordinates g; and keeping only the bilinear term yields the following
expression for the coupling term:

V(44,95) ~ 2B 4894985 2.78)

where 3,5 is the coupling constant. Rewriting the potential in terms of ladder

operators §; = 1/+/2( 2ZT + 21) and keeping only the quantum conserving terms leads
to
Vs = Bas(blby+bjby). 2.79)

We will describe the energy of the second excited state by:
2 1
EQ) =2E0,— A, (2.80)

where A, 5 is the correction term used to account for anharmonicity of the potential.
For simplicity, we are going to assume equal diagonal anharmonicies A = A, = A,
for both vibrational modes. With this, we can write the Hamiltonian for two weakly
coupled anharmonic oscillators:*’

, (2.81)

where we have ignored the zero-point energies. The first two terms represent the
harmonic-oscillator Hamiltonian for two independent oscillators A and B. The third
and fourth terms are phenomenological correction terms needed to account for
the anharmonic character of both oscillators. Finally the last term represents the
coupling between the two oscillators. Since 2DIR (third-order) spectroscopy can
only access states up to two quantum excitations, we work with a reduced basis
set {|77)} = {|00),|01),]10),]02),|20),|11)}, where i and j represent the number of
excitation on site A and B, respectively. The Hamiltonian matrix in this basis is given

by:67, 68
0
7; Wy b/BAB
~ AB wp
H= 2he,—A 0 ‘/EIBAB . (2.82)

0 2bwy—A V2B,
V2[4 V2B hwy+ by
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The Hamiltonian consists of three blocks corresponding to zero, one, and two quanta
of excitation. The energies of the coupled states can be found by diagonalizing this
Hamiltonian. Since the matrix is block diagonal, the sub-matrices can be diagonalized
independently. For the one-quantum case the energies are given by:

E =05( oy + oy F V4B 4y + (B — heoy ). (2.83)

In the limit of weak coupling, |8 5|< |hw,— ha)B| the excitation is mainly
localized on one of the modes. The corresponding energies are given by the monomer
energies slightly shifted by the coupling term:

200

E(! —_—.
hewg— hw,

Ly~ b, F (2.84)

In the other extreme, when both oscillators are strongly coupled | 8 45> | hew , — Bevg|,
the excitation is delocalized over both modes. In this case, the energies are given by
the mean value of the energies of the uncoupled oscillators shifted by the coupling
interaction:

E) ~05(hewy+ hwg)F Bap. (2.85)

Lastly, the energy for the simultaneous excitation of both sites is given by:
2 1 1
EQ=EV+E)— Ay, (2.86)

where A ; is the off-diagonal anharmonicity. The last equation can be interpreted
as a shift of the spectrum of one vibration, upon excitation of the other. Finding
an analytical expression for A ,; is only possible for the degenerate case w, = ;.
However, by assuming weak coupling, one can use second order perturbation theory
and show that the energy correction:*’

40 B,
=— * 4B 2.87
AB (hewy— Beog)? 2.87)

is directly dependent on the coupling term 3,5, the energy gap between the two
modes, and the diagonal anharmonicity. The seperation between the bleach and the
induced absoption of a cross-peak are dictated by the off-diagonal anharmonicity.
Hence, it is possible to extract A, and thereby the coupling term 3,5 from the
2DIR spectrum.

In this context, it is interesting to note that diagonal anharmonicity is essential to
observe any peak (doublets) in 2DIR, since without it the bleach and excited state
absorption of every peak (diagonal and cross) would perfectly overlap and cancel
each other out exactly. Finally, it should be noted that the coupling strength 3,
is not directly accessible in linear spectroscopy but it can be extracted from a 2DIR
spectrum at one pump-probe delay.? %70
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FIGURE 2.11. Cross-peak anisotropy as function of the angle-between the two involved
vibrations.

2.5.2 ANISOTROPY OF CROSS-PEAKS

In Section 2.4.4 we saw that anisotropy measurements provide information abouth
the orientational motion of (the transition dipole moment of) a molecular vibration.
In a very similar manner, the anisotropy of a cross-peak can be used to deduce the
relative orientation of two different molecular vibrations (i.e. the angle between
their transition dipole moments).

Let us assume that we are inspecting two spectrally separated but still coupled
vibrations. In a narrow band excitation experiment where the pump only overlaps
with one of the vibrational modes the angle dependence of the anisotropy is the same
as for the diagonal peaks:

R(@):%(Pz(ﬁ)) with pz(e>:%(3c052<<9)—1), (2.89)

where @ denotes the angle between the transition dipoles. Therefore, by measuring
the anisotropy of the cross-peak and using Eq. (2.88) we can directly extract the
relative orientation of the two vibrational modes. In addition, the time-dependence
of the cross-peak ansisotropy can provide information about the persistence time of
a given configuration. For an extended description of polarization dependence of
cross peaks in different experimental geometries and their delay time dependence the
reader is referred to Ref.”! and.*

2.5.3 ENERGY TRANSFER

The previous section discussed how cross-peaks can arise from an anharmonic
interaction. In this section it will be shown that energy or population transfer
can also lead to cross-peaks. Cross-peaks which originate from energy or population
transfer can be identified by a delayed ingrowth of their amplitudes since the exchange
happens on a timescale longer than the pulse duration (~100 {s). For most systems
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the energy transfer is mediated by a constantly changing local environment. This
pulling and pushing of the molecules results in fluctuations of the local side energies
E(t) = E, + 8E, and of the coupling terms ﬂ(t Jé; + S8 B(t). Here SE,(t) and
) ,6( stand for the fluctuating parts of E;(¢) and (). We gain insight into the
effect of these fluctuations by extending the prev1ously introduced one-quantum
Hamiltonian (Eq. (2.82)) for a coupled dimer:"

Ey+8E,(t) Bay+S8(t
o= <ﬂ23+8% (t) EZB+3EB(1:)> (2.89)

Using the perturbative expansion to zeroth order, and assuming the weak couphng
limit (8 < AE =|Ez —E_,|), one can diagonalize the Hamiltonian with respect to its
time average and use Fermi’s golden rule (P;; = ;T to express the cross-relaxation

rate as:72

b= [ (1850360)

(2.90)
2'3 — (9 BOSAE) +( A'BE)Z<3AE<0)3AE(z>>>e%AEfdt

Here (...) denotes the ensemble average, and SAE = SE(t) — SE,(t). Since we

assumed weak coupling, we discard the last two terms (AﬁE < 1). If the coupling
fluctuations are Gaussian and Markovian®, Kubo showed that the ensemble average

can be written as’? l
(8B(0)S8 (1)) =d?e =, (2.91)

where d is the amplitude of the fluctuation and 7 the correlation time. Combining
Eq. (2.90) and Eq. (2.91) we can find an expression for the transfer rate:

2d%r

S 2.92
h 74+ AE272 (252

The last equation shows that the transfer rate is about inversely proportional to the
correlation time and directly proportional to the square of the fluctuation amplitude
d. Since local fluctuations often originate from the dynamics of the solvent, the
choice of the solvent can be used to enhance or decrease the transfer rate between
two modes. Lastly, we remark that it may seem that there is an inconsistency in
this treatment as energy does not appear to be conserved, i.e., there is an energy
mismatch between the initial and the final state. This apparent inconsistency is,
however, resolved if one realizes that the energy mismatch is taken up by the low-

frequency solvent modes that are responsible for the fluctuations & 5(¢).*%7*

2.5.4 SPECTRAL DIFFUSION

In the previous section we have shown how fluctuations of the coupling term
(8 ) can induce energy transfer between two modes. In this section we will

¢The future state only depends on the present state of the system and not on the past.
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FIGURE 2.12. Hole burning experiment. a) Illustration of an inhomogeneously broadened
vibrational mode. By using a narrowband pump pulse only a subensemble of all oscillators
is excited, resulting in a narrowband dip in the absorption spectrum (b)). Over time,spectral
diffusion takes place, which leads to an increasingly shallower and broader dip in the absorption
spectrum. ¢) The transient spectrum corresponding to b).

discuss the spectral diffusion of a mode which is induced by fluctuations of the
site energies (S E). In case these fluctuations occur relatively slowly they lead to an
inhomogeneously broadened spectrum. The presence of a strongly inhomogeous
broadening mechanism can sometimes be directly inferred by linear spectroscopy,
since in most cases, it leads to Gaussian lineshapes in contrast to Lorentzian
lineshapes for isolated (homogeneously broadened) vibrations. In general, it is
not always possible to use the linear spectrum to determine which broadening
mechanism is dominant since other close-by modes may obscure the lineshape or the
inhomogeneity may be small relative to the natural linewidth.

In pump-probe spectroscopy this distinction is straightforward.  Figure 2.12
demonstrates the principle of a hole-burning experiment where a narrowband
pump pulse is used to excite a subband of an inhomogeneously broadened ensemble
of oscillators. At short time delays, the pump will have bleached a relatively narrow
hole into the absorption spectrum. With increasing pump-probe delay, all oscillators
of the inhomogeneous distribution will interconvert, resulting in an increasingly
broader and shallower hole. It is worth noting that the mere fact that one is able
to bleach a hole in the absorption peak provides a direct confirmation that the
transition in question is inhomogeneously broadened. In addition, the rate of the
broadening (of the bleached hole) provides direct access to the timescale of the
frequency fluctuations exhibited by the oscillators.

The frequency-frequency correlation function (FFCF) is proportional to the
probability that an oscillator of a given frequency still has the same frequency
after a certain period of time. Hence, by measuring the FFCF one can quantify the
spectral diffusion of a given system. For an inhomogeneous ensemble of molecular
vibrations, this can be achieved by performing a hole-burning experiment at different
frequency positions within the corresponding absorption peak. In fact, if we stack
all these hole-burning experiments on top of each other for a certain pump-probe
delay we obtain a 2DIR spectrum. We can follow the spectral diffusion dynamics by
monitoring the 2DIR lineshapes as a function of the pump-probe delay.

For short pump-probe delays all oscillators will be detected at the same frequency at
which they were excited, resulting in diagonally elongated, elliptical 2DIR lineshapes
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FIGURE 2.13. Measuring the inverse nodal line slope (INLS). All panels show the bleach
(red) and ESA (blue) of a vibrational mode at different pump-probe delays. Directly after
excitation, the diagonal width indicates the degree of inhomogeneous broadening and the anti-
diagonal width the degree of homogeneous broadening. The anti-diagonal width increases with
increasing time delay resulting in increasingly circular lineshapes and an increased slope of the
nodal line (green).

(Fig. 2.13 left). With increasing delay time, the local environment of most oscillators
will vary, which in turn changes their frequency. The frequency redistribution of
the excited vibrations can be observed as the reshaping of the 2DIR lineshape with
delay time (Fig. 2.13 right).

Similar to the previous section, we describe the frequency-frequency-correlation as
FFCF(t)=(Sw(0)8w(t)), where S denotes the instantaneous deviation from
the fundamental transition frequency . Assuming random Gaussian fluctuations of
the fundamental frequencies, it can be shown that to good approximation the FFCF
decays exponentially:”

FFCE(t) = (8o(0)d (1)) = Acw?e ™, (2.93)

where 7, is the decay constant of the correlation and Acw the amplitude of the
fluctuation.

There are various methods to extract the FFCF from the time-dependent 2DIR
spectrum.””® One of these methods uses the slope of the nodal line (green line
in Figure 2.13) as it was shown that the inverse of this parameter is approximately
proportional to the FFCF.”® By plotting the decay of the inverse nodal line slope
verses delay time one obtains the FFCF, which provides direct access to the timescale
of the spectral diffusion. In general, however, the fluctuation of the vibrational
frequency of a molecular vibration mostly result from the fast (orientational) motions
of close-by solvent molecules (see Fig. 1.3). In Chapter 4, we will show how spectral
diffusion measurements can yield insight into the solvent exposure of the amide
groups of specific amino acids in peptides and proteins.



CHAPTER3

EXPERIMENT

This chapter will present the pump-probe and 2DIR setup used for the experiments
in this thesis. In addition, some aspects of the data acquisition and data processing
will be discussed in detail.

3.1 LIGHT GENERATION

In our experiments the wavelengths of the pump and probe pulses can be tuned
independently in the range 1.1-10 pm. In order to generate these pulses we start
with a regeneratively amplified femtosecond laser system, after which a number of
nonlinear conversion steps are used to reach the midinfrared wavelength region.

3.1.1 LASER SYSTEM

The starting point of the laser system is a Ti:Sapphire oscillator (Coherent, Mantis-5)
which generates pulses at 811 nm (bandwidth > 80 nm) at a repetition rate of 80 MHz

Lwp
/)leleclnc mirror f=250mm 3.5um IR
f=-2000mm ~3.5-10um
0.8 mJ
~3.5u)
/ Gold mirror Conem_n < M\ e @1650 cm
Topas Prime
35 fs =
AgGas, f=-100mm
Coherent Coherent f=+2400mm 0.8 mm
Evolution 45 Mantis-5
Nd:YLF Ti:Sapphire
SONMEL 50 f=+2400mm
@ 811 nm s . "
=250mm
4 33HM 3.5-10pm
conerent ﬁl/ —
Legend Elite HE+ e ~ A
. f=-2000 1650 cm
Ti:sapphire | f-+2400mm & mm Topas Prime | B8 @
kHz @ 800 nm | |L : 1 35 fs
35 fs timl AgGaS, f=-100mm
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FIGURE 3.1. Generation of mid-infrared femtosecond pulses. BS: beam splitter. DM: dichroic
mirror. AgGaS,: silver-gallium-disulfide crystal with indicated thickness. LWP: longwave pass
filter. BB: beam block. TS: translation stage. PC: periscope.

45



46 EXPERIMENT 3.1

600 — . . . . . .
—=—— Pump signal
_ - —=—— Pump idler
E 400 J Probe signal x4 |
<4 Probe idler x4
2200 o aaahas .

0 1 1 1 1 1 1 1
1200 1400 1600 1800 2000 2200 2400

wavelength A [nm]

FIGURE 3.2. Signal and idler energies of the pump and probe OPAs as a function of wavelength.

with an output power of ~ 580 mW. The output from the oscillator is used to seed
a Tisapphire regenerative amplifier (Coherent, Legend Elite-USP-1K-HE+). The
crystal in the amplifier is pumped by an internal ND:YLF laser (Coherent, Evolution
45, 1 kHz, 28 m]) with a wavelength of 527 nm. After entering the amplifier, the seed
pulse is stretched by a pair of gratings to reduce its peak intensity. 1 out of 80 000
seed pulses is coupled into the cavity of the amplifier via a Pockels cell. After 10
round trips through the pumped Ti:Sapphire crystal the amplified pulse is extracted
using a second Pockels cell, and lastly, recompressed using a second set of gratings.
The amplifier yields p-polarized 35 {s pulses (~5 mJ) at 800 nm with a repetition rate
of 1 kHz.

In order to reduce the power density on the following dielectric optics the diameter of
the 800 nm beam is expanded by a factor 1.2 using a telescope. Next, two 80:20 beam
splitters are used to split the 800 nm beam into three beams: a ~0.8 m] beam for the
probe path, a ~3.2 mJ beam for the pump path and an additional ~1.1 mJ beam. The
diameter of the beams for the pump and probe path are decreased using telescopes
(factor: 1.2), and the beams are guided into two commercial optical parametric
amplifiers (OPA; Coherent, TOPAS Prime).

3.1.2 OPTICAL PARAMETRIC AMPLIFIERS

The two OPAs constitute the first light conversion steps, and they each generate two
output beams—signal (1.1-1.6

textmu m, s-polarized) and idler (1.6-2.2 pm, p-polarized)—with a power conversion
efficiency of ~ 30%?. The OPAs operate in two stages. In the first stage, two beams,
each containing a small fraction (~5%) of 800 nm light are split off. The first beam
is focused into a sapphire crystal to generate a white-light continuum (WLC) and
is consecutively frequency mixed with the delayed second beam inside a S-barium-
borate (BBO) crystal. By choosing the delay between the strongly chirped WLC and

#((signal+idler) /input)
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FIGURE 3.3. left: Example spectra of the infrared light generated by frequency mixing
signal and idler beams in silver-gallium-disulfide for the pump and probe path. right: Center
frequency of the infrared light generated by the difference frequency mixing process as a
function of the selected OPA signal wavelength (red and green dots) compared to the expected
values (blue line).

the 800 nm beam and the angle of the BBO-crystal, a specific frequency component
can be selected and amplified. The amplified signal® beam is spatially isolated and used
as a seed beam for the second stage. In the second stage the seed (signal) is combined
with the remaining 800 nm light (~90%) in a second BBO-crystal to generate the
actual two output beams of the OPA.

The wavelength of the two output beams is set by four parameters: the angle of the
BBO crystal in the first and second stage, the delay between the white-light and the
800 nm beam in the first stage, and the delay between the first and the second stage.
All parameters can be set by computer controlled translation and rotation motors.
After initial calibration of all motors, the wavelengths of signal and idler can directly
be selected via a software interface. Figure 3.2 shows the measured energies for signal
and idler as a function of frequency for both OPAs.

3.1.3 DIFFERENCE-FREQUENCY GENERATION

To arrive at wavelengths in the mid-infrared (3-10 pm ) an additional nonlinear light
conversion step is necessary. The conversion efficiency strongly depends on the
quality of the temporal and spatial overlap of the signal and idler beams. Since both
beams exit the OPA almost collinearly with a small time separation, they are initially
separated onto two independent optical paths by a dichroic mirror, guided over a

bThe three beams involved in difference frequency generation referred to as pump, signal, idler with
the frequency ordering @, ,,, , > Wgignal > Widier
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retroreflector, and subsequently recombined onto a common path using a second
dichroic mirror. The retroreflector in the idler path is mounted on a mechanical
translation stage which allows to adjust the time delay between both paths. Lastly, the
beams are difference-frequency mixed using a silver-gallium-disulfide (AGS, AgGa$,)
crystal. The generated p-polarized infrared beam is isolated by a germanium-based
long-wave-pass filter (LWP, A> 3.4 um ), and the signal and idler pulses are discarded
onto a beam block (BB). Lastly, telescopes are used in the pump and probe paths
to expand the beam size to 3.8 mm and @5.0 mm, respectively. Figure 3.3 shows
example spectra of the generated infrared light and compares their center frequencies
with expected values for the selected signal wavelengths.

3.2 PUMP-PROBE EXPERIMENT

Having described the generation of the infrared light, we will next discuss the
implementation of the pump-probe experiment in this section. To this end, we
will first summarize the working principle of the experiment, then present the
experimental realization and, lastly, have an extended look at the detection of the
infrared light with an MCT-detector.

3.2.1 OPERATING PRINCIPLE

During a pump-probe (pp) experiment we use the probe pulse to measure the pump-

induced absorption change A« of the sample. To this end, the transmission spectrum

of the probe pulse is normalized to the reference spectrum (7' = I;}Tb(\(,;)> and measured

in the presence and absence of a pump pulse. The normalization to the reference
spectrum /,, ¢ serves to compensate for fluctuations in the laser spectrum. This

normalization results in a significant increase in the signal-to-noise ratio.*” The pump-
induced absorption change is given by:

Aa(v) :—log M :_log ]P“’hevP”mP<V) ']ref,O(V) (3 1)
‘ TO(V) 1 Iprobe,O(V)'Iref,pump(v) )

where the subscripts 0 and pum p refer to a measurement in the absence or presence of
the pump pulse. To measure the dynamic processes inside the sample, e.g. to monitor
the vibrational relaxation, the time ¢, , between the pump and probe pulse is varied.

Performing polarization-resolved experiments allows us to disentangle the measured
absorption change into an isotropic contribution (Ae;,,) which reflects the decay of
the excited state population, and an anisotropic contribution (R(z)) which provides
information about the orientational motion of the transition dipole moment that is

probed (see Section 2.4.4).

3.2.2 SETUP: OPTICS

The description of the pump-probe experiment is presented in three parts: pump,
probe and detection path. Figure 3.4 shows an overview of all three parts.
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FIGURE 3.4. Pump-probe and 2DIR setup. PM: power meter. WGP: wiregrid polarizer. WP:
waveplate. P: parabolic mirrors. BB: beam block. TRM: temporary routing mirror. W: ZnSe
wedge. BS: beam splitter.

PUMP PATH

The pump beam first passes through a chopper (Thorlabs, MC2000). The chopper is
synchronized to the laser, operates at 500 Hz, and blocks every other shot during a
pump-probe experiment. Next, the beam is guided through a wobbling ZnSe-window
(wobbler, AMOLF). The wobbler is used to minimize artifacts in the nonlinear signal
which originate from pump-light (scattering) reaching the detector (see Section 3.4).
For the 2DIR experiments, the beam is coupled into a Mach-Zehnder interferometer
which allows for modulation of the pump spectrum (Section 3.3). Conveniently the
interferometer can also be used to monitor the pump spectrum. For the pump-probe
experiments the interferometer is bypassed by inserting temporary routing mirrors
(TRM) into the beam path.

PROBE PATH

The probe beam is first guided over a retroreflector mounted on top of a computer-
controlled translation stage (PI, M-414.3pd) with a travel range of 30 cm, which allows
a precise control of the time delay between the pump and probe pulse from ~10 fs up
to 2 ns. Next, two ZnSe-wedges (45°, R & 10%) are used to split off two reflections
from the beam, so that the actual probe (~200 nJ) and reference (~200 nJ) are
generated. The polarization of the probe beam is set to 45° relative to the pump beam
polarization (and the normal of the table), which allows for simultaneous detection
of Ay and Aa (see below).

DETECTION PATH
Next, all three beams—pump, probe and reference—are focused into the sample
using an off-axis gold parabolic mirror (90°, f = 15 cm). Pump and probe overlap
spatially while the reference beam is displaced by a small distance. Behind the
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FIGURE 3.5. left: simplified detection circuit. An adjustable input voltage V. is divided
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upon illumination, is amplified by an operationpampliﬁer (AMP) and integrated using a boxcar
integrator to yield the output V, . right: Boxcar integration timing. The integration window
of the pre-amplified signal is defined by a gate pulse (TTL, 2 ps). The integrated voltage is held
for readout until an additional pulse (TTL, 100 ps) resets the integrators ~ 100 us before the

next pulse arrives.

sample, the three beams are recollimated using an identical parabolic mirror. After
the second parabolic mirror, the pump beam is discarded onto a beam block (during
the experiments). Alternatively, it can be guided to the detector (for alignment
purposes) using a flip mirror along the probe path.

Behind the sample, the probe beam is split into two independent paths, by a
nonpolarizing 50:50 beamsplitter. In each path one polarization component is
selected, either parallel (p) or perpendicular (s) to the pump polarization, using
wire-grid polarizers. Both probe beams and the reference beam are coupled into a
spectrograph (Oriel, MS2601). The beams are detected by a liquid-nitrogen-cooled
mercury-cadmium-telluride detector (MCT, Infrared associates, 3x32 pixel).

3.2.3 SETUP: ELECTRONICS

INFRARED DETECTION
During the experiment three spectra (reference, probej, probe;) are recorded

simultaneously. In order to read, save and process the infrared signal the intensity
of the incident light needs to be converted into a voltage. This is achieved by using
three hardware components for each spectrum: one line of the MCT detector (32
pixel), one boxcar integrator (AMOLF), and one data acquisition card (DAQ-card,
National Instruments, PXI-6225).

Figure 3.5 shows a schematic representation of the detection circuit. Every
MCT pixel is a photoresistor (R;;-7 ~ 100€2) which changes its resistance upon
illumination (AR ~ 1/10Q). The resistance change is converted into a voltage
change by a voltage-dividing circuit consisting of an adjustable power source (V. ,,
bias), a reference resistor R, = 10082 and the MCT pixel. The voltage change is
first amplified by an operational amplifier and then integrated using a gated boxcar
integrator. The response of the amplified voltage divider to an infrared pulse has a
temporal width of ~ 1.5 ps. By choosing the integration window slightly broader
(2 ps), one can minimize the noise originating from jitter in the laser timing (Figure
3.6a). Lastly, the integrated signal is digitized by the DAQ-cards (16 bits). The
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maximum readout voltage of the boxcar integrators is around 6.4 V and it is fixed
by the circuit design. Therefore, the dynamic range of the voltage measurement is
determined by the resolution of the DAQ-card and the maximum voltage. One can,
however, adjust the gain between incident light and generated voltage by choosing
the width and timing of the gate pulse, and/or by choosing the bias current. It
is advantageous to maximize the dynamic range of the optical measurement®? to
increase the signal-to-noise ratio (see below) and prevent artifacts originating from
the voltage discretization by the DAQ-cards.

Special care must be taken when increasing the bias current since, as a side effect, it
can also increase the noise of the detection circuit. Figure 3.6 shows the measured
dark noise of the complete detection circuit as a function of the applied bias current.
This dark noise 0, is completely random, and therefore it is the ultimate factor that
limits the maximally achievable signal-to-noise ratio. Assuming perfect alignment, i.e.
the fluctuations of the laser spectrum are completely compensated for by reference
normalization, one can propagate the error of the voltage measurement (V,,/,

Vprobe

absorption change

) to estimate the relative noise in the transmission measurement = and in the

9Aa .
A to:

2 2
or Odet Odet ‘/— Odet
—_ = _— —_— NV2—— ~ 0.07% 3.2

probe Vref probe
o
I0a 2 Jdet ~0.1% (3.3)
Aa Vprobe

where 1.5 mV and 3 V was used for 0,,, and V. respectively. The difference of

robe
V2 between the two equations originates form the fact that Aa is computed as the
ratio of two transmission measurements.

In summary, one should aim at having the highest possible readout voltage while
simultaneously keeping the bias current as low as possible.

DETECTOR CALIBRATION
Figure 3.6d shows that the detected voltage does not scale perfectly linearly with
the light intensity. This nonlinearity can have a severe impact on the measured
transient spectrum, especially for samples for which absorption varies strongly over
the spectrum. Therefore, it is necessary to first linearize the detector signal before
using it to compute the transient spectrum. To this end, we use a calibration function
C(V, pix)to convert the measured voltage V' into a quantity which depends linearly
on the light intensity. In order to construct the calibration function, we first record
the response of every pixel as a function of the light intensity V(I, pix). This is
achieved with the help of two polarizers in the probe path which act as a variable
attenuator for the three detected beams. The relative light intensity I is determined
(up to an arbitrary scaling factor) with the help of a calibrated pyroelectric detector

“largest intensity difference/ smallest intensity difference
9n a typical pump-probe measurement the absorption of the band of interest is adjusted to @ & 1 OD
and the absorption change is detected to better than Aa & 0.5 mOD
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FIGURE 3.6. a: Pre-amplified voltage obtained by scanning the gate pulse (bias 100 mA per
16 pixel). Red shaded area indicates the gate pulse. b: Relative noise for a given readout Voltage
(3 V) and bias current (100 mA per 16 pixel) as a function of gate width. c: Dark noise for one
pixel (100 mA per 16 pixel, gate 2 ps). d: Voltage as a function of illumination for different bias
currents (gate 2 ps). Red marks indicate the values used for the experiments in this thesis.

placed behind one of the ZnSe wedges in the setup (Figure 3.4). Typically, the voltage
of a pixel V(I, pix) saturates asymptotically as a function of the light intensity (see
Figure 3.6d), and this functional dependence was found to be very well described by:

a,]
a+1

V(I,pix)= (3.4)

By inverting V/(I, pix), we find the correction function C(V, pix) to be given by:

Va,(pix)

C(V, pix)= (3.5)

a,(pix)—V

where a,(pix) is the saturation voltage (at / = 00) and ,(pix) is an arbitrary scaling
factor which reflects the sensitivity of the pixel. By fitting V' as a function of I we
find 4,(pix) and a,(pix) and hence the correction function C(V, pix). This allows
us to convert the recorded voltage of every pixel into a signal that is proportional to
the incident light intensity.

At this point, the detector is calibrated, so that it is possible to correctly measure
pump-probe and 2DIR signals. A final issue that needs to be addressed is the fact
that the sensitivities of the individual pixels vary greatly (i.e. a,/a, is different for
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FIGURE 3.7. a: Spectrum obtained by scanning the spectrometer grating and recording the
voltage for one pixel. Blue circles indicate values which were selected to match the pixels in
the intensity series. b: Light intensity series. Shown is the voltage spectrum at a given relative
illumination for the 32 pixels of the probe array. c¢: Normalized voltage as a function of light
intensity for one pixel of the probe array before and after calibration. The plateau at a relative
light intensity above 80 % originates from (electronic) saturation of the detector.

every pixel). Fortunately, this problem can be solved straightforwardly by scaling
the parameters a,(pix) with respect to each other. The scaling factors are found by
using the array detector to measure the spectrum of a light pulse and comparing this
to a measurement in which a single pixel is used while the grating is scanned. While
this variation does not affect the transient signal (which is independent of the absolute
pixel sensitivity), it poses problems when the array is used to measure the intensity
spectrum of a light pulse. Figure 3.7 shows the response for one pixel before and after
calibration.
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3.3 2DIR EXPERIMENT

The first 2DIR measurements were performed in the pump-probe geometry with
an etalon (Fabry-Perot) placed in the pump beam to produce a narrow-band pump
pulse (~15 cm™).”” The two dimensional spectrum was generated by scanning the
center frequency of the pump pulse and recording a transient spectrum for a range
of pump frequencies. Although this frequency-domain approach is straightforward
in its implementation and still widely used today, it comes at the cost of limited time
resolution since it generates pump pulses with a duration of 0.5— 1.0 ps.

All 2DIR spectra in this thesis are measured in the time-domain by employing a Mach-
Zehnder (MZ) interferometer (Figure 3.13). As in the Fabry-Perot approach, the
experiment is performed in the pump-probe geometry, but now the etalon is replaced
by an MZ interferometer (see Figure 3.4). The advantages of the Mach-Zehnder
method are that ultrashort pulses (<0.5 ps) can be used to obtain a high frequency
resolution, and that the absorption change is measured simultaneously at all pump
frequencies. In addition, one has the possibility to perform experiments where the
two pump pulses have different polarizations. This offers certain advantages by
providing additional experimental freedom and is obviously not possible with the
Fabry-Perot approach.”®

In the following section we will first discuss some general principles common to all
Fourier transform spectroscopic techniques, such as the influence of the window
function and the accessible resolution. In the second part we will describe the
acquisition and processing of time-domain 2DIR spectra.

3.3.1 GENERAL PRINCIPLES OF
FOURIER TRANSFORM SPECTROSCOPY

There are three main advantages of Fourier transform spectrometers (FTS) compared
.79

to dispersive spectrometers:

e Fellgett advantage (multiplexing): In a dispersive spectrometer all wavelengths

are collected consecutively, whereas in an FTS all wavelengths are collected
simultaneously, resulting in a faster acquisition of the complete spectrum.

® Jacquinot advantage (throughput): The power throughput of a dispersive
spectrometer is lower compared to the FTS due to the need of entrance and
exit slits. This results in higher signal-to-noise when measuring with an FTS
with the same experimental parameters (such as acquisition time, spectral range,
resolution).

e Connes advantage (frequency calibration): The frequency axis of a dispersive
spectrometer is defined by calibration (e.g with samples with well known
absorption lines). In a FTS the frequency axis is derived from a (very well known)
reference laser (mostly HeNe), resulting in much better long-term stability.

INTERFEROMETRY
Figure 3.8 shows a Michelson interferometer, where the light propagates from the
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FIGURE 3.8. a) Michelson Interferometer: Light is split and recombined using a beamsplitter
and measured by a slow photodetector. The end mirror of one arm can be moved to introduce
a time delay 7. b) Measured intensity signal /() as a function of displacement 7 of a
monochromatic light source. ¢) Fourier transform of I(7)

source to a 50:50 beamsplitter, is split up into two arms, reflected by end-mirrors in
each arm, recombined by the same beamsplitter and lastly observed by a detector.
One of the end-mirrors can be moved to introduce a path length difference, between
the two arms:

Ax =0.57c. (3.6)

Here 7 is the time difference between the two paths and ¢ the speed of light. For now,
we assume that the electric field emitted by the light source is a monochromatic plane
wave of the form:

E(t) = Eyexp'kov=ot) ¢ ¢, (3.7)

with real amplitude E,. The total electric field E,,, at the position of the detector
(x = 0) is given by the sum of the fields from the static E(¢) and the dynamic arm
E(t+7): .
E(t,7)=E(t)+E(t+1)=E(t) (1477 ) +c.c. (3.8)
Since most detectors (e.g. MCT, eye) are slow relative to the fast oscillating electric

field, only the time averaged intensity over a time period 7 which is much longer
than one light cycle can be measured:*°

t'+
_ CGO
27 J,

= ceoEZ(14 cos(wy 7)) (3.10)

T
I(t)=05ce,(EL,), dit' Re(E,, (t',0)E(,7),,) (9



56 EXPERIMENT 33

where the asterisk denotes the complex conjugate. Fourier transformation® of
Equation 3.10 yields:

I(w)=F(I(7)) (3.11)
=ce B} <J°° e‘_"’”ci’r—l—fOQ cos(wof)e_i”7d7> (3.12)
=0.5¢ceoE; (28(0) + 8wy — w) + 8wy + w)) (3.13)

The first term originates from the constant offset (dc), the second and third term carry
the frequency of the modulation.

If the electric field consist of a linear combination of two or more frequencies, then
the interferogram /() is given by a linear combination of frequency dependent cos-
terms, since all other cross-terms vanish in Eq. 3.13. Therefore, it is straightforward
to extend the discussion above to polychromatic light:

+00 _
E(t):f E(w)e " “*dew+c.c. (3.14)
I(T):ceofoo E* () (14 cos(ewT))dw (3.15)
I(w)= J - I(t)e '“"dr. (3.16)

Here E(w) is the spectral distribution. In reality, v can neither be measured
continuously nor varied until infinity. The implications of these limitations will
be discussed in the following sections.

RESOLUTION
In any spectroscopic experiment, it is important to be aware of the resolution, i.e.
the minimum frequency spacing that two spectral lines need to have in order to be
distinguishable as separate lines. To estimate the resolution in FTS, we first recall the

convolution theorem:8!

F(f(2)-g(0)=F(f ()= F(g(r)) (3.17)

which states that the Fourier transform of the product of two functions equals the
convolution of their Fourier transforms. It is important to realize that there is at
least one product in any interferometric experiment. Even in the simple case of
monochromatic light, we are limited by a finite scan length L which can be described
as an infinitely long interferogram multiplied by a finite rectangular window (boxcar)

¢ Throughout the text we will use Z (f(¢)) = fix;o £ (t)e~"* for the Fourier transform and Z (f (e)) =

1 ; . .
= fjooo f(w)e*! for the inverse Fourier transform.
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FIGURE 3.9. Apodization and Backfolding a) Two common window functions: boxcar (finite
interferogram) and triangular function. b) The respective Fourier transforms: sinc and sinc’. c)
A sampled (dots) sine wave signal § (bold line), and sine waves with higher frequency perfectly
matching the same sampling points. d) Unique frequency window (gray) [0; w,,,,, ] for a given
sampling rate. Filled circle corresponds to the frequency of the signal § (the bold line in c))
and the empty circles represent sine waves with high frequency matching the same sampling
points.

function:
L
D(t)=1 for t<|5| (3.18)
L
=0 for > |5| (3.19)

with the corresponding Fourier transform:®?

oL

sin
~ < 2 )_ . wlL

Due to the convolution, the resulting spectrum will have a finite linewidth in the
frequency domain even if we had a perfectly monochromatic source (&-peaks).
From Equation 3.20 one can see that in this case the width of the spectral line is solely
determined by the scanned distance L.

One common criterion to define resolution is: two peaks are resolved if the
two maxima are separated by a dip with an amplitude of 20% of the maximum
amplitude. In the case of a square window function and perfectly sharp frequencies
(monochromatic), the frequency resolution w,,, is given by:”

4
W, ~ 0.75%6 (3.21)
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Of course, in a real experiment we do not measure infinitely sharp spectral lines.
Therefore Equation 3.21 provides an upper limit for the best possible resolution at a
given scan distance. It is important, however, to realize that the used window function
(so far boxcar) influences the observed lineshapes via the convolution theorem (Eqn.
3.17).

In general, one can multiply the time-domain signal with any arbitrary function. This
process is called apodization and is essentially equivalent to choosing the lineshape
function (LSF) in the frequency domain. Figure 3.9 shows, as an example, the
comparison between the square and triangular window function in the time and
frequency domain. Ideally we would like to choose an apodization function which
is infinitely narrow in the frequency domain, and therefore does not result in line
broadening; and which does not have any sidelobes which could potentially be
mistaken for real spectral features (peaks)’. However, there are certain limitations
to the choice. The LSF can be characterized by two parameters: the full width at
half maximum (FWHM) and the height of the largest secondary maximum. Norton
and Beer found an empirical limit for how small the FWHM can get for a given side
lobe magnitudes.®? This means, it is up to the experimenter to choose between LSFs
which conserve narrow lines, or have low side lobes, or are the ideal compromise of
the two for a given experiment.

SAMPLING

In the previous section it was shown that the choice of the scan length and window
function have a severe impact on the observed spectral lineshapes. However, it is
not yet clear how finely the time-domain data need to be sampled between the start
and end position. Since the application of a Fourier transform implicitly assumes
that the given data set is periodic, this question can be reformulated to: how many
data points per period are needed to uniquely define a sine wave. Unfortunately,
this question cannot be answered without additional information, since for every
sampling frequency 1/At of a sine wave, there exist an infinite amount of sine waves
with higher frequencies which exactly fit the same sampling points (see Figure 3.9c¢,
d).

Hence, we impose that the measured signal is bandwidth-limited, i.e. there exists
a maximum frequency component w,,,, in the signal, and all higher frequency
components are zero. The sampling of a continuous time domain signal f(7) at
every time step AT can be described, by the multiplication of f () with a Dirac-comb

fThe magnitude of the first minimum of the sinc function is about 22% of the magnitude of its absolute
maximum.
8The empirical limit determined by Norton and Beer is

2
log,, bﬁ ~ 1.939—1.4o1<%>—o.597<%> (3.22)
0 0 0

where /by is the size of the first sidelobe of the apodization function relative to the sinc-function, and
(W /W) the ratio of the widths.®
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FIGURE 3.10. Fourier transform of a bandwidth limited, sampled, time domain signal. A time-
domain signal which is sampled at every At is given by the product of a continuous function
f(7) (here: sinc-function) and a Dirac-comb III(7) (top). The product in time domain results
in a convolution in frequency domain, leading to replication of the spectrum at a period of
2nAT.

(Fig. 3.10):
f(o)=f(r )HIAT( T) (3.23)
Z 8(t—nAr) (3.24)

n—=—oo

M, (7

T

The Dirac-comb ITI , _(7) is defined as the sum of an infinite number of equally spaced
Dirac-deltas 8, and its subscript indicates the sampling step. Since the Dirac-comb is
a periodic function it can also be written as a Fourier series:

1 & : 2
oI, (v )_AT e!""  with Q)OZA_Z (3.25)

n=—oo
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This allows us to calculate the Fourier transform of the sampled function /*(7) by
invoking the convolution theorem (Eqn. 3.17):

F*(w)=9’(f T)Hlm( ) (3.26)
:_ Z g ( znwo'L') (327)
Z 8w —nw,)) (3.28)

_ im)) AL () (3.29)

(3.30)

The last equation shows that the Fourier transform of a sampled function f*(7)
results in the spectrum of the continuous function f(w) convoluted with a Dirac-
comb, i.e. the spectrum repeats itself in the frequency domain with the period i_:
(Figure 3.10). Therefore, as long as these spectral copies do not overlap, we can
uniquely identify every frequency component of the signal. This is exactly the case
when the bandwidth of the signal 2 x ,,, ') is smaller than the distance between
two spectral copies:

27

zwmax

1
zfmax

The minimum sampling rate fy,, = 1/(At)at which w,,,, can uniquely be identified

AT < (3.31)

AT <

(3.32)

is known as the Nyquist frequency. It is important to note that the above discussion
only holds for bandwidth limited signals. Otherwise, there exists a possible overlap
between the replica of the spectrum. Therefore, frequencies higher than w ., will be
present in the observation window [0, w,,, .. ]. This backfolding can only be prevented
by limiting the time domain signal to the expected frequency range with the help of
optical and/or electronic filters.

A similar line of thought can be invoked to show that the frequency sampling Aw is
given by:

T

Aw =

(3.33)

Tmax

Thus, the frequency sampling Acw (not the resolution) is given by the maximum

retardation L. Lastly, representing the frequency in units of wavenumbers
(v = @/(27cc) in cm™), provides a convenient relation between retardation x and

b The information content of the spectrum at negative frequencies is identical to the content at positive
frequencies. Both halves of the spectrum can be interconverted as long as the time domain signal is known.
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FIGURE 3.11. Interferograms with increasing scan range (left) and the corresponding spectra
with increasing frequency resolution (right).

frequency sampling:

1
—1 _
Ayv[em™ ] = —2xmx[C ] (3.34)
1
—1 _
Vmax[a;l ] - 2AX[CWZ:| (335)

Next, we inspect the impact of scan range and sampling rate to provide some examples
for the topics discussed in the previous section. Figure 3.11 shows interferograms with
increasing scan range and the corresponding interferograms, and it demonstrates the
inverse proportionality between maximum retardation and resolution (Eq. 3.33).

Figure 3.12a shows the same interferogram sampled with different time steps and
Figure 3.12b shows the corresponding spectra. Not only does this figure illustrate the
effect of sampling rate on the maximal resolvable frequency, it also shows the effect
of backfolding when the spectral features of interest are above the Nyquist frequency.

3.3.2 HARDWARE IMPLEMENTATION:
MACH-ZEHNDER INTERFEROMETER

Figure 3.13 shows the design of the Mach-Zehnder interferometer, which was adapted
from Ref.”® The small footprint (15 x 15 cm) of the implementation allows for a
flexible placement in the experimental setup. In the interferometer, the input beam
is split into two using a 50:50 beamsplitter. The resulting beams are guided over
two retroreflectors, after which they are recombined on a second beamsplitter. One
of the retroreflectors is static while the other is mounted on a computer-controlled
translation stage (PI, M-111.DG). The Mach-Zehnder interferometer provides two
accessible output beams', with interference patterns that are each others opposites.

'in contrast to the Michelson interferometer, where one output beam is colinear with the input.
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FIGURE 3.12. Interferograms with decreasing sampling step sizes (left) and the corresponding
spectra with increasing maximum frequency (right). The black arrow indicates backfolding of
the spectrum due to undersampling of the interferogram.
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FIGURE 3.13. Mach-Zehnder interferometer geometry. a: Three-dimensional rendering of the
bread board design. b: Schematic representation of the infrared beam path and interference
pattern measured by the pyroelectric detector (inset, top). c: Schematic representation of the
HeNe beam path and interference pattern measured by the photodiods (inset, top). Arrows
indicate the polarization and the propagation direction. PD: photodiode. PCB: polarizing
cube beamsplitter. WP: waveplate. BS: beam splitter.
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FIGURE 3.14. Delay distance sampling via counting interference fringes. Left: Raw
photodiode signal (top) and corresponding digital TTL signal (bottom, offset for clarity).
Right: Counting logic (bottom) and example signals for both photodiods and the
corresponding counter values.

Our interferometer is, in fact, a double interferometer with two almost identical
beam paths (an infrared beam path and a visible HeNe beam path) stacked on top
of each other. The infrared beam path (Fig. 3.13b) serves to generate a pair of pump
pulses while the HeNe beam path (Fig. 3.13b) is used to precisely determine the delay
between the two infrared pulses by counting the HeNe interference fringes.

The counting of the HeNe fringes is implemented using a so-called quadrature
counting scheme, as is explained in Figure 3.14. In this scheme two HeNe
interferograms with a phase difference of 90° are generated (Figure 3.13). This makes
it possible to distinguish between movements of the dynamic arm in the forward
and backward direction. In order to create two out-of-phase HeNe interferograms a
A/4 plate is placed in one of the interferometer arms, thereby converting the linear
polarization of the light to circular. The circularly polarized light from the first arm
is recombined with the linearly polarized light from the second arm, after which the
recombined beam is again split into two beams with the help of a polarizing cube
beam splitter (oriented at 45° with respect to the linearly polarized input beam).
The interference fringes in these two output beams are exactly 90° out-of-phase
with respect to each other, and they are recorded using two photodiodes. The
photodiode outputs are converted to binary signals using analog-to-digital converters
(AMOLF) and fed into the quadrature counter integrated in the DAQ-cards. Figure
3.14 summarizes the counting procedure.

The quadrature counter method provides several advantages:

e The scanned delay is intrinsically measured on an equidistant grid (defined by
the HeNe wavelength) which is necessary for the Fourier transformation of the
interferogram.

® The displacement of the dynamic arm can be determined very accurately
(< Agrene/2) because the measurement is not affected by the limitations of the
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translation stage, such as backlash (~2 pm ) and unidirectional repeatability (0.1
pm ).

e Using the quadrature-counting scheme the direction of the movement can be
determined, which is not possible with a single-photodiode fringe counting.

¢ The combination of the above points allows for measurements with very fast scan
rates (>0.3 mm/s).
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FIGURE 3.15. Generating a 2DIR spectrum.

a) Pump-probe spectra at different retardation times 7. The excitation efficiency of a vibration
at w,;, (top, red line) and therefore the amplitude of the generated pump-probe signal (bottom)
depends on the overlap of the spectral density of the pump spectrum (top, blue area) and the
spectrum of the vibration. The blue line (top) shows the envelope of the pump spectrum. b)
2DIR signal as a function of pump pulse separation 7 and c) as a function of pump frequency
.

3.3.3 PRINCIPLES OF FOURIER TRANSFORM 2DIR SPECTROSCOPY

To understand how a 2DIR spectrum is measured in the time-domain, we first need to
understand how the Mach-Zehnder interferometer modifies the pump spectrum and,
second, what influence this modified pump spectrum has on the resulting nonlinear
signal.

The MZ interferometer converts the pump pulse into a pulse-pair with an adjustable
time separation 7. The electric field of the pump at the sample position is given by:

E<t>T>pump :Esmt<t)+Edyn(t) =L, (t)+E;,,(t+71) (3.36)
where E

stat

and £, refer to the electric field from the dynamic (E(¢ + 7)) and

the static arm (£(¢)) of the interferometer, respectively. The corresponding pump
spectrum after the interferometer is given by:

I(w,7)=2|E,,, (0)(1+ cos(w)) (3.37)

This equation shows that the effect of the MZ interferometer is to modulate the
spectrum of the original pump pulse by interference fringes. These intensity
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FIGURE 3.16. Pulse sequence in a 2DIR experiment.

oscillations originate from the cosine-term, and the frequency spacing between
two fringes is determined by the time delay 7.

In the following, we take a phenomenological approach and examine the absorption
change generated by the interaction of the pump pulse pair with a molecular
vibration (characterized by a resonance frequency w,;;) at a fixed pump-probe
delay t,, (Fig. 3.15). The excitation efficiency of the molecular vibration, and
hence the amplitude of the pump-probe signal, is given by the spectral density of
the pump pulse pair at the fundamental frequency w,;,. This means that, if the
retardation 7 is scanned, the amplitude of the pump-probe signal will oscillate with
a frequency w,;,. Recording the absorption change as a function of = (Fig. 3.15a)
results in a two-dimensional time-frequency map Aa(7,t,,, w;) (Fig. 3.15b). Fourier
transformation of Aa(7,t,,,w;) along 7 yields a frequency-frequency correlation

plot Aa(w,t,,,w;), or in other words the 2DIR spectrum (Fig. 3.15¢).

rp’

3.3.4 DATA TREATMENT

This section discusses some additional steps that need to be taken after acquiring
the time-domain signal to prevent introducing artifacts and to achieve 2DIR spectra
with the highest possible resolution. In a FTIR measurement one usually records
a symmetric double-sided interferogram by scanning the retardation = from —7,,.
to +7,,,.- In 2DIR spectroscopy this approach does not work because the signal is
not symmetric around 7 = 0 (due to the presence of the probe pulse). We solve this
issue by scanning the pulse from the dynamic arm of the interferometer £, only
in one direction, which is away from the probe pulse (see Figure 3.16). Hence, the
time-domain signal in FT-2DIR is defined on the domain 7 € [0, 00). Practically, a
slightly larger T-range is measured during the experiment, and the data set is truncated
afterwards to only contain points where v > 0. Unfortunately, one cannot easily find
the point where = = 0 by simply inspecting the nonlinear signal. That is because
there is also a nonlinear signal at negative values of T (which can be seen as artifact in
the current context). The problem is that missing the point v = 0, by even as little
as one sampling point, leads to lineshape distortions in the frequency domain as is
illustrated in Figure 3.17. Since the time-domain 2DIR signal represents a single-sided
interferogram (i.e. T > 0), its Fourier transform yields complex valued lineshapes.
The highest possible spectral resolution is achieved by selecting the real part of
the frequency-domain signal since it provides absorptive lineshapes, which have the
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FIGURE 3.17. Single-sided exponential and its Fourier transform at a circular permutation
(shift) of 0 (a), 1 (b), 10 (c) data points.

narrowest possible linewidth. Misjudging (shifting) the origin of the retardation axes
by & in the time-domain signal A(7) introduces a linear phase ¢ :

F{A(T+8)) = F{A(1)} - e712™0@ (3.38)
= A(w)-e7'#5(@) (3.39)

that mixes the real and imaginary part of the spectrum resulting in the aforementioned
lineshape distortions.

The solution for this phasing problem is built into the Mach-Zehnder interferometer.
One of its output beams is used to excite the sample, and the other to simultaneously
record an interferogram of the pump pulse (Fig. 3.18a,b) which is totally symmetric
around the point = = 0. In principle, we could find the sampling point closest to
7 = 0 by taking the minimum of the pump interferogram. However, it turns out
that we need to determine T = 0 more precisely than one sampling point. This is
achieved by the following approach. As follows from Eq. 3.39, the 2DIR signal can
be completely compensated for the shift of the origin by multiplying the frequency
domain signal with the correct phase function before taking the real part. The
correct phase function is the function that minimizes the imaginary part of the
pump spectrum. This follows from the fact that, contrary to the 2DIR response,
the pump interferogram is a symmetric function of 7. Figure 3.19 shows a 2DIR
spectrum with and without applying the phase correction.

ZERO PADDING
In Fourier transform spectroscopy, zero padding refers to the refinement of the
frequency grid, by appending zeros to the time-domain data. In general, if the signal
I(7) has decayed completely at its last sampling point N — 1, appending zeros does
not change the informational content, but effectively increases the length of the
data set. Since the frequency spacing Acw after Fourier transformation is inversely
proportional to the acquisition length 7,

Aw o (3.40)

Tmax
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FIGURE 3.18. Phase correction of the 2DIR spectrum. Panel a) shows the interferogram of
the pump acquired with the pyroelectric detector inside the Mach-Zehnder interferometer,
and panel b) shows the simultaneously acquired time-domain 2DIR signal (for one frequency).
Fourier transformation of the pyro signal (panel c) allows to extract the spectral phase which in
turn can be used to both, remove data points in the 2DIR spectrum acquired for negative time
delays (t < 0, dotted line in panel b), and to compensate for the spectral phase of the Fourier
transform 2DIR time-domain data.
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FIGURE 3.19. Effect of phase correction on the 2DIR spectrum. Panel a) shows the real part of
Aayp(w;,t,,,ws) without phase correction, and panel b) the phase corrected 2DIR spectrum.
The right side of each panel shows the real and imaginary part and the absolute value for one

probe frequency (black line) of the 2DIR spectrum.
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FIGURE 3.20. Zero-padding the Fourier transform of a single-sided function. A function
consisting of two single-sided oscillating terms, which are close in frequency, was Fourier
transformed with no zeros padded; the same amount of zeros added as used data points; and
three times the amount of data points. The exact Fourier transform is shown as a comparison.

the addition of zeros at the end of the data set leads to an increase of the frequency
sampling rate. This procedure, does not increase the resolution, instead it results in a
trigonometric interpolation of the frequency domain data.®!

In contrast, as is well known in NMR spectroscopy, the situation is different for a
single-sided time-domain function. In this case one can actually achieve a resolution
enhancement of at most a factor of two in the spectrum by zero padding the time-
domain data. As was shown in ref.%* this can intuitively be understood by the fact
that zero padding (by a factor of two) effectively adds the information content of the
imaginary part of the spectrum to the real part of the spectrum (which is the part
we usually inspect). Further zero padding only results in an additional interpolation
of the spectrum. Figure 3.20 demonstrates that zero padding a single-sided function
which contains two oscillating terms which are close in period can can result in a
distinction of the two peaks in the frequency domain.

3.3.5 CHOPPER STATE AND INTERFEROMETER SPEED

In the previous sections, the measurement of a 2DIR time-frequency map
Aa(t,t,,,w;) was described as an acquisition of a pump-probe spectrum for
every pump pulse separation 7. To this end, one needs to perform a transmission
measurement for at least two laser shots per retardation step: one in the presence (7')
and one in the absence (7j) of the pump pulse. Although this is a valid approach, it
is not strictly necessary in time-domain 2DIR because the modulation as a function
of 7 allows us to extract Aa,, via the Fourier transform. Therefore, it is possible to
skip the measurement of T} (the not-pumped spectrum) which results in a reduction
in measurement time of a factor of 2 for the same signal-to-noise ratio. Figure 3.21
demonstrates this by comparing two 2DIR measurements, performed under the same
conditions, with and without the usage of a chopper. The figure also shows that the
noise in the measurements without chopper is almost independent of the speed of
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FIGURE 3.21. 2DIR acquisition with and without Chopper. Panel a) and b) show 2DIR
measurements for one probe frequency which were performed under the same conditions
(stage speed: 0.6 mm/s) except for the state of the chopper. To estimate the relative noise,
the root mean square deviation to a high signal-to-noise measurement (black) was calculated.
¢) compares these values for different speeds of the interferometer translation stage.

the translation stage, and ~ /2 lower when compared to measurements with chopper.
The most straightforward way to acquire the full time-domain spectrum Aa(r, 2, ,, w5)
is to move the translation stage one time step A at a time. But, in reality, the control
mechanics of the stage make this option undesirable, since every movement to a
specific target position is accompanied by considerable overhead time (~0.1-0.5 s)
and inaccuracy. We circumvent both problems, by continuously moving the stage
between the two end points which define the intended range; and by reading out the
counter given by the HeNe interference fringes (instead of reading the position from
the stage controller).

It turns out that the speed of the translation stage has a noticeable effect on the
spectrum of the noise. Figure 3.22 compares two measurements under the same
conditions but at different speeds of the interferometer translation stage. Pronounced
fluctuations of the signal are present in the measurement at slow speeds (0.06 mm/s)
but are lacking at fast speeds (0.6 mm/s). Since at a speed of 0.6 mm/s only every
2nd to 3rd time point is sampled in one pass, multiple scans of the same range are
needed to fill every grid point. This effectively scrambles the noise correlations (low
frequency) between different time points and redistributes the spectral density of the
noise more equally throughout the spectrum, reducing spectral features which might
be interpreted as real nonlinear signals.
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FIGURE 3.22. Dependence of the noise in 2DIR on the speed of the interferometer translation
stage a) 2DIR interferogram for one probe frequency at two different interferometer scanning
speeds and b) corresponding energy spectral density.
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FIGURE 3.23. left: CAD model of the wobbler. right: Possible schemes for scattering
suppression in pump-probe and 2DIR experiments.
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3.4 SCATTERING SUPPRESSION

3.4.1 PRINCIPLE

Scattering poses a severe problem, both in pump-probe and 2DIR spectroscopy, since
it can lead to strong artifacts which obscure the transient signal. It occurs when a small
fraction of the pump light reaches the detector where it interferes with the probe light.
There exist many possible sources for stray light, like scratches or contamination
(dust, fingerprints) on the optics used, and most crucially the sample windows.
Sometimes the sample itself can lead to strong stray light, examples encountered in
this thesis are protein aggregates (Chapter 4) and metallic nanostructures (Chapter 5).
If we assume that only a small fraction @ < 1 (e.g. 0.001) of a strong pump pulse

E,, ., ®100xE, ,, reaches the detector, then the measured total intensity is given
by:
|Eprobe+aEpump|2 (341)
= |Eprol7e |2+a2|Epump|2+2a‘%e(Eprobe ;ump) (342)

The last term in Eq. (3.42) introduces an interference term between the pump and
probe field. This interference term can have a similar or even greater amplitude than
the absorption change originating from molecular vibrations, and, for convenience,
we will refer to it as scattering for the rest of the chapter.

For simplicity, we are going to assume that the electric fields in the frequency domain
are bandwidth limited and can be described by:

E(w)=A(w)e(@t+¢) (3.43)

with the real-valued envelope A(w), and the phase factor ¢. Since the scattering signal
is an interference between the pump and the probe field its spectral shape strongly
depends on the time separation At =, , between the two fields:

‘%E(Eprobe ;;ump> = |A(w)pump||A(w)probe|COS(C‘)At + 3¢> (344)
—_—
5(84)

where 8¢ is the relative phase between pump and probe. From Eq. (3.44) we see
that with increasing delay At the separation between adjacent interference fringes
becomes smaller, but the amplitude of S does not change. Thus, the scattering signal
becomes increasingly larger, compared to the pump-probe signal which decays with
the vibrational lifetime. The phase term &8¢ has no influence on the periodicity or
the amplitude of S, but leads to a shift along the frequency axes.

In most experiments, we perform multiple measurements for every time delay
At =t,,, e.g. in pump-probe experiments one usually acquires 1000 shots per delay.
Hence, if we find a way to modify the relative phase, therefore shift the scattering
along the frequency axes, on a shot-to-shot basis, it is possible to find conditions
where the average scattering signal cancels out. To give one example, the average
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scattering signal vanishes if two consecutive measurement have a relative phase of 7:

T T

% <S(—5) + S(E)> ; (cos(a)At — E) +cos<wAt +— 5 >) (3.45)
= % (cos(coAt)cos(%)) =0 (3.46)

This can be generalized for any integer valued subdivision 7 of one period (27) of the
phase:

"2 " 2
ZS(—”/e+c):Zcos<wAz+—”~/e+c>:o n=234,. cecR (3.47)
k=1 k=1 n

n

Thus, there are infinitely many possibilities to adjust the phase between consecutive
measurements for which the scattering signal vanishes in the average.

In practice there are two common approaches to modulate the relative phase between
the pump and probe pulse: one can either directly modify the phase of either pump
or probe by employing a pulse shaper, or one can introduce a small additional delay

At + ﬁ which results in quasi-phase shift. We will focus on the second approach.
Although significantly simpler than the pulse shaper approach, the introduction of
some additional path length has the downside of only yielding the desired phase
8 ¢ for one specific frequency w,. We can consider the implications by modifying
Eq. (3.46):

cos(wAt)cos(% 2) =0 (3.48)

Wo
The cos(%f)-term shows that perfect scattering suppression can only be achieved
0
at the frequency c,, and that the cancellation becomes less effective for increasing
frequency deviation from c,.

3.4.2 HARDWARE IMPLEMENTATION: WOBBLER

During all experiments in this thesis the relative phase was adjusted with the help
of a ZnSe-window which was inserted into the pump beam path. The length of the
optical path was then modulated by changing the angle of incidence. The window is
mounted on top of a torsion oscillator, where a flexure bearing is used as a spring, and
displacement is achieved by modulating the voltage through a coil (electromagnet)
which interacts with a magnet attached to the base plate. The oscillating voltage is
synchronized to the laser trigger, and the relative phase can be adjusted by changing
the amplitude of the voltage and by introducing a delay to the laser trigger. Figure
3.23 shows the design of the so-called wobbler.

Next, let us consider a possible implementation for pump-probe spectroscopy.
Since the laser system used in our experiments operates at 1 kHz, the fastest possible
modulation with two alternating relative phase values (8 ¢ = 7) is 250 Hz, since every
other shot is chopped and does not contribute to the scattering suppression. Figure
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FIGURE 3.24. Example of scattering suppression with the wobbler using the pump-probe
scheme. Shown are the background (probe on, pump off) subtracted probe signals at a center
frequency of 1660 cm™' and a pump-probe delay Az = 0.5 ps. The black dotted line indicates
the expected scattering signal according to Eq. (3.44).

3.23 shows one possible modulation scheme where consecutive shots (including not
pumped ones) have the relative phase: 0, /2, 0, —7/2. Figure 3.24 shows a pump-
probe measurement in a highly scattering sample with and without employing the
wobbler.

During 2DIR experiments the chopper is not used (see Sec. 3.3.5 ), rendering
the previously introduced modulation scheme less efficient because the average
scattering signal does not fully vanish. Since the frequency of the wobbler is fixed
to 250 Hz, it would be convenient to have an alternative modulation scheme for
2DIR spectroscopy which still operates at the same driving frequency. Figure 3.23
shows how this can be achieved using relative phases of 0, 7, 0, —7 for 4 consecutive
measurements’.

The choice of the window material will impact by how far one has to tilt the window
to achieve a certain relative phase. To introduce a change in phase of &' ¢, the optical
beam path has to be extended by:

5 ar) = Alen(e)

(3.49)
where c is the speed of light and 7(w) the refractive index of the medium. Figure 3.25
depicts a schematic representation of the light path through the wobbler window
of thickness d and refractive index 7. Increasing the angle of incidence (tilting the
window) from a to @ + Aa, extends the optical path length by:

Al(a,Aa)=As + At —Au (3.50)

where As is the change in optical path length inside the window, A# the reduction of
the path length after the window and At the additional path due to the displacement

I Using the two introduced schemes has the additional advantage that when switching from pump-probe
to 2DIR experiments one just has to double the amplitude of the used voltage.
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FIGURE 3.25. Schematic representation of light path through the wobbler window (top view)

of the beam after the window*. Employing Snell’s law', it is straightforward to find
an expression for the path lengths s, ¢ and :

d
n=d <1 — cosl(a)> (3.52)
t = Ltan(a)
sin’() 1 cos(a)
=d —— .
cos(a) <1 n cos(ﬁ(a))> (-53)

Substituting the angle differentials of the last three equations into Eq. (3.50) allows us
to determine the change in path length A/ for a given angle change Aa as a function
of angle of incidence a. In general, it is favorable to operate the wobbler at Brewster’s
angle, to minimize losses due to reflection. Figure 3.26a shows that the path-length
change inside the window As is always positive, whereas the sign of the path length
change outside of the window At — Ax depends on the refractive index. Still, the
total length change AL as a function of angle of incidence is monotonically increasing,
independently of the window material (Fig 3.26b).

KThis is justified since at the end of the beam path we use a parabolic mirror to focus into the sample,
and parallel translation of the light source does not change the path length to the focal point of parabolic
mirrors (Fermat’s principle).%®

IFor the current discussion we are going to assume #,;, = 1 resulting in sin(a) = #sin(3) for Snell’s
law.
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FIGURE 3.26. Change in optical path length upon changing the angle as a function of angle of
incidence for a 4 mm window. a) The straight lines show the increase of optical path length
inside the windows As, the dot-dashed lines show the increase in optical path length after the
window At — Au. b) Total optical path length difference Al /Aa. The dotted lines mark the
Brewster’s angle. The curves were calculated for ZnSe (n=2.4 at 6 um) and CaF, (n=1.4 at

6 um).
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FIGURE 3.27. Electron beam lithography: fabrication process.
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In Chapter 5 we will investigate how the signals in nonlinear infrared spectroscopy
can be enhanced with plasmonic nanostructures. These gold nanoantennas were
fabricated on CaF)-substrates by electron beam lithography. Figure 3.27 outlines the
fabrication process. In the following description we will focus on the objective of
every fabrication step. Details about the specific parameters for every step are given
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in the corresponding tables.

0. Before the actual fabrication process is started, the substrates are thougtoughly
cleaned. To this end, the substrates are first rinsed with isopropanol and
subsequently exposed to an O, plasma (Plasmalab 80+, strike pressure: 30
mbar) for 20 sec.

1. In the first step, the sample is prepared for the exposure with electrons. The
main ingredient is the positive resist (ZEON, ZEP520A) which, when exposed
to the electron beam, will change its molecular structure allowing for a selective
removal later on. To improve the adhesion between the substrate and the resist
an initial layer of hexamethyldisilazane (HDMS, <1 nm) is applied. In the next
coating step the actual resist is added. Since an insulating substrate is used, a
conductive polymer (~20 nm, ESpacer 300Z) is needed in the last coating step to
prevent charge accumulation during the writing process. All materials are applied
by spincoating (Karl Suss Delta 80) which allows for precise control of the layer
thickness down to several nanometers.

Material ~ Function Spincoating Baking
Accel.  Speed Time Temp. Time

[rpm/s] [rpm] [s]  [°C]  [min]

HDMS Adhesion 4000 1000 50 150 1
Zep520A  Resist 2400 1000 35 180 5
ESpacer  Conduction 3000 600 50 110 5

2. The actual nano-structuring is accomplished with the help of a scanning electron
microscope (Raith, eLine) where electrons are used to write an earlier designed
pattern into the resist.

Parameter Value
High tension [kV] 20
Aperture size [pm] 30
Typical current value [nA] 0.3-0.4
Writefield size [pm] 200 or 400
Nominal area does [pC cm?] 85
Area step size [nm] 10
Calculated beam speed [mm s!] 35<v<45
Calculated dwell time [ps] 0.2 <t<0.3

3. Next, the sample is exposed to a chemical agent (n-amyl acetate) which selectively
targets and dissolves the exposed resist. This creates a mask, where the resist is
removed down to the substrate at the position of the future nano structures. A
slight "over-exposure” leads to tilted side walls (undercut), which is desirable for
the success of the following steps.
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Step Solvent Function Time [s]
1 H,O Cleaning 30
2 H,O Cleaning 15
3 NP Start development 105
4 MIBK:IPA (9:1) End development 15
5 IPA Remove residual MIBK 15

TABLE I. NP: n-amyl acetate, MIBK: methyl isobutyl ketone, IPA: isopropanyl alcohol

4. Afterwards, the sample is transferred into a high vacuum chamber (Nanoontje,
AMOLEF). The final structures are formed by thermal evaporation of an initial
layer of germanium (1-2 nm) or chrome (1-2 nm), to increase adhesion between
the substrate and the gold, and the consecutive evaporation of gold (100 nm). The
metal source is located at a large distance (~1 m) from the substrate to ensure that
the (metal) particle-stream reaching the substrate propagates parallel to the surface
normal.

Material Current Nom. rate thickness
[A] [nms'] [nm]

Cr 310 0.01 1-3
or Ge 215 0.01 1-3
Au 210 0.5 100

5. The large distance to the evaporation source, in combination with the undercut,
prevents the growth of a continuous gold film, and allows to remove the resist and
the unwanted residual metal layers by chemical etching. To this end, the sample
is submerged in N-Methyl-pyrrolidone, which dissolves the resist and leaves the
free standing gold nanostructures.

The outline procedure allows for a simultaneous structuring of 6 substrates (limited
by the eLine). A variety of fields with different antenna geometries, configurations
and densities can be written on every substrate. For spectroscopic purposes it has
proven convenient to have a field geometry of >400x400 um allowing for up to 60
fields per substrate.



CHAPTER 4

TEMPERATURE-INDUCED COLLAPSE
OF ELASTIN-LIKE PEPTIDES STUDIED
BY 2DIR SPECTROSCOPY

Elastin-like peptides (ELP) are hydrophobic biopolymers that exhibit a
reversible coacervation transition when the temperature is raised above a
critical point. Here we use a combination of linear infrared spectroscopy, two-
dimensional infrared (2DIR) spectroscopy and molecular dynamics simulations
to study the structural dynamics of two elastin-like peptides. Specifically,
we investigate the effect of the solvent environment and temperature on the
structural dynamics of a short (5-residue) elastin-like peptide and of a long
(450-residue) elastin-like peptide. We identify two vibrational energy transfer
processes that take place within the amide I’ band of both peptides. We observe
that the rate constant of one of the exchange processes is strongly dependent
on the solvent environment and argue that the coacervation transition is
accompanied by a desolvation of the peptide backbone where up to 75% of the
water molecules are displaced. We also study the spectral diffusion dynamics of
a valine residue that is present in both peptides. We find that these dynamics are
relatively slow and are indicative of an amide group that is shielded from the
solvent. We conclude that the coacervation transition of elastin-like peptides is
probably not associated with a conformational change involving this residue.

79



80 TEMPERATURE-INDUCED COLLAPSE OF ELASTIN-LIKE PEPTIDES 4.1

4.1 INTRODUCTION

Elastin is the protein which provides elasticity to many mammalian tissues, such
as the lungs,**% skin®! and arteries.’?>% Inside these tissues elastin is present
as elastic fibers formed by the self-assembly of the precursor protein tropoelastin
(mature elastin fibers result from the enzymatic cross-linking of tropoelastin
molecules). The properties of (tropo)elastin are intimately linked to its special
structure which consists of alternating hydrophilic and hydrophobic domains.”*
The hydrophilic domains are the regions where the cross-links occur while the
hydrophobic domains turn out to play a crucial role in the self-assembly process.
These hydrophobic regions consist of short stretches of amino-acid residues that are
repeated many times and adopt a disordered conformation.”* An example of such a
repetitive sequence encountered in elastin is the pentapeptide repeat (Val-Pro-Gly-
Val-Gly),,. Interestingly, synthetic polypeptides based on this repeating sequence,
also known as elastin-like peptides (ELP), can excellently mimic specific properties
of elastin.>”  For instance, solutions of ELPs display an inverse temperature
transition around 37 °C: at low temperatures ELPs are highly soluble in water while
they reversibly aggregate when the temperature is increased beyond the transition
temperature. This phenomenon, also referred to as coacervation, is thought to lie at
the origin of the self-assembly of elastin. In addition to forming an excellent model
system for studying the self-assembly of elastin, elastin-like peptides have attracted
considerable research interest because of their application perspective in, for example,
tissue engineering’?’ and drug delivery.!% 101

The molecular mechanism underlying the inverse temperature transition of
elastin-like peptides is not well understood. Pioneering work by Urry et al.”>1%?
suggested that the coacervation may be due to the formation of a S-turn between
the two valine residues within the pentapeptide repeat unit (i.e. around the Pro-
Gly fragment). These researchers hypothesized that the formation of a high
density of [-turns would force the disordered peptide conformation (observed
below the transition temperature) into a conformation displaying long-range order,
termed a S-spiral.!1®1%  However, the existence of the [S-spiral remains highly
speculative as molecular dynamics simulations indicate that this structure is not
stable in water.!%1% Tn the past a variety of spectroscopic techniques, including
infrared,'”-'%  Raman,''%"! NMR!21213 3nd circular dichroism?® %6 109114
spectroscopy, have been used to study the coacervation transition in ELPs. However,
obtaining a detailed molecular picture of the coacervation mechanism has proven
extremely difficult. The main challenge lies in the fact that ELPs populate a large
ensemble of disordered conformations which, moreover, interconvert on very
short timescales (down to nanoseconds).!”® Ultrafast spectroscopic methods are
in principle well suited to characterize the disordered conformational ensemble of
ELPs because they probe molecular structures on timescales short with respect to the
interconversion time. Recently Tokmakoff and coworkers used 2DIR spectroscopy
in combination with computational methods to study the structure of a number
of very short elastin-like peptides (i.e. consisting of a single repeat unit).!""®” The
authors found that the ELPs studied can indeed adopt a S-turn, but the S-turn turned
out to be very labile, with the result that only a small fraction of the molecules adopts
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FIGURE 4.1. Chemical structure and typical infrared spectrum of elastin-like peptides in D, O.

The amide I’ groups are indicated with rectangles. The resonance at 1615 cm™ (orange)

originates from the amide I’ mode of the Val(1) residue, and the mode at 1650 cm™! (blue)

is attributed to the amide I’ mode of the other four residues.

the B-turn. It should be noted that because of their short length the ELPs in question
did not exhibit a coacervation transition. As a result the exact role of the S-turn in
the coacervation transition of ELPs is not resolved.

In this work we use 2DIR spectroscopy to study the coacervation transition
of ELPs. This chapter is divided into two parts. The first part deals with a 450-
residue ELP of the type (Val(1)-Pro(2)-Gly(3)-Xaa(4)-Gly(5)),,. Here Xaa represents
a guest residue that can be any residue except proline. This ELP displays a sharp
coacervation transition, and the transition temperature can be tuned by varying
the hydrophobicity of the Xaa residue. We will specifically focus on spectroscopic
observables that report on the local fluctuations experienced by the peptide, such
as vibrational energy transfer rates and spectral diffusion rates. These observables
provide information about the interaction of the peptide with its solvation shell, and
we will study how this interaction changes as a function of temperature. In the second
part of the chapter we will draw a parallel between the behavior of this long ELP
and that of a very short ELP, which is composed of the single pentapeptide repeat
Val-Pro-Gly-Val-Gly. This latter ELP does not display a coacervation transition.
Nevertheless, it serves as a good model system for studying the conformational
flexibility of longer ELPs. In this case we will modify the solvation shell of the
peptide, and thereby likely also its secondary structure, by adding the amphiphilic
trifluoroethanol (TFE) as a cosolvent. TFE is known to enhance secondary structural
elements in peptides.!® ! By comparing the effects of temperature and solvent
composition on the ELPs studied, we gain insight into the mechanism of the
coacervation transition.
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4.2 MATERIALS AND METHODS

42.1 SAMPLE

Fig. 4.1 provides a general overview of the chemical structure of elastin-like peptides
and illustrates the basic features observed in the infrared spectrum of this class of
peptides. The two different elastin-like peptides investigated in this work are referred
to as ELP90 and ELP1. ELP90 is a 90-repeat elastin-like peptide described by the
sequence (Val-Pro-Gly-Xaa-Gly),, where the guest position Xaa is occupied by the
residues Val, Leu and Gly in a 5:2:3 ratio. ELP90 was synthesized using recombinant-
DNA techniques as previously documented.!® The peptide was purified using
inverse transition cycling!?! and its purity was checked by SDS-PAGE. For the
spectroscopic measurements the peptide was dissolved in DO (Cambridge Isotopes
Laboratories, Inc.) at concentrations ranging from 10 mg/ml to 60 mg/ml.

ELP1 stands for the single-repeat pentapeptide Ac-Val-Pro-Gly-Val-Gly-NH,. The
peptide was custom-synthesized by GL Biochem (Shanghai, China). In order to
remove residual trifluoroacetic acid (TFA) the peptide was dissolved in DCI and
lyophilized before use.!”? The spectroscopic measurements were perfomed on
solutions of ELP1 (25 mg/ml) in TFE:D)O mixtures (trifluoroethanol-d3, Sigma-
Aldrich). In these experiments the volume fraction of TFE was varied from 0% to
65%.

4.2.2 INFRARED SPECTROSCOPY

Linear infrared spectroscopy  All linear absorption measurements were performed
using a Bruker Vertex 80v FTIR spectrometer equipped with a liquid-nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. The spectra were recorded under a N,
atmosphere at a resolution of 2 cm™!. For every spectrum 50 scans were averaged.
In all measurements a standard sample cell with a path length of 50 um was used.
The reported spectra were corrected for the absorption of the (TFE:D,O) solvent
background. The temperature-dependent FTIR measurements on ELP90 were
performed using a peltier-cooled temperature cell (Mid-IR Falcon, Pike technologies).
The temperature was ramped from 293 K to 323 K at a rate of 0.4 K/min, and the
spectra were acquired at intervals of 2 K. The background measurements on neat
D, O were performed using the same ramping parameters.

Two-dimensional infrared spectroscopy The experimental setup used in the
experiments is described in Chapter 3. The pump and probe pulses are centered
at ~1650 cm™, in resonance with the amide I’ vibration. All experiments are
performed under an N, atmosphere and with the help of a standard sample cell with
a path length of 50 um. The temperature of the ELP90 samples is kept at 296 K and
318 K using a peltier element with an active feedback loop.
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FIGURE 4.2. a) Linear infrared spectra of ELP90in DO (20 mg/ml) for temperatures between
296 K and 317 K. The top panel illustrates the decomposition of the spectrum at 313 K (black
squares) into three Gaussian bands (blue lines). The red solid line represents the sum of the three
Gaussians. b) Relative contributions of the three bands to the amide I’ spectrum of ELP90 as
a function of temperature. The relative contribution is expressed as the integrated intensity of
the respective band divided by the integrated intensity of the amide I’ spectrum.

4.3 RESULTS

43.1 EFFECT OF TEMPERATURE ON THE STRUCTURAL DYNAMICS
OF ELP90

LINEAR INFRARED SPECTRA We start by characterizing the temperature-
induced collapse of ELP90 using conventional FTIR spectroscopy. Figure 4.2 displays
linear infrared spectra of ELP90 recorded at a range of temperatures starting at ~15 K
below until ~15 K above the transition temperature. The ELP90 spectrum clearly
exhibits two resonances as is schematically illustrated in Fig. 4.1: the redshifted
resonance at 1615 cm™! is attributed to the amide group of Val(1), and the resonance
at 1650 cm™ is due to the other four amide groups in the pentapeptide repeat. Upon
increasing the temperature the peak absorbance at 1650 cm™ decreases, and an
increased absorption develops around 1675 cm™! . In order to quantify these spectral
changes we use a fitting procedure to deconvolute the ELP90 spectra into Gaussian
bands (Figure 4.2a). It turns out that three Gaussians are required to adequately
describe the IR spectra at all temperatures. The Gaussian bands are centered at
1614 cm™!, 1649 cm™!, and 1676 cm™! and have full-width-at-half-maxima (FWHM)
of 24 ecm™!, 41 cm™, and 24 cm™!, respectively. In the fitting procedure only the
amplitudes of the bands are allowed to vary as a function of temperature (their center
position and FWHM remain fixed). Figure 4.2 shows the integrated intensity of
these bands as a function of temperature. All bands show a sigmoidal dependence on
temperature with a transition point at 305 K. The sigmoidal temperature dependence
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clearly indicates that the temperature-induced aggregation is a two-state transition.

TWO-DIMENSIONAL INFRARED SPECTRA In order to gain more insight into
the origin of the different bands observed in the linear infrared spectrum of ELP90,
we performed 2DIR experiments on the peptide. Figure 4.3 displays the (delay-
dependent) 2DIR spectra of ELP90 recorded at temperatures below (296 K; left-
hand side) and above (318 K; right-hand side) the transition temperature. We first
consider the low-temperature 2DIR spectra. At short delays (0.3 ps) we observe a
diagonally elongated lineshape, which indicates that the amide I spectrum is strongly
inhomogeneously broadened. The 2DIR spectrum consists of a negative component
on the diagonal, due to ground-state bleaching and stimulated emission of the 0—1
transition, and a positive component at lower probe frequencies, due to the induced
absorption of the 1—-2 transition. Contrary to the FTIR spectrum, in the 2DIR
spectrum the Val(1) band shows up as a well separated resonance at 1615 cm™!. The
other subbands constituting the amide I spectrum overlap and give rise to one broad
resonance around 1660 cm~!. As the pump-probe delay is increased, two effects are
observed. Firstly, we see that cross-peaks appear between the Val(1) band and the
band at 1660 cm™. These ingrowing cross-peaks point at vibrational energy transfer
between the Val(1) mode and the mode at 1660 cm™!. The appearance of cross-peaks
on both sides of the diagonal demonstrates that both uphill and downhill energy
transfer processes occur. The second effect observed with increasing pump-probe
delay is the spectral reshaping of the band around 1660 cm™': from a diagonally
elongated lineshape at short delays to a round lineshape at long delays.

Next we consider the changes that occur upon increasing the temperature above
the transition point. For short delays (0.3 ps) we observe the appearance of a
pronounced blue shoulder at ~1675 cm™. The delay-dependence of the 2DIR
spectra is the same as observed at temperatures below the transition point. Cross-
peaks develop between the high-frequency band and the Val(1) band; and the shape
of the 1660 cm™! band evolves from diagonal to round. In Figure 4.4a we compare
the delay dependence of the 2DIR signals at three positions along the diagonal that
correspond to the center positions of the three main bands identified in the linear
spectra. Figure 4.4a shows that the relaxation of the amide I’ mode speeds up with
decreasing frequency of the vibration, and that the relaxation rate does not depend
on the aggregation state of the peptide.

RELAXATION AND EXCHANGE DYNAMICS In the previous section we have
identified two energy transfer processes. In the first process energy is transferred to
and from the Val(1) residue, and in the second process energy is exchanged between
the two high frequency modes (reshaping of the ~ 1650 cm™ band). We can assign
time constants to these two exchange processes by fitting a relaxation model to our
data. The relaxation model used is summarized in Figure 4.5. The model describes
the time-dependent populations of the three bands identified in the linear spectrum.
These modes exchange population with each other and lose population through
vibrational relaxation. The vibrational relaxation of the three modes proceeds via an
intermediate state to a so-called hot ground state. The hot ground state accounts for
the fact that vibrational relaxation leads to a slight increase in the sample temperature
(which in turn affects the amide I’ spectrum).!” The intermediate state serves to



4.3 TEMPERATURE-INDUCED COLLAPSE OF ELASTIN-LIKE PEPTIDES 85

296 K 318 K

pump frequency [cm'1]

oé>4> ﬁo

1600 1640 1680 1600 1640 1680
probe frequency [cm'1]

!

FIGURE 4.3. Isotropic 2DIR spectra of ELP90 in D,0O (20 mg/ml) at different pump-probe
delays and for two different temperatures. Negative absorption changes are depicted in red,
positive absorption changes in blue. The contour lines are drawn equally spaced at 12,5%
increments.
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FIGURE 4.4. a) Time-dependent signal corresponding to three different frequencies on the
diagonal of the 2DIR spectra of ELP90 for two different temperatures. b) Inverse nodal line
slope (INLS) of the Val(1) resonance of ELP90 above (red) and below (blue) the transition
temperature. For comparison, the INLS of acetylated proline in DO is shown in black.
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FIGURE 4.5. Schematic representation of the model used to describe the exchange dynamics
of the amide I vibrations of ELP90 in DyO. The three main modes identified in the linear
infrared experiments are used to represent the amide I’ band: « = 1613 cm™, b = 1648 cm™"
and ¢ = 1675 cm™!. Thick arrows denote independent time constants and thin arrows denote
time constants that are derived from the independent constants using the equations on the
right.
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describe the observation that sample heating is often slightly delayed with respect
to the vibrational relaxation.®” The time-dependent populations of the levels 7;
(Figure 4.5) are governed by the following set of rate equations.

n, _ka - kub - kac kba kcn 0 0 n,
dl ™ Ry, —ky, — Ry =y, ke o 0 n,
5, 7 = kac /ebc _/ec _kca _kcb 0 0] n
de| k k, k. &k, of | n
7, 0 0 0 k, 0 7,

@.1)

We assume that the uphill exchange rates are related to the downhill rates via
the detailed-balance condition &;; = &;; exp( Lo ) =k; exp( ) where k is

Boltzmann’s constant, T is the absolute temperature and AE is the energy difference
between the two modes. In order to further reduce the number of fitting parameters
we assume that the exchange process with the Val(1) band is governed by a single time
constant (that is we set k,, = k_,). We aim to describe the experimental 2DIR signal
at three specific pump frequencies, specifically at the center frequencies of the three
modes identified in the linear spectra. The 2DIR signal at these pump frequencies is
given by

Aa( ég’vpr’t> }(11:at< pr)'”g)(t)"'ZRij 4 <Vpr)'n](‘i)(t) (4.2)
j

In this expression the indices i and j serve as mode labels, which run over the set
{a,b,c}. v, represents the probe frequency, and v} Vo represents the center frequency
of mode 7. The transient spectrum associated W1th mode j is denoted as o;(v,,) and
can be obtained from the 2DIR spectrum at zero pump-probe delay (it is given by
Aa( Vpus Vpr>
at long delays (the dependence on mode mdex i amounts to a scaling factor due to
the variation of the sample absorbance with the pump frequency). We note that
every pump frequency in the 2DIR spectrum is associated with a different set of time-
dependent populations. This is because the initial conditions for the populations in
Eqn. 4.1 depend on the pump frequency according to

€ heating spectrum o ' 1S O talne rom the spectrum
0)). The heating sp 1) (v.,) is obtained from the 2DIR sp

nd0)=8;,  nO)=0 4.3)

where &, is the Kronecker delta. Finally we mention that the scaling factors R;;
are necessary to account for the different cross sections of the three modes. These 9
factors are not independent, and they can all be expressed in terms of the cross-section
ratios of modes a to b and modes a to ¢ (so that there are only two free parameters).

In summary, this model describes the time-dependence of the 2DIR spectrum
(at three specific pump frequencies) in terms of 4 time-independent spectra that are
directly extracted from the 2DIR spectrum (three mode spectra and one heating
spectrum), and eight fitting parameters (three relaxation rates k;, the heating rate ki,
two independent exchange constants &, and k£, ,, and two independent scaling factors
R;;). Here we remark that, in fact, the two exchange constants, correspond directly



88 TEMPERATURE-INDUCED COLLAPSE OF ELASTIN-LIKE PEPTIDES 4.3

Temp. k[ /eb kﬂ kba kcb kSD

(K] [ps™'] [ps™'] [ps™'] [ps™'] [ps™'] [ps™']
296 0554001 0714002 1044003 0.1840.02 0384001 0.09+0.02
318 0544003 0714005 1.044003 0.184002 0314003 0.06+ 0.02

TABLE L. Results of the fitting of the relaxation model to the ELP90 2DIR data. The
rate constants reported are the result of averaging 5 independent measurement series per
temperature. The errors give the standard deviation of the mean.

to the two exchange processes that were mentioned in our qualitative description of
the 2DIR spectra: reshaping of the 1660 cm™" band (k,,) and energy transfer to and
from the Val(1) band (k).

We have fitted the relaxation model described above to a large number of ELP90
data sets, which were recorded both above and below the transition temperature.
Figure 4.6 displays the fitting results for a typical data set. Note that in this figure the
transient spectra have been normalized to emphasize the ingrowth of the cross peaks.
We observe very good agreement between the experimental and the calculated
spectra. Table I summarizes the rate constants extracted from the fits at both
temperatures. We see that the relaxation constants and the exchange rate k,, do
not show a significant variation with the aggregation state of the peptide. Only the
exchange between the two high-frequency modes (k_,) shows a small but significant
slowdown upon aggregation.

SPECTRAL DIFFUSION OF THE VAL(1) RESONANCE The 2DIR spectra in
Figure 4.3 show that the Val(1) resonance (1615 cm™) is essentially decoupled from
the rest of amide I’ band of ELP90. This resonance therefore reports on the local
fluctuations experienced by the Val(1) residue. At short delays (0.3 ps) we see that
the Val(1) resonance shows a pronounced diagonal elongation, which points to a
strong inhomogeneous broadening of the resonance. It is interesting to consider
how fast this inhomogeneity decays over time because the decay constant reflects
the degree of solvent exposure of the respective residue: a fast decay corresponds
to a solvent-exposed residue while a slow decay points to a residue that is shielded
from the solvent.?>7%12* We quantify the (time-dependent) inhomogeneity of the
Val(1) resonance through the (inverse of the) slope of the nodal line. The time-
dependence of this parameter is shown in Fig. 4.4b for temperatures above and below
the transition temperature. We observe a very slow decay of the inverse nodal line
slope at temperatures below the transition temperature, and, interestingly, this decay
does not change upon aggregation of the peptide. As a reference experiment we have
repeated these spectral diffusion measurements for a molecule which has an amide
group that is fully solvent exposed. For this purpose we have chosen N-acetylated
proline (AcPro) because its amide group has the same chemical environment as the
amide group of the Val(1) residue in ELP90. As expected we see that for AcPro the
inverse nodal line slope decays much faster compared to ELP90 (Figure 4.4b). These
spectral diffusion measurements indicate that the amide group of the Val(1) residue
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FIGURE 4.6. Comparison between the experimental (left) and calculated (right) pump slices
for ELP90 (20 mg/ml) in DO below T, (296 K). The pump frequencies are indicated by gray
vertical bars and correspond to v, = 1675 cm™', 1648 cm™" and 1615 cm™. The transient
spectra are normalized to the maximum bleach (top and middle plots) or the maximum ESA
(bottom plots) to emphasize the cross-peak dynamics.

is shielded from the solvent in both aggregation states of the peptide.

4.3.2 EFFECT OF THE SOLVENT COMPOSITION ON THE STRUCTURAL
DYNAMICS OF ELP1

LINEAR INFRARED SPECTRA  To gain more insight into the origin of the inverse
temperature transition of ELP90 we performed additional experiments on the simpler
ELP1 peptide, which is composed of a single pentapeptide repeat unit. Because
ELP1 does not display a coacervation transition as a function of temperature, we
decided to focus on possible conformational changes induced by the addition of the
amphiphilic cosolvent trifluoroethanol (TFE). TFE is generally known to induce
secondary structure in peptides.!?>"1¥ In our experiments the solvent composition
was varied from 0 to 65 volume percent TFE in DO [v/v%]. The FTIR spectra
of these solutions are displayed in Figure 4.7. We have used the same global fitting
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FIGURE 4.7. a) Linear infrared spectra of ELP1 (25 mg/ml) in TFE:D,O mixtures of varying
composition. The top panel illustrates the decomposition of a typical spectrum (black squares)
into four Gaussian bands (blue lines). The red solid line represents the sum of the four
Gaussians. b) Relative contribution of the three main bands to the amide I spectrum of ELP1
as a function of the solvent composition.

procedure as for ELP90 to decompose these spectra into Gaussian bands (Figure 4.7,
top panel). The ELP1 amide I band can be excellently described using a linear
combination of four Gaussians (centered around 1590 cm™, 1613 cm™!, 1645 cm™!
and 1675 cm ™). Three of the four bands have close to identical center positions as
for ELP90. The fourth band at 1590 cm™ is assigned to a carboxylic acid group due
to incomplete amidation of the C-terminus of the pentapeptide. The intensity of this
band is very small and it does not vary with solvent composition, so that we disregard
the band in our analysis. Interestingly, the spectral evolution of ELP1 as a function
of TFE concentration looks very similar to the spectral changes that were previously
observed for ELP90 with increasing temperature.

2DIR SPECTROSCOPY Figure 4.8 shows the 2DIR spectra of ELP1 for two
representative solvent compositions. We observe a number of effects in these spectra
which parallel the observations made for ELP90. Firstly, the pronounced separation
between the Val(1) band at 1615 cm™ and the 1660 cm™! band is clearly visible.
Secondly, as a function of delay time we observe energy transfer between these two
bands, as well as a reshaping of the 1660 cm™" band. Finally, when considering
the time dependence of the 2DIR signal (Fig. 4.9a) on the diagonal we observe a
trend which is analogous to that of ELP90. Specifically, the relaxation speeds up
with increasing redshift of the amide I’ vibration, but it is independent of the solvent
composition.

RELAXATION AND EXCHANGE DYNAMICS ~ We use the same relaxation model
that we used above in our analysis of the ELP90 data, to quantitatively describe
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FIGURE 4.8. Isotropic 2DIR spectra of ELP1 (25 mg/ml) in TFE:D»O mixtures at different
pump-probe delays and for two solvent compositions: 0% TFE (left) and 53% TFE (right).
Negative absorption changes are depicted in red, positive absorption changes in blue. The
contours are drawn equally spaced at 12.5 % increments.
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FIGURE 4.9. a) Time dependent bleaching signal extracted from the 2DIR spectra of ELP1
(25 mg/ml) in TFE:D»O mixtures. The decay traces are shown for solvent mixtures at a low
(0%, straight lines) and at a high (60%, dotted lines) volume fraction of TFE. The three colors
correspond to the three modes, as indicated in the legend. b) Inverse nodal line slope (INLS)
of Val(1) at a low (red) and at a high (blue) volume fraction of TFE. The INLS was extracted
from the same datasets as in a). For comparison, the INLS of acetylated proline (30 mg/ml) in
DZ}? (black, point dashed) and the INLS of ELP90 (20 mg/ml) in DO (black, point dashed)
is shown.

the ELP1 data sets. The fitting results are summarized in Figure 4.10. We see
that the vibrational relaxation rates of the three modes that appear in the model
are independent of the solvent composition (Figure 4.10a). Next we consider the
exchange dynamics, and interestingly we observe that the two exchange constants
show a very different solvent dependence. Apparently the exchange with the Val(1)
band (characterized by the exchange constant k,,) is independent of the solvent
composition. The other exchange process (i.e. the reshaping of the high-frequency
band characterized by the constant k_,,), on the other hand, slows down dramatically
with increasing TFE concentration.

SPECTRAL DIFFUSION OF THE VAL(1) RESONANCE  Finally we again look into
the local solvation dynamics of the Val(1) residue. In Figure 4.9b we have plotted the
inverse nodal line slope of the Val(1) resonance of ELP1 for the two limiting solvent
compositions studied (0% and 60% TFE). As a reference the figure also summarizes
the spectral diffusion dynamics of ELP90 (dashed black lined) and AcPro (solid black
line). We see that for ELP1 in neat DO the spectral diffusion is much slower than
was the case for AcPro (whose amide group is fully solvent exposed). Upon increasing
the TFE concentration of the solvent these dynamics slow down slightly, and they
become very similar to the spectral diffusion dynamics observed in ELP90. We have
quantified these observations by fitting a monoexponential to the decay curves, and
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FIGURE 4.10. Fitting results of the relaxation model described in the text to the ELP1 data
sets a) Relaxation rates of the three amide I’ modes as a function of the TFE volume fraction.
b) Exchange constants k,;, and k,, versus TFE volume fractions. ¢) Decay rate of the spectral
diffusion curves of the Val(1) resonance versus TFE volume fraction. The error bars give the
standard deviation of the mean of three measurements.

we have plotted the resulting decay constants in Figure 4.10c.

4.4 DISCUSSION

In this work we have performed experiments on two elastin-like peptides. A striking
observation is the similar appearance of both the linear and the nonlinear spectra of
these two peptides. We have seen that the spectra of ELP1 and ELP90 are accurately
described as a superposition of the same three Gaussian bands. As a first point we
look into the assignment of these bands. As was already explained, the band at
1615 cm™! s attributed to the Val(1) residue, whose frequency is redshifted due to
the adjacent proline residue. The band at 1650 cm™, on the other hand, is typical
of disordered protein structures, so that the question remains what the origin is
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Solvent ~ H-bond type ELP1 Conformation
Extended Folded

D,O peptide-water  12.61+1.77 10.86+1.57

DyO:TFE  peptide-water  3.884+1.70  3.3041.52
peptideTFE ~ 540+2.14 431+1.71

TABLE II. Average number of hydrogen bonds per ELP1 molecule in the MD simulations.
The errors give the standard deviation.

of the band at 1675 cm™!. A first clue is provided by the fact that for ELP1 the
intensity of this band increases upon the replacement of the aqueous solvent for a
solvent environment with a lower density of hydrogen bonds (i.e. D,O:TFE). It
is well known that there is a direct correlation between the (local-mode) amide I’
frequency of a residue and the strength of its hydrogen bond.?»12%12 Therefore a
likely explanation for the high-frequency band is that it originates from amino-acid
residues which are relatively weakly hydrogen-bonded, either to the solvent or to
other amino-acid residues. In order to confirm this interpretation, Ana V. Cunha
and Thomas L.C. Jansen performed molecular-dynamics simulations for two ELP1
solutions (in DO and in 60% TFE:D,O), and they measured the number of peptide-
solvent hydrogen bonds in these two systems. These simulations were performed
for both an extended ELP1 conformation and for a folded ELP1 conformation (i.e.
with a hydrogen bond between the two valine residues, see Fig. 4.11). Table II
gives the average number of peptide-water and peptide-TFE hydrogen bonds in
these simulations. As can be seen the total number of peptide-solvent hydrogen
bonds decreases by approximately 30% when the TFE volume fraction is increased
from 0 to 60%. This result suggests that the ingrowth of the blue shoulder in the
ELP1 spectrum (with increasing TFE volume fraction) can indeed be attributed to
a weakening of the average strength of the hydrogen bonds formed by the peptide
groups. Another effect that could contribute to the weakening of the average
hydrogen-bond strength (that is, apart from the presence of a large fraction of broken
hydrogen bonds) is the truncation of the water hydrogen-bond network by TFE;
this truncation causes the intact peptide-water hydrogen bonds to weaken as they
are no longer part of an extended network. The spectral similarities between ELP1
and ELP90 strongly suggest that the molecular environment experienced by ELP90
in the coacervate is very similar to environment created by the mixed DyO:TFE
solvent. This means that the spectral changes observed upon the coacervation of
ELP90 are very likely attributable to the desolvation of the peptide backbone during
the coacervation process. Having assigned the Gaussian bands that appear in our
kinetic model, we next consider how to interpret the dynamics observed in the 2DIR
spectra. As was described in the previous section there are in essence two delay-
dependent processes that can be observed in the 2DIR spectra of ELP1 and ELP90.
The first process is the energy exchange between the Val(1) residue and the residues
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of the remaining tetrapeptide. The second process is the energy exchange among
the residues that form the tetrapeptide. A first point to note is that for ELP90 these
two processes occur on the picosecond timescale, both in the solvated and in the
aggregated state. The occurrence of picosecond vibrational energy transfer points to
a well hydrated structure. The reason is that vibrational energy transfer requires the
presence of fluctuations to compensate for the energy mismatch between the modes
involved,®” 7274130 and these fluctuations are typically provided by the motions of
water molecules inside the hydration shell. The fact that energy transfer remains
possible in the aggregated state of ELP90 indicates that, despite the desolvation
described above, the ELP90 aggregates apparently still contain a relatively large
fraction of mobile water molecules. If we examine the rate constants of the exchange
processes, we see that for ELP90 the exchange process involving Val(1) does not
depend on temperature and the second process slightly slows down with increasing
temperature. These observations are mirrored in the ELP1 data where one sees that
the Val(1)-exchange is independent of the volume fraction of TFE, while the second
process slows down with increasing TFE volume fraction. This slowing down of the
energy transfer for ELP1 is likely due to the replacement of light and mobile water
molecules in the hydration shell of ELP1 by the heavier and relatively immobile TFE
molecules. An additional effect that plays a role here is the fact that TFE molecules
are known to preferentially aggregate around peptides,!' 3! so that TFE is very
effective at displacing water molecules. Another interesting observation is the fact
that for both ELP90 and ELP1 k_, > k,,. That is, energy transfer proceeds more
slowly whenever the Val(1) residue is involved. A likely explanation could be that
for this exchange process the frequency mismatch is relatively large, i.e. larger than
the typical magnitude of the frequency fluctuations.

Given that for ELP1 the exchange constant k ; is sensitive to the degree of
hydration, it would be interesting to use the ELP1 data as a reference and to estimate
the degree of desolvation that occurs during the aggregation of ELP90. This can
be done as follows. For ELP90 the rate constant k_, decreases by about 20% upon
aggregation of the peptide (Table I). In order to achieve a similar decrease for ELP1 the
volume fraction of TFE needs to be ~25% (Figure 4.10). Because of the preferential
aggregation of TFE, mentioned above, this actually corresponds to an even higher
TFE concentration inside the solvation shell of ELP1. The MD simulations were
used to calculate the preferential aggregation of TFE around the folded ELP1 peptide
assuming a solvation shell of 0.6 nm, identically to ref.!"” The first solvation shell
concentration of TFE was found to be 3.0 times higher than the bulk concentration,
which is similar to previous findings for other proteins.!’” Using this result we
find that for an ELP1 solution in 25% D)O:TFE the TFE volume fraction inside
the solvation shell is as large as 75%, which means that the concentration of water
molecules is only 25% of the bulk value. From this we conclude that during the
aggregation of ELP90 roughly 3 out of 4 water molecules are displaced from its
solvation shell.

We end the discussion of our results by turning to the spectral diffusion dynamics
of the Val(1) residue, which are displayed in Figures 4.4 and 4.9. The decay of the
inverse nodal line slopes shown in these figures directly reflects the degree of solvent
exposure of the Val(1) residue. As can be seen from the black curve in Figure 4.4b a
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fully solvent exposed residue, such as the amide group of AcPro, exhibits a complete
decay of the nodal line slope on a ~2 ps timescale. In contrast, for ELP90 we
observe a much slower decay of the nodal line slope, which indicates that in this
peptide the Val(1) residue is shielded from the solvent. A likely explanation for
this strong shielding from the solvent is that the C=O group of the Val(1) residue
may form an intrapeptide hydrogen bond with the NH group of the Val(4) residue.
The presence of such a hydrogen bond is in line with the notion that the Pro-Gly
sequence is often located inside a S-turn.">'* The molecular dynamics simulations
were used to further investigate this interpretation of our experimental results.
For both simulated conformations the frequency-frequency correlation function
(FFCF) of the Val(1) residue was computed. It turns out that on the timescale of
the simulations (10 ns) these two conformers do not interconvert, i.e. the peptide
maintains the conformation chosen at the start of the simulation. Figure 4.11 displays
the FFCF for these two simulations. If we compare the simulation of the folded and
extended structures (in water), we see that indeed the presence of the S—turn causes
a slowing down of the decay of the FFCF, which corroborates our interpretation.
We further note that for the folded structure the replacement of the aqueous
solvent by a TFE:water mixture leads to an upward shift of the simulated FFCF,
and this observation is again in line with our experimental observation (Fig. 4.9).
Interestingly, our experiments show that the spectral diffusion dynamics and thereby
the degree of solvent shielding are identical in the dissolved and aggregated state of
ELP90 and show very little change in ELP1 as a function of TFE concentration.
This implies that the S-turn is present in both states of the peptide, and therefore we
conclude that contrary to suggestions found in the literature!*-1*” the coacervation
transition of elastin-like peptides may not be driven by the formation of a S-turn.
Instead we speculate that the role of the S-turn may be more indirect: that is to say,
the S-turn may stabilize a conformation in which a large number of hydrophobic
sidechains are exposed, so that hydrophobic association can occur once the driving
force (and therefore the temperature) is high enough.

45 CONCLUSION

We used linear infrared spectroscopy, 2DIR spectroscopy and MD simulations
to study the structural dynamics of elastin-like peptides (ELP). To gain insight
into the coacervation transition displayed by this class of peptides we performed
experiments on two different ELPs. We studied a 90-repeat ELP (450 residues),
for which coacervation can be induced by increasing the temperature above the
transition point. We also performed reference measurements on a single-repeat ELP
(5 residues). This ELP was too short to show a coacervation transition, and therefore
in this case experiments were performed as a function of the solvent composition
(i.e. different volume fractions of TFE in water).

Our results show that for both peptides the amide I' spectrum can be well
described as a superposition of three Gaussian bands located at 1615 cm™, 1645 cm™!
and 1675 cm™!. We assign the 1615 cm™! band to the localized amide I’ resonance
of the Val(1) residue. The 1645 cm™! and the 1675 cm™" bands are associated with
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FIGURE 4.11. Frequency-frequency correlation function (FFCF) of the amide I’ vibration
of Val(1) in ELP1 extracted from MD simulations. The simulations were performed for an
extended and hydrogen bonded confirmation (see top) in two different solvents (water and
TFE:water).

residues 2 to 5 in the pentapeptide repeat and probably have a more delocalized
character. We attribute the 1645 cm™' band to well-hydrated residues and the
1675 cm™! band to more weakly hydrated residues. In the 2DIR experiments we
have identified two vibrational energy transfer processes that take place between
the three bands. One of these transfer processes is independent of the solvent
environment of the peptides while the second process slows down when water
molecules in the solvent are replaced by TFE for ELP1 or when the temperature is
raised above the coacervation temperature for ELP90. We use the solvent-dependent
process to estimate the degree of desolvation that takes place upon coacervation of
90-repeat ELP, and we find that this desolvation corresponds to a loss of roughly
three out four water molecules in the hydration shell.

Finally we studied the spectral-diffusion dynamics of the Val(1) residue. We find
that these dynamics are very slow and indicative of an amide group that is shielded
from the solvent. Surprisingly, for the 90-repeat ELP these dynamics do not change
with the aggregation state of the peptide. We conclude that the slow dynamics are
likely due to the fact that the Val(1) residue forms an intrapeptide hydrogen bond
with the Val(4) residue (3-turn), already below the coacervation transition.
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CHAPTERS

ULTRASENSITIVE ULTRAFAST
VIBRATIONAL SPECTROSCOPY
EMPLOYING THE NEAR FIELD OF
GOLD NANOANTENNAS?

We introduce a novel method to perform nonlinear vibrational spectroscopy
on nanoscale volumes. Our technique uses the intense near field of infrared
nanoantennas to amplify the nonlinear vibrational signals of molecules located
in the vicinity of the antenna surface. We demonstrate the capabilities of the
method by performing infrared pump-probe spectroscopy and two-dimensional
infrared (2DIR) spectroscopy on 5 nm layers of polymethylmetacrylate (PMMA).
In these experiments we observe enhancement factors of the nonlinear signals
of more than 4 orders of magnitude. We discuss the mechanism underlying the
amplification process as well as strategies for further increasing the sensitivity
of the technique.

*Adapted from: O. Selig, R. Siffels, and Y. L. A. Rezus, "Ultrasensitive Ultrafast Vibrational
Spectroscopy Employing the Near Field of Gold Nanoantennas", PRL, 114, 233004 (2015)
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5.1 INTRODUCTION

Vibrational spectroscopy is a powerful, label-free technique that provides detailed
information about molecular structures. The method uses vibrational marker
modes to identify the chemical groups present inside a molecule as well as to probe
their chemical nanoenvironments. In recent years vibrational spectroscopy has
experienced a revival with the advent of novel, nonlinear vibrational spectroscopies,
in particular infrared pump-probe spectroscopy and two-dimensional infrared
(2DIR) spectroscopy.!?¥-1#2 In these techniques the sample is interrogated by a
number of time-delayed femtosecond infrared pulses, allowing one to study not
only the structures of molecules but also their dynamics.?!*-1*> While these
two nonlinear methods are mostly applied to macroscopic samples, they could
in principle provide valuable information about nanoscale systems consisting of
molecular monolayers such as the active areas of biosensors, supported lipid bilayers,
and responsive surfaces.!*®!*” Unfortunately, because of the low absorption cross-
section of molecular vibrations, the only molecular monolayers that are amenable
to study using these techniques are those composed of extremely strong infrared
absorbers: in particular, to date such measurements have only been reported for
metal-carbonyl compounds.*®1* Obviously, a method allowing for the application
of these nonlinear spectroscopies to other, less absorptive, molecular vibrations at
the (sub)monolayer level would be highly beneficial.

An attractive option for amplifying the interaction of molecular vibrations with
infrared radiation is the use of optical nanoantennas. These metallic nanostructures
have recently attracted considerable interest due to their ability to funnel light to
subwavelength volumes and thereby strongly enhance the local electromagnetic
field.*»1°  Particularly strong field enhancements can be achieved with the help
of resonant nanostructures, such as rod-shaped nanoantennas, which exhibit a
dipolar resonance that can be tuned all the way from the visible spectral region
to the far infrared, simply by varying the length of the nanoantenna. In the
past it has been demonstrated that infrared-resonant nanoantennas can strongly
amplify the linear vibrational spectroscopic signals of molecules located in their near
fields.””>1°1-13*  Tn addition nonlinear frequency-mixing processes such as second-
harmonic generation,' third-harmonic generation'®® and four-wave mixing!¥>1%
have been demonstrated to occur in the near fields of nanoantennas. An application
that has not been explored to date is the use of infrared nanoantennas as a means
to perform highly efficient nonlinear spectroscopy. Recently it was demonstrated
that nonlinear vibrational signals (2DIR) can be enhanced using colloidal gold
nanoparticles,' but the possibilities provided by nanoantenna structures designed
to be resonant with a specific vibrational mode have not yet been exploited.

Here we report on a proof-of-principle experiment in which we use the enhanced
near field of nanoantenna arrays to perform femtosecond vibrational pump-probe
spectroscopy on the carbonyl vibration of ultrathin layers of polymethylmetacrylate
(PMMA) deposited on top of the arrays. The enhanced near field of the nanoantennas
decays rapidly with distance, and, consequently, we only probe those regions of the
PMMA film located directly on top of the nanoantennas. We demonstrate that with
this method the nonlinear spectroscopic signals are amplified by more than 4 orders
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FIGURE 5.1. a) Scanning electron microscope (SEM) image of one of the antenna arrays. The
scale bar corresponds to a distance of 4 pm. (b) Infrared absorbance spectra (light polarized
along the long antenna axis) of randomized nanoantenna arrays coated with a 14 nm layer
of PMMA. The spectra are offset vertically for clarity. (c) Schematic representation of the
coupled-dipole model described in the text. Both the nanoantenna and the PMMA patch on
top are represented as point dipoles.

of magnitude.

5.2 LINEAR INFREARED SPECTROSCOPY

In our experiments we use gold nanoantenna arrays that are fabricated on CaF,
substrates using standard e-beam lithography (for a detailed description see Section
3.5). The antennas are arranged in 800 pm X 800 pm randomized arrays at a density
of 0.17 um™2 (Fig. 5.1(2)). The random antenna arrangement serves to average out
the effects of coupling between the individual antennas.’ The antennas are 200 nm
wide, 100 nm high, and their length varies between 1400 and 2600 nm. Antennas of
these lengths interact strongly with midinfrared light that is polarized along the long
antenna axis. This is illustrated in Fig. 5.1(b) where we show the IR transmission
spectra of a number of antenna arrays that are covered with a 14 nm layer of PMMA.
These spectra were recorded with a Bruker Vertex 80v FTIR spectrometer coupled to
a Hyperion 3000 IR microscope. The longitudinal plasmon resonance has a width of
300-500 cm~! and the resonance shifts to the red with increasing antenna length.!>?
In addition a small modulation on top of the antenna spectrum is observed around



102 NANOANTENNA ENHANCED NONLINEAR INFRARED SPECTROSCOPY 5.2

1730 cm™!, which is due to the interaction with the PMMA carbonyl vibration. The
spectra in Fig. 5.1(b) illustrate that the antennas do not merely amplify the absorption
by the PMMA: in that case one would observe positive absorptive peaks on top of the
antenna spectra (i.e., an increased absorption). Instead the enhancement mechanism
leads to complex vibrational line shapes that depend on the detuning between the
vibrational transition and the antenna resonance.!>? In the following we use a simple,
coupled-dipole model™® ! to explain the observed line shapes and their intensities
(Fig. 5.1(c)). An extended discussion of this model will be presented in Chapter 6. In
order to keep the notation simple we use a scalar description. We treat the antenna and
the PMMA patch on top of it as two dipolar point scatterers with respective complex
polarizabilities , (c0) and o («) and locations 7,,, and 7. We note that both
polarizabilities are frequency dependent: a; (cv) due to the vibrational resonance of
the CO vibration of PMMA, and a,, (w) due to the plasmonic antenna resonance
(tunable by varying the antenna length). The incident electric field Ey(w) polarizes
the antenna, which leads to an enhanced near field that induces a vibrational dipole
given by

pvib(w) = avib(w>G<7vib’ 7am)aant(w)EO(w> (51)

where G(7,;,, 7,,,) is the Green function for a radiating dipole located at position 7, .
In this expression we have neglected the contribution of the incident field itself to the
vibrational polarization as its effect is much smaller than that of the local field. The

induced vibrational dipole acts back and induces a change in the antenna polarization

Apant(w) = aant<w)G(rant’ rvib)Pvib(w) (52)

Combining these expressions and using the fact that the extinction cross section

of the antenna o, (w) is given by the ratio of the work done on the antenna by

the incident field 5clm[p, (w)E;(w)] to the incident intensity we arrive at the
following expression for the modification of the antenna cross section due to the
presence of the PMMA

A ()= j—folm {2 (@)GT 2y (@) 65.3)

In this equation A is the free-space wavelength and ¢, is the permittivity of free space.
We have used the reciprocity relation to equate the two appearing Green functions
and simply denoted them by G. Despite the approximations made in the above
treatment this equation provides an excellent description of the antenna-enhanced
vibrational line shapes, as we have confirmed through finite-difference time domain
simulations (see Chapter 6). Equation 5.3 shows that the nanoantenna amplifies
the original vibrational spectrum by the complex-valued factor (a,, (w)G)?, which
represents the square of the field enhancement. Because of the complex nature of
the amplification factor the (enhanced) vibrational signal Ao, (w) typically contains
both an absorptive Im[a,; ()] and a dispersive Re[a;,(cv)] component as can be
seen in Fig. 5.1(b). It is straightforward to see that there are three circumstances
under which purely absorptive line shapes are observed: if the antenna is driven on
resonance, far below resonance, or far above resonance. In the first case there is a
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FIGURE 5.2. (a) Top: Linear infrared spectrum (blue line) of the carbonyl vibration of a
150 nm film of PMMA on a CaF, substrate. The red line represents a Gaussian fit. Bottom:
Transient spectrum of the same sample (isotropic signal). The solid red line is a fit to a linear
combination of two Gaussian bands (dashed lines) whose widths are taken from the linear
spectrum. b) Delay scan of the transient signal at a frequency of 1735 cm™. The red line is a
monoexponential fit.

7t/2 phase lag between the incident electric field and the antenna polarization: this
leads to a negative value ((¢!"/?)?> = —1) of the amplification factor (o, («0)G)?, so
that the vibrational signal is observed as an absorption dip on top of the antenna
resonance. Driving the antenna far below resonance or far above resonance results
in phase shifts of 0 and 7z, respectively, so that in these two circumstances absorptive
peaks ((e1°)? = —1 and (e'™)? = —1) are observed.

5.3 PUMP-PROBE SPECTROSCOPY

We investigate the nonlinear optical properties of the PMMA-covered arrays using
femtosecond IR pump-probe spectroscopy (see Chapter 3 for a detailed description
of the experimental setup). In these measurements we use a femtosecond (~100 fs,
150 nJ) infrared pulse centered at 1700 cm™! to excite a significant fraction of the
carbonyl vibrations in the PMMA layer. The pump-induced absorption changes
(Aa = —InT/T,) are monitored by a delayed probe pulse. In order to perform
polarization-resolved measurements the probe polarization is set at an angle of 45 deg
with respect to the pump polarization. Using polarizers behind the sample we then
select the probe component that is polarized either parallel or perpendicular to the
pump polarization. Scattered pump light is suppressed by rapidly modulating the
pump-probe delay by half an optical period.!®?

As a reference measurement the pump-probe spectrum of a thick layer of PMMA
(~150 nm) deposited on a CaF, substrate is shown in Fig. 5.2. We observe the
characteristic transient spectrum of an anharmonic vibration. At the fundamental
frequency (1730 cm™) there is a decreased absorption due to the depletion of the
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ground state and stimulated emission from the vibrationally excited state. At lower
frequencies (~1710 cm™) an induced absorption is observed due to absorption by the
excited state. A fit of the transient spectrum to a linear combination of two Gaussian
bands reveals an anharmonicity of 19 cm™'. The ratio of the 0-1 and 1-2 cross sections
is 1.8, which is very close to the value of 2 expected for a purely harmonic vibration.
Figure 5.2(b) shows a delay scan for a frequency corresponding to the peak of the
bleach (~1735 cm™"). We observe a monoexponential decay with a time constant of
1.1 ps which we attribute to the vibrational relaxation of the carbonyl vibration.

Having characterized the transient vibrational response of PMMA itself we move
on to study the effect of coupling with the nanoantennas. For this purpose we
work with a 5 nm film of PMMA (see Section 5.6.2 for the determination of the
thickness), which gives no appreciable pump-probe signal in the absence of antennas:
the smallest signal we could detect (Aa =2 x 107°) was for a 10 nm thick film, which
is shown in Fig. 5.3(a). Next we consider the situation of a 5 nm film deposited
on an array of nanoantennas (L = 2000 nm) that are tuned to resonance with the
carbonyl vibration. Figure 5.3(b) shows the pump-probe signal for a measurement in
which the pump pulse is polarized parallel to the long axis of the antennas and the
probe pulse is polarized along the short antenna axis. Remarkably even though the
(perpendicularly polarized) probe is not resonant with the antennas, we nevertheless
observe an increase in the nonlinear signal by a factor of 100. Next we polarize the
probe along the long axis of the nanoantennas (Fig. 5.3(c)). We observe a further
increase of the nonlinear signal to a value as high as Aa = 0.055. In addition we see
that the sign of the nonlinear signal is inverted compared to the reference signals in
Figs. 5.2(a) and 5.3(a). This inversion can be understood from the linear spectrum of
the 2000 nm antennas in Fig. 5.1(b). As was explained above, in this case the coupling
to the nanoantennas is such that the presence of the carbonyl vibration leads to a
decrease of the absorption. Asa consequence the depletion of the ground state of this
vibration by a pump pulse leads to an increased absorption while the coupling of the
antennas with the newly accessible 1 — 2 transition leads to a decreased absorption.
We note that when the antennas are probed along their short axis we also observe
an enhancement of the nonlinear signal (Fig. 5.3(b)). In this case the nonlinear signal
has the regular sign: a decreased absorption at the fundamental frequency and an
increased absorption at the excited-state frequency. This nonlinear signal originates
from the coupling of the excited vibrations (and the depleted ground state) with the
transverse resonance of the nanoantennas, which lies at much higher frequencies
in the visible spectral region.!®> The normal sign follows from the fact that the
vibrations drive this transverse antenna mode far below its resonance frequency,
which, according to Eqn. (5.3), leads to a positive (and real-valued) amplification factor
in the linear spectrum and therefore also in the nonlinear spectrum.

It should be noted that the nonlinear signal in Fig. 5.3(c) originates from only a
small fraction of the CO vibrations on the substrate (i.e. those vibrations located
close to the antenna surface). The nonlinear signal enhancement is, therefore, much
larger than the ratio of the absorption changes in Figs. 5.3(a) and (c). The question
arises of how large the enhancement actually is. The nonlinear signal is described
by an equation identical to Eqn. (5.3) except for the replacement of a; (w) by the
pump-induced change Aa; (w), which is proportional to the number of excited
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FIGURE 5.3. a) Transient spectrum of a 10 nm layer of PMMA on CaF, (isotropic signal).
b) Transient signal for a 5 nm PMMA film deposited on top of nanoantennas. The pump
polarization is along the long axis of the antenna while the probe polarization is along the short
axis. ¢) Transient signal for the same sample as in (b) with the pump and probe polarizations
set parallel to the long axis of the antennas. (d) Normalized delay traces at 1735 cm™" for the
reference measurement on a 150 nm layer of PMMA (blue line) and for a 5 nm layer of PMMA
on a nanoantenna array (L = 2000 nm) with a perpendicular probe (red dots) and a parallel
probe (green dots).

vibrations and therefore to the local field intensity. Since a,, ()G represents the field
enhancement, the nonlinear signal is proportional to the fourth power of the field
enhancement. Using this result in combination with finite-difference time domain
simulations, we find that more than 90% of the nonlinear signal originates from CO
vibrations that are within 40 nm of the antenna surface. This means that the nonlinear
signal in Fig. 5.3(c) originates from 10% of the CO vibrations covering the antenna
array (the nanoantennas cover 7% of the surface), from which a net enhancement
factor of 6 x 10* for the nonlinear spectrum in Fig. 5.3(c) can be determined (see
Section 5.6.1 for details).

Next we turn to the time dependence of the enhanced vibrational signal. An
important point is whether the temporal decay of the signal tracks the excited state
population of the carbonyl vibration or whether it is affected nontrivially by the
coupling with the nanoantenna. To investigate this issue we compare the delay traces
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of the enhanced signals (i.e. for parallel and perpendicular probing) with the delay
trace of the unenhanced reference measurement (Fig. 5.3(d)). The strong resemblance
of the three signals demonstrates that the enhanced signals indeed accurately reflect
the intrinsic vibrational dynamics of the molecular system (and therefore provide
information about the molecular system itself).

5.4 TWO-DIMENSIONAL INFRARED SPECTROSCOPY

The high signal strength and excellent signal-to-noise ratio of the antenna-enhanced
pump-probe spectra (Fig. 5.3(c)) allows us to move beyond one-color pump-
probe spectroscopy and explore the capabilities of antenna enhancement in
2DIR spectroscopy. We employ a pumping technique in which a Mach-Zehnder
interferometer is used to generate a pair of collinear pump pulses.”® Transient
spectra are recorded as a function of the delay between the two pump pulses, and
Fourier transformation of this time variable yields the pump-frequency axis in
the two-dimensional spectrum (see Section 3.3 for additional details). Figure 5.4
shows examples of 2DIR spectra for two different antenna fields (L = 1900 nm and
L = 2200 nm) coated with 5 nm of PMMA. The pronounced diagonal elongation in
these spectra indicates that the carbonyl band of PMMA is in fact composed of an
inhomogeneous distribution of CO oscillators that can be excited independently of
each other: the band shows strong inhomogeneous broadening. In passing we note
that a homogeneously broadened band would show a nearly vertical central line. A
measure for the degree of inhomogeneous broadening is provided by the tilt of the
central line, which is drawn in the 2D spectra. The two spectra in Fig. 5.4 exhibit
different two-dimensional line shapes reflecting the difference in the corresponding
linear line shapes. Nevertheless, the central line slope is identical for both spectra
(1.2 £ 0.1) indicating that this parameter can be extracted quite robustly from the
antenna-enhanced 2D spectra. In the future it will be interesting to perform these
measurements as a function of the pump-probe delay, which will provide information
about the time scale on which spectral fluctuations occur.

5.5 OUTLOOK

An obvious question that arises after these proof-of-principle experiments is how far
we are removed from performing nonlinear vibrational spectroscopy on molecular
monolayers, such as supported lipid membranes. From the density and molecular
weight of PMMA we estimate that a 5 nm layer of PMMA contains ~35 CO
groups/nm?. For a lipid bilayer this number is ~6 CO groups/nm? as can be
deduced from the typical surface area of 0.7 nm? per lipid molecule.!®*  This
comparison shows that we are already within an order of magnitude of the required
sensitivity. Given that the nonlinear signal in our experiments scales with the fourth
power of the field enhancement, an obvious way to increase the sensitivity would
be to use nanostructures which provide higher field enhancements. Examples of
structures that could provide exceptionally high field enhancements are optimally
coupled arrays of nanoantennas,'® fractal-shaped antennas'> and perfect-absorber
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FIGURE 5.4. 2DIR spectra of 5 nm PMMA on nanoantennas of (a) 2200 nm and (b) 1900 nm.
The thin solid lines represent equidistantly spaced contours. Positive absorption changes are
shown in red and negative absorption changes in blue. The spectra correspond to a pump-probe
delay of 0.5 ps. The thick solid lines represent the central lines and are calculated by fitting the
locations of the local maxima of the 2D spectra to a straight line.

metamaterials.’® In conclusion, we have demonstrated that metallic nanoantennas
can be used to amplify nonlinear vibrational signals by more than 4 orders of
magnitude. This new technique will allow the study of molecular structures and
dynamics of nanoscopic volumes including molecular monolayers.
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5.6 APPENDIX

5.6.1 CALCULATION OF THE ENHANCEMENT FACTOR FOR THE
NONLINEAR SIGNAL

In this section we outline the procedure used to determine the amplification factor
of the nonlinear spectrum in Figure 5.3(c). To compute this amplification factor we
need to estimate how far the influence of a nanoantenna extends beyond its surface.
This characteristic distance depends on the field enhancement profile around the
nanoantenna, which was calculated using finite-difference time domain simulations
(for details see Chapter 6) and is displayed in Figure 5.5(a). The figure shows the
absolute value of the field enhancement in a plane 5 nm above the substrate. As
was explained previously the nonlinear signal is proportional to the fourth power
of the field enhancement. Using these results we can determine how close a CO
vibration should be to the antenna surface in order to still make a reasonably-sized
contribution to the nonlinear signal. To this end we compute the integrated nonlinear
signal that would originate from a strip-like region surrounding the nanoantenna (see
inset of Figure 5.5(b)). We have plotted this quantity as a function of the strip width
AL in Figure 5.5(b). The plot shows that more than 90% of the nonlinear signal
originates from CO vibrations that are within 40 nm of the antenna surface (the value
of 90% is a lower limit because the contribution of the CO vibrations located on
top of the nanoantenna has not been taken into account). Consequently for a single
nanoantenna of 2000 nm by 200 nm the nonlinear signal originates from a patch of
PMMA with a surface area that is 45% larger than the footprint of the nanoantenna.
We therefore conclude that the nonlinear signal in Figure 5.3(c) originates from 10%
of the CO vibrations covering the whole substrate (the nanoantennas cover 7% of the
surface).

The ratio of the absorption changes in Figure 5.3(a) and (c) is 3 x 10°. We take into
account that the reference spectrum in Figure 5.3(a) corresponds to a 10 nm layer of
PMMA while the spectrum in Figure 5.3(c) is for a 5 nm layer, and that the amplified
nonlinear signal originates from 10% of the molecules on the substrate. This gives
the net amplification factor of 6 x 10* quoted in the main text.

5.6.2 THICKNESS DETERMINATION OF THE PMMA LAYERS

The PMMA films used in the experiments were produced by spin coating from
solution (mr-I PMMA, micro resist technology GmbH). A spinning speed of 4000
rpm was used, and the layer thickness was varied by diluting the stock solution in
anisole. The layer thickness was determined through a combination of ellipsometry,
profilometry and IR transmission spectroscopy. Due to the relative softness and
roughness of CaF, profilometry could only provide accurate data for a relatively thick
layer (25 nm) of PMMA on CaF,. The thickness of the thinner layers was determined
from the IR absorption of the carbonyl band. As a reference we also determined
the layer thickness for other substrates (silicon and glass), using ellipsometry and
profilometry. Figure 5.6 displays the full calibration series.
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FIGURE 5.5. a) Field enhancement for a nanoantenna of 2000 nm on a CaF, substrate.
The calculation pertains to a height of 5 nm above the substrate. b) Total nonlinear signal
originating from the region between the two red dashed rectangles in the inset. This quantity
was obtained by integrating the fourth power of the field enhancement over this region. The
inner rectangle has the same dimensions as the nanoantenna; the outer rectangle extends
beyond the nanoantenna surface by a distance AL. The integrated signal is normalized to
its limiting value for large values of AL.
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FIGURE 5.6. Thickness of the PMMA layers determined using different methods.
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CHAPTER6

IMPACT OF LOCAL-FIELD EFFECTS
ON THE PLASMONIC
ENHANCEMENT OF VIBRATIONAL
SIGNALS BY INFRARED
NANOANTENNAS?

We have developed an analytical model that provides a mechanistic description
of the plasmonic enhancement of vibrational signals by infrared nanoantennas.
Our treatment is based on a coupled-point-dipole model which considers the
interaction between a point-like nanoantenna and a single vibrational dipole
moment. This idealized model is refined in two consecutive steps. The first step
generalizes the model to make the treatment of non-point-like nanoantennas
possible. The second step deals with local-field effects originating from the
mutual interaction of the molecular vibrations. We have compared the results
of our model with finite-difference time-domain simulations, and we find that
our model predicts both the lineshapes and the amplitudes of the vibrational
signals in a quantitative manner. Our analysis shows that the local-field effects
play a surprisingly dominant role in the plasmonic enhancement, and we discuss
possibilities of engineering this local field in order to further boost the plasmonic
amplification.

*Adapted from: Y. L. A. Rezus and O. Selig, "Impact of local-field effects on the plasmonic
enhancement of vibrational signals by infrared nanoantennas", OPTICS EXPRESS, 24, 12202 (2016)
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6.1 INTRODUCTION

Infrared spectroscopy is a well-known analytical tool that is widely used to identify
molecular species. The technique owes its chemical specificity to the fact molecules
leave their ‘vibrational fingerprint’ in the infrared spectrum. That is, the chemical
groups inside molecules possess characteristic vibrational frequencies which give rise
to sharp infrared absorption bands. Unfortunately, despite its exquisite chemical
specificity, infrared spectroscopy is a relatively insensitive technique requiring large
quantities of material. This poor sensitivity is a consequence of the weak absorption
cross sections of molecular vibrations, which are typically a thousand times smaller
compared to the cross sections of electronic transitions. The sensitivity problem
of infrared spectroscopy is partly overcome in a variant of the method known as
surface-enhanced infrared absorption (SEIRA) spectroscopy.'®®17! In this technique
chemically roughened metal films are employed onto which the molecules of interest
are adsorbed. The excitation of plasmonic modes inside the metal film leads to strong
near fields which couple to the molecular vibrations and enhance the spectroscopic
signals. However, in conventional SEIRA spectroscopy the spectral overlap between
the broad plasmonic modes and the sharp molecular vibrations is far from optimal,
so that in practice the signal enhancement remains modest.

In recent years the SEIRA technique has undergone a revival with the substitution
of the metal films for tailored (metallic or non-metallic) nanostructures,’’> 131-154.172-177
fabricated using lithographic means. These nanostructures, which we will generically
refer to as infrared nanoantennas, exhibit a resonance in the mid-infrared that can be
tuned to a molecular vibration of interest. The resonant character of the plasmonic
excitation in these structures leads to much larger field enhancements compared to
metallic films and thereby to comparatively larger signal enhancements. To date
a variety of IR nanoantennas have been explored for the ultrasensitive detection
of molecules, among which figure coupled arrays of nanoantennas,”! various
nanoclusters, fractal-shaped antennas'®*1”® and perfect absorber structures.!®® Very
recently we have shown that it is possible to use the intense near fields of infrared
nanoantennas to move beyond the conventional linear spectroscopic detection of
molecules and to even perform advanced nonlinear spectroscopic experiments on
the detected molecules.'”? In the future this extension of the SEIRA technique will
allow one to study dynamic processes, such as chemical reactions or energy transfer
processes within or between the detected molecules.

An important aspect of infrared nanoantennas is the fact that the amplified
vibrational signals do not necessarily give rise to the familiar absorptive lineshapes
known from conventional infrared spectroscopy. Instead the nanoantenna-enhanced
vibrational resonances often have a dispersive character, so that they appear distorted.
These lineshape distortions are not a serious problem if one simply considers
nanoantenna-SEIRA as an ultrasensitive detection technique. However, from the
spectroscopic perspective these distortions are more problematic. In molecular
spectroscopy one typically relies on the widths, amplitudes, spectral shifts and
detailed shapes of the vibrational bands to deduce information about molecular
structures and dynamics. Therefore for spectroscopic applications—both linear and
nonlinear—it is important to understand how the metal nanostructures affect the



6.2 LOCAL-FIELD EFFECTS IN PLASMONIC ENHANCEMENT 113

vibrational lineshape, so that one can distinguish between lineshape features that
contain molecular information and lineshape features that are merely a consequence
of the amplification process. In the literature finite element electromagnetic
simulations are commonly used to predict the vibrational lineshapes observed in
nanoantenna-SEIRA.'>? While these methods can accurately predict the lineshapes
observed, they do not provide intuitive understanding of the underlying physical
mechanisms. In this work we aim to develop such intuitive understanding by
constructing an analytic model of the coupling between molecular vibrations and
infrared nanoantennas. This model will provide insight into the factors that govern
the degree of signal enhancement, as well as how these factors affect the observed
lineshapes.

Our approach consists of three steps. We start out with a highly idealized model
in which we consider only two point dipoles. The first point dipole represents the
nanoantenna while the second point dipole represents all the molecular vibrations
interacting with the nanoantenna. This model can be solved analytically, and we
show that despite its simplicity the model already describes many features of the
amplification process in a qualitative manner. In the second step we refine the model
in such a way that it becomes applicable to realistic nanoantenna geometries (as
opposed to a point-like nanoantenna). The refined model allows the quantitative
computation of the response of a nanoantenna covered by a thin layer of dielectric
material, as long as this material is described by either a purely resonant or by a
purely non-resonant permittivity. It turns out that the model, at this stage, breaks
down for materials that have both a resonant and a non-resonant permittivity. In
the third step we show that this breakdown is due to the neglect of local-field effects,
and we finish by incorporating these effects into the model. The resulting model
allows one to accurately compute the plasmonic enhancement factor for a particular
vibrational band, and, moreover, it identifies the different physical contributions to
this enhancement factor. A major result of the present work is the finding that for
most molecular vibrations the local molecular field, which was mostly overlooked in
the past, plays a surprisingly large role in the plasmonic enhancement mechanism.

6.2 RESULTS AND DISCUSSION

Figure 6.1 illustrates the principles underlying the use of infrared nanoantennas.
Typically, an array of such nanoantennas is fabricated on top of an infrared-
transparent substrate, such as CaF,, and the material to be detected is deposited
as a thin layer on top of the nanoantennas (Fig. 6.1(2)). In this work we focus on
rod-like nanoantennas because their resonance frequency can easily be tuned to
the mid-infrared. We have computed the (extinction) cross-section spectra of three
isolated gold nanoantennas of different length using finite-difference time-domain
(FDTD) simulations (Fig. 6.1(b)). For light polarized along the long antenna axis the
nanoantennas display a plasmon resonance in the mid-infrared, which shifts to lower
frequencies with increasing nanoantenna length.>>13? The nanoantenna spectrum
is extremely sensitive to the material in its direct environment, which makes the
nanoantennas ideal for sensing applications. This point is illustrated in Fig. 6.2(a),



114 LOCAL-FIELD EFFECTS IN PLASMONIC ENHANCEMENT 6.2

0
Z,Lcan 1200 1600 2000 2400
X v(em™)

FIGURE 6.1. (a, top) Scanning electron microscope image of an array of gold nanoantennas
fabricated on top of a CaF, substrate. (a, bottom) Geometry used in the FDTD simulations to
calculate the cross section of an isolated nanoantenna and its modification due to the presence
of a shell of dielectric material. (b) Simulated extinction cross sections of gold nanoantennas
on top of CaF,. The nanoantennas have a width of 200 nm, a height of 100 nm and a varying
length (1600 nm, 2000 nm and 2400 nm).

which shows that covering the nanoantenna by a 10 nm layer of dielectric material
with a refractive index of 1.48 leads to a significant redshift of the spectrum. Next
we consider the effect of covering the nanoantenna by a material that exhibits a
vibrational resonance. As a prototypical example of such a material we have chosen
the molecular polymer polymethylmetacrylate (PMMA) because it is often used in
experimental studies due to its case of spincoating.'7+ 180 PMMA displays a sharp
vibrational resonance at 1730 cm™! which results from its C=O stretching vibration.
It can be seen that the spectrum of the C=0 vibration shows up as an absorptive dip
on top of the nanoantenna spectrum (Fig. 6.2(b)). In order to highlight the amplified
vibrational spectrum we subtract the bare nanoantenna spectrum from the spectrum
of the coated nanoantenna as is illustrated in Fig. 6.2(c). This figure also shows
the amplified vibrational spectrum for nanoantennas of different lengths. It can be
seen that, depending on the detuning between the nanoantenna and the vibrational
resonance, a variety of lineshapes can be observed, from absorptive to dispersive as
well as any shape in between. In the following we develop an analytical model, along
the lines described in the introduction, that can quantitatively explain the spectral
effects illustrated in Fig. 6.2.

6.2.1 STEP 1: POINT-DIPOLE MODEL

We start by describing the interaction between a nanoantenna and the molecules that
cover it using a simple coupled-dipole model. In this model we only consider two



6.2 LOCAL-FIELD EFFECTS IN PLASMONIC ENHANCEMENT

115

0
1200 1800 2400

0
1200 1800 2400
\ (cm'1 )

0

x 1072

A 1400nm

J \ 1600 nm

/\ 1800 nm

1900 nm

2000 nm
/\[\
/—\/;

2200 nm

2400 nm

|

2600 nm

|

1200 1800 2400

v (cm'1 )

FIGURE 6.2. (a) Cross-section spectrum of a 2000 nm nanoantenna (blue line) and of the same
nanoantenna coated with a 10 nm layer of dielectric material characterized by a refractive
index of 1.48 (red line). The inset shows a zoom around the cross section maximum. (b)
Cross-section spectrum of a 2000 nm nanoantenna (blue line) and of the same nanoantenna
coated with a 10 nm layer of PMMA. The PMMA is modeled using a Lorentzian absorption
at 1730 cm™" and a background refractive index of 1. (c) Effect of the nanoantenna length on
the amplified vibrational lineshape. The curves are calculated by subtracting the spectrum of a
bare nanoantenna from the spectrum of a coated nanoantenna. For clarity the different curves

are shifted vertically by 1072 m?.
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point dipoles: the first point dipole (p,,,) represents the nanonantenna while the
second point dipole (p,;,) represents all molecular vibrations lumped together. The
nanoantenna is characterized by the frequency-dependent polarizability ,, () and
the vibrational dipole moment by the frequency-dependent polarizability o (w).
To avoid clutter we will drop the explicit frequency dependence henceforward. For
the moment we treat the case of free-space coupling between the two point dipoles,
and we will discuss the effect of the substrate at the end of this section.

Our experimental observable is the extinction cross section o,, of the
nanoantenna and its modification Ao due to the presence of the vibrational dipole. In
general the extinction cross section ¢ of a dipolar particle is related to the imaginary

part of its polarizability '8!
27
oc=—Im[<] 6.1)
Ae,
Here e, is the permittivity of free space, and A is the free-space wavelength. For the
0 p y 3 p g
treatment to come it is useful to briefly recall the origin of this expression, which can
be done by considering the definition of the extinction cross section

o= h 6.2)
Line
where P, is the work (per unit time) done on the particle by the incident field and
L. is the incident intensity. By substituting the standard expressions /,, . = E‘OL‘|E0|2
and .
P,.= Ecolm[pEo*], (6.3)

with p the complex amplitude of the induced dipole moment of the particle and E,
the complex amplitude of the incoming electric field (we have assumed that all fields
vary as ~ exp[—iwt ]) one directly obtains Eq. (6.1).

Let us now consider the coupling of Pane and p;,. Both dipoles experience two
fields: the incident field and the field originating from the other particle. This leads

to the coupled-dipole equations!$% 183
Pae = aantE + aantG( Tant> rvib)pvib (64)
bvi = vibEO + avibG( Tyibs 7ant)pant (65)

Here G(7,, r,) is the Green’s function for a dipole located at r,. We should point out
that for simplicity we have adopted a scalar description. By solving for the dipole
moments we see that the effect of the coupling is to modify the polarizabilities of the
two dipoles into new, effective polarizabilities

_ _ Xant + Xant avibG
Pane = aeff,antEO 1 G2 EO (66)
— Xt Xyib
Ayib + Xant %vib G
P = tuvfo=—""—— "7k 6.7)
— Xt Xyib

Here we have used the reciprocity theorem to equate the two Green’s functions
and simply denoted them as G.'® 1In our experiments we typically measure the
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absorption difference of the coated and the uncoated nanoantennas, so that we have
the following experimental observable

2n
Ao = /1_1m [aeff,ant + Xeffvib — aam] (68)
o

While Eq. (6.8) provides an exact analytical expression for the cross-section change of
the nanoantenna, it turns out to be useful to expand the solution in a geometric series

_ n+l _n 2n n n+1,2n n+1 n+1 2n+1
_T%Im{zaaﬂt av1bG +Zaamavib G +ZZ Zant v1b G } (69)

n=1 n=0 n=0

The expansion above allows one to view the amplification mechanism as a multiple-
scattering problem, which is a useful approach that has, for example, also been
followed to describe the signals in near-field scanning optical microscopy.'®® The
terms in the expansion can be interpreted as different interaction processes between
the two point dipoles. We will represent these interaction processes symbolically
using scattering diagrams as those illustrated in Fig. 6.3. In the following we will
briefly illustrate how to read these diagrams. The diagram in Fig. 6.3(a) represents
the leading term in the expansion (7 = 1 term in the first summation symbol). In this
diagram the incident arrow (1) represents the incident field £y which polarizes the
antenna. As a result the antenna generates an enhanced near field which polarizes the
vibrational dipole (2). In turn, the vibrational dipole acts back and generates a field at
the location of the antenna, which modifies the antenna polarization (3). Finally we
compute the work done by the incident field on this part of the antenna polarization
(4). This last process is represented by the wiggly arrow. Below the diagram we have
written the contribution to the cross-section change due to this interaction process.
Inspection of Fig. 6.3 makes it clear that there are three types of scattering diagrams,
each type corresponding to one of the three summation symbols in Eq. (6.9). The
first summation symbol groups together the diagrams that start and end on the
nanoantenna, an example of which is the diagram that we just discussed (Fig. 6.3(a)).
The second summation symbol corresponds to diagrams that start and end on the
vibrational dipole (see, for example, Fig. 6.3(b)). Finally the third summation symbol
contains diagrams that start on one dipole and end on the other dipole. The diagram
in Fig. 6.3(c) is an example of this third type of scattering diagram. Here the incident
field polarizes the vibrational dipole (1). Next the vibrational dipole polarizes the
nanoantenna (2). Finally we compute the work done on the nanoantenna (3). We
note that the factor of 2 in front of the third summation symbol (Eq. (6.9)) comes
from the fact that this summation symbol groups together two types of diagrams (i.e.
diagrams starting on the nanoantenna and ending on the vibration and vice versa),
which contribute equally to the total cross-section change.

Replacing Eq. (6.9) by the leading term in its expansion we obtain the following
approximation for the cross-section change

Aa—z—nlm[(a G)a vxb] (6.10)

ant
Aey
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FIGURE 6.3. Scattering diagrams representing the different terms in the expansion from
Eq. (6.9). (a) Diagram representing the leading term in the expansion (z = 1 in the first
summation symbol). (b) Diagram representing the leading term (» = 0) of the second
summation symbol. This interaction process represents the direct interaction of the light
with the vibrational dipole. (c,d) Scattering diagrams that are grouped together under the third
summation symbol of Eq. (6.9).

Interestmgly, although Eq. (6.10) is based on a highly idealized model, this
expression can already qualitatively explain many of the features observed in Fig. 6.2.
Equation (6.10) shows that the nanoantenna amplifies the original vibrational
spectrum by the complex-valued factor (@, G)?, which represents the square of
the field enhancement. Due to the complex nature of the amplification factor the
(enhanced) vibrational signal Ao typically contains both an absorptive (Im[a,;,])
and a dispersive component (Re[a;,]). It is straightforward to see that there are
three circumstances under which purely absorptive lineshapes are observed: if
the antenna is driven on resonance, far below resonance or far above resonance.
In the first case there is a 77/2 phase lag between the incident electric field and
the antenna polarization: this leads to a negative value of the amplification factor
(@,,.G)? so that the vibrational signal is observed as an absorption dip on top of the
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antenna resonance. Driving the antenna far below resonance or far above resonance
results in phase shifts of 0 and 7, respectively, so that in these two circumstances
absorptive peaks are observed. It is useful to point out that it is the backaction of the
vibrational dipole on the nanoantenna which is responsible for the amplification of
the vibrational spectrum (as also becomes apparent from the scattering diagram in
Fig. 6.3(a)). Intuitively one might have expected the amplification to be a consequence
of the (far-field) radiation emitted by the vibrational dipole after its excitation by
the strong near field of the nanoantenna. This process does in fact contribute to the
amplification process (it corresponds to the scattering diagram depicted in Fig. 6.3(c)).
Its contribution is, however, relatively small because its amplitude scales only linearly
with the field enhancement «,, G, which should be compared to the quadratic scaling
of the backaction process (Fig. 6.3(a)). Moreover, it is interesting to note that the
scattering diagram in Fig. 6.3(c) leads to dispersive lineshapes for a vibration that is in
perfect resonance with a nanoantenna, in contrast to the inverted absorptive shapes
which are observed in experiments and simulations. % 18¢

Before continuing, it is useful to roughly estimate the accuracy of the
approximation at the origin of Eq. (6.10). We readily see that compared to the
leading scattering diagram (Fig. 6.3(a)) the contributions of the scattering diagrams
in Fig. 6.3(b) and Figs. 6.3(c)-(d) are smaller by a factor of (a,,,G)* and (a,, G),
respectively. Using the fact that o G represents the field enhancement of the
antenna at the location of the vibrational dipole, we can get a numerical estimate of
these factors from FDTD simulations of bare nanoantennas (Fig. 6.1(b)). It turns
out that the average nanoantenna field enhancement experienced by the shell of
PMMA is approximately 10. From this value we conclude that, compared to the
leading scattering diagram, the contribution of the diagram in Fig. 6.3(b) is smaller
by two orders of magnitude while those in Fig. 6.3(c)-(d) are smaller by one order
of magnitude. Next we consider the scaling behavior of the consecutive scattering
diagrams grouped together under the first summation symbol in Eq. (6.9). These
scale by the factor @, @.;,G*. In order to estimate this factor we again turn to the
FDTD simulations. The cross section of a nanoantenna is approximately 107! m?.
On the other hand from the known transmission (98.9 %) of a 10 nm film of PMMA
we estimate the cross section of the PMMA shell to be 107 m?. From the ratio of
these cross sections combined with the nanoantenna field enhancement (2,,,G ~10)
we find that o @ ;, G* ~ 107!, We conclude that the largest correction terms to the
cross-section change (Eq. (6.10)) are approximately one order of magnitude smaller
than the leading term.

We conclude this section by discussing the effect of the substrate. In principle,
all expressions can remain unmodified if (whenever a substrate is present) we simply
consider @, and G as functions that are renormalized to contain the effect of the
interface in them. There is, however, a subtlety which has to do with the Fresnel
reflection of the interface and the fact that the cross sections are defined with respect to
the incident electric field (as opposed to the local electric field). Due to the reflection,
the electric field experienced by our point dipoles is attenuated relative to the incident
field by the factor (1—7) where » = (n,—1)/(n,41) is the Fresnel reflection coefficient
and 7, the refractive index of the substrate. Because the incident intensity, however,
is still given by I, = 1/2cey|E,|?, this results in the scaling of all expressions by the
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factor (1— 7)?. The expression for the cross-section change of a nanoantenna on a
surface becomes

27§
Ao =281 (@, GPay] (6.11)
Aey
where we defined the substrate scaling factor

4

S =—7""— 6.12
" (L) o1

It can be seen that due to the interference between the incoming and the reflected field
at the dielectric interface the refractive index of the substrate has quite an influence
on the degree of vibrational amplification. For instance, even if we design two
nanoantennas to have the same field enhancement (,,,G) on silicon (7 = 3.42) and
on calcium fluoride (n = 1.42), the amplification factor will still be 70% smaller in
the case of silicon compared to calcium fluoride.

6.2.2 STEP 2: FINITE ANTENNA SIZE

Equation (6.11) has given us an intuitive picture of the mechanism underlying the
vibrational amplification process. Unfortunately, one cannot use this expression to
quantitatively evaluate the amplified vibrational spectrum in the case of a realistic
nanoantenna (i.e. a nanoantenna that cannot be described as a point dipole). The
main issue lies in the backaction process (step 3 in Fig. 6.3(a)). Here we had implicitly
assumed that the dipole moment induced in the nanoantenna by the vibrational

dipole is Ap,.. = @, G(70nes Toin) Puin- HOwever, this expression obviously breaks
down for a finite-sized nanoantenna because it is not clear at what location 7, the
Green’s function should be evaluated. The aim of this section is to rewrite Eq. (6.11)
in such a way that it provides a quantitative description of the interaction of a finite-
sized nanoantenna with a collection of point-like vibrational dipoles.

Before we start, let us generalize Eq. (6.11) to take into account the tensorial
nature of @, and G. For the moment we still assume point dipoles. We assume that
the polarizability tensor of the nanoantenna is diagonal in the coordinate system of
Fig. 6.1(a) (with diagonal elements @, , @, and &, ,). For the vibrational dipole
we assume an isotropic polarizability @, to account for the isotropic distribution of
the transition dipole moments of the vibrations. It is straightforward to show that,

for an incident field £ polarized along the long antenna axis, Eq. (6.11) generalizes
to the following expression.

27,
Aeg ’ }
In writing Eq. (6.13) we used the general form of the reciprocity relation!$
Ga,@(rl"r'Z):Gﬂa(rZ’rl) (614)

As a next step we rewrite Eq. (6.13) in a way which does not make reference to
the Green’s function. To this end, it is useful to recall that the scattering diagram in
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Fig. 6.3(a) describes two processes. Firstly, the enhancement of the incident field E,
by the nanoantenna, and secondly the amplification of the vibrational dipole moment
Pviv Dy the nanoantenna. In order to describe these two amplification processes we
introduce two tensorial quantities: the field-enhancement tensor £, 5 and the dipole-

amplification tensor f/ 2 We define the field-enhancement tensor as

Ea<rvib)

EQ(r)

where E;;)(rvib) is the field at the location of the vibrational dipole in the absence of

fap= (6.15)

the nanoantenna, and E,(7,;,) is the same field in the presence of the nanoantenna.
This definition assumes that the incident field points in the direction of one of the
cartesian axes. We further remark that the field-enhancement tensor depends on the
type of illumination used, which we consider here to be plane-wave illumination
at normal incidence. In terms of the field-enhancement tensor we can express the
induced vibrational dipole moment Ap; (i.e. steps 1 and 2 in Fig. 6.3(a)) as

xx

APy = Ay frx EQ(r) (6.16)
fox

Here we point out that the different form of Ap .,  is due to the fact that the
scattering diagram in Fig. 6.3(a) does not include the direct polarization of the
vibrational dipole by the incident field. Next we introduce the dipole amplification
tensor f! 5 which describes the factor by which a vibrational dipole (that is aligned

with one of the cartesian axes) is amplified by the nanoantenna.

/ ptot,a
fop=T— 6.17)
pvib,ﬁ

Here we have defined f] p in such a way that it corresponds to the factor by which the
dipole moment p,, , of the whole assembly (i.e. vibrational dipole plus nanoantenna)

is amplified compared to the situation in which there is only a vibrational dipole. For
our analysis we will only need the following three elements

A A A
fx/x — pant,x + 1, fx/y — Pant,x fx/z — Pant,x (618)

bl
pvib,x pvib,y pvib,z

where Ap, . is the induced dipole moment in the nanoantenna. In terms of the
tensors f, g and f; 5 Eq. (6.13) reads as follows

- 277:Ssub

Ao = T%Im I:((f;cx - 1)(f;c/x - 1) +f;fo;c/y +fzxf;c/z> avib:l (619)

The obvious question arises whether it is possible to relate the dipole amplification
tensor f/ 510 the field enhancement tensor £, 5 (given that the field enhancement can

easily be obtained from FDTD simulations). In the next section we will show that
this is indeed possible using electromagnetic reciprocity. 3% 18
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RELATIONSHIP BETWEEN THE FIELD ENHANCEMENT AND THE DIPOLE
AMPLIFICATION In this section we aim to express the dipole amplification tensor

elements £ ; in terms of the field enhancement tensor elements f, 5x- We will compute

the elements f

s Jy and £/, by explicitly considering the source generating the plane
wave that excites the nanoantenna. This source will be a point dipole located far away
from the nanoantenna (so that the nanoantenna is effectively excited by a plane wave

at normal incidence). This procedure will allow us to write the tensor elements £, 5
and ];’ 5352 ratio of Green’s functions. It turns out that this calculation needs to be

performed separately for the three elements f/,, £/’ and f/,. The simplest situation

occurs for the element f/,

which we will treat below. The elements £/, and £,
require a slightly more complex treatment. Because the final result is the same, we
leave this treatment for the appendix. The appendix also considers the effect of the
substrate, which we ignore for the moment.

Our derivation is based on the characteristics of the far-field radiation pattern of
a radiating dipole (dipole amplitude p). In particular we use the fact that the far-field
radiation is transverse

E(F)oc—sinfp 6 (6.20)

A
where 6 is the angle between 7 and p and @ is the corresponding unit vector.'s® This
means that the dipole amplitude can be obtained from the electric field if one assumes
that the viewing direction is known

p o< E/sin@ (6.21)

We begin by considering Fig. 6.4(a). Here a nanoantenna is illuminated by a test
dipole oscillating parallel to the x axis. We will denote this dipole p,; .. Because the
test dipole is located far away from the nanoantenna (at position 7, ), this situation
is equivalent to illuminating the nanoantenna with an x-polarized plane wave. We
consider the induced field at the location 7 close to the nanoantenna (this is the
location where the vibrational dipole will be placed later on). This field will generally
contain an x, y and z component. However, we only focus on the x component for
now. In terms of the Green’s function of this system we can write for this electric

field

Ex ( 7vib) = Gxx ( Tyibo rfar)ﬁtest,x (622)

The situation in the absence of the nanoantenna can be described with a similar
diagram, which is displayed in Fig. 6.4(b). This system is described by the Green’s
function G© and in terms of this Green’s function we can write

0 0
EJ(C )(7vib) = GJ(CX)<Tvib’ Tfar)Ptcst,x (623)

This shows that we can write for the field enhancement tensor element £,

Gxx ( Tyibs rfar)
GJ(CSC)( Tyibs rfar)

Next we focus on the dipole amplification factor £/, for which we turn to Fig. 6.4(c)

where we have placed the test dipole at the location 7. This dipole induces a

fex = (6.24)
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FIGURE 6.4. Diagrams for computing the elements f, and f/ . In (a) and (b) a radiating test
dipole is located at position 7g,, and the radiation pattern experienced by the nanoantenna
resembles an x-polarized plane wave. In (c) and (d) the radiating test dipole is placed in the
near field of the nanoantenna at position r,;,, so that it emulates a radiating vibrational dipole.
Thin black arrows indicate electric fields while thick gray arrows indicate oscillating dipoles.

dipole moment Ap, . in the antenna (see Fig. 6.4(d)), and we are interested in its
x component. Referring to Fig. 6.4(c)-(d) we write for the dipole amplification factor

f/ — ptot,x (6.25)

xx
ptest,x

Theaimisto obtain p,, , from the far-field radiation pattern. The radiation pattern in
Fig. 6.4(c) is the superposition of the radiation emitted by the nanoantenna AN Pantx)
and that of the test dipole p,, .. However, for an observer located in the far-field this
radiation pattern is equivalent to the radiation that would be emitted by a point-dipole
with amplitude p,, . As a consequence we can write

ptot,x x Ex ( rfar) (626)

In similar manner we can obtain the amplitude of the test dipole in the absence of the
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nanoantenna (see Fig. 6.4) from the far-field

0
Preser < EX(7,) 6.27)

In both cases we have assumed that the observation point is located directly above the
dipole (i.e. @ = 0). It isalso important to realize that p,,, , and p,,, , do not necessarily

vanish. However, they do not contribute to Ey,  because of the vectorial properties

of the far-field dipole radiation. Again we rewrite these electric fields in terms of the

Green’s functions, which gives.

ptot,x _ E (Tfar) _ Gxx<rfar’ 7’vib>
(0) )

ptest,x E < far) GXX<7far’ rvib)

flo= (6.28)

Using the reciprocity relation we arrive at

flo=f. (6.29)

As is outlined in the appendix, it turns out that this equality remains valid in the
presence of a substrate, and that similar equalities hold for the tensor elements £,

/
and £,

EXPRESSION FOR THE CROSS-SECTION CHANGE  Incorporating the results of
the previous section we arrive at the following expression for the cross-section change
of the nanoantenna

8o = i (=174 £+ £2) 2] 630

0

This expression holds for an antenna on a substrate. Equation (6.30) was derived for
a nanoantenna interacting with a single vibrational dipole. However, because the
expression is linear in oy, it can easily be generalized to the case of a nanoantenna
interacting with many vibrations.

ZﬁNssub >
Ao = . P im[FZay | 6.31)

where N represents the number of vibrational dipoles and
:_J fu— 1P+ fE+f2)dV 6.32)

represents the average nanoantenna amplification factor over the volume V where
the vibrational dipoles are present. At first sight it may seem surprising that in the
expression above there is an asymmetry between the appearance of the three tensor
elements. We point out that this is merely a consequence of where we have truncated
the perturbation expansion in Eq. (6.9). It turns out that the more symmetric
expression

:_J (fa+ri+ 2>dv (6.33)
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corresponds to the sum of the four scattering diagrams displayed in Fig. 6.3. However,
since it is convenient for the coming treatment, we will stick to a description based
on a single scattering diagram and work with Eq. (6.32).

We are now in a position to compare the predictions of our analytical model with
FDTD simulations. To this end we have simulated nanoantennas of varying length
that are covered by a 10 nm layer of dielectric material. The antennas are simulated
on top of a CaF, substrate (» = 1.42). The dielectric material is described by the
following permittivity function that contains both a resonant and a non-resonant
part

e=c,, +¢.(w) (6.34)

where a Lorentz lineshape function is used for the resonant part

2
Clor®o

£ res(@) = (6.35)

=
wy—w?—=2iyw

As a first step we consider a material that mimics the narrow-band absorption line of
the carbonyl vibration of PMMA. We model this absorption band using a background
permittivity ¢, of 1, a center frequency w, of 1730 cm™!, a FWHM (2y) of 23 cm ™,
and an amplitude ¢, . of 0.015 (reproducing the experimentally observed absorption
coefficient of the carbonyl band of PMMA). Using these permittivity parameters
we performed FDTD simulations to obtain the nanoantenna-enhanced vibrational
spectrum (Fig. 6.5, blue lines) for two representative nanoantennas. In order to use
Eq. (6.31) we need to relate the permittivity to the vibrational polarizability, for
which we employ the Clausius-Mossotti equation'®®

e—1
g, =3¢ 6.36
pa=32(25) 636)
where p is the volume concentration of dipoles. Here we have arbitrarily assumed
one dipole per FDTD simulation mesh cell (0 = 1/125 nm™). In Fig. 6.5 we compare
the antenna-enhanced vibrational spectrum as obtained from the FDTD simulations

with a calculation based on Eq. (6.31). The amplification factor F? needed for this
calculation was obtained from the simulations of the uncoated antennas. As can be
seen the agreement between the FDTD simulations and Eq. (6.31) is excellent except
for avery small frequency shift of a few wavenumbers (see inset). Next it is interesting
to see whether our model can explain the observed shift of the nanoantenna resonance
(Fig. 6.2(a)) when the dielectric material on top of the nanoantenna is characterized
by a frequency-independent index of refraction. To this end we describe the dielectric
using the known index of refraction (,,,) of PMMA of 1.48, i.e. ¢, =n2 and e, =
0.1 Again we use the Clausius-Mossotti equation to obtain the polarizability from
the permittivity. In Fig. 6.6 we compare the cross-section change from the FDTD
simulation with the analytical model. Again we get a very good agreement between
the analytical model and the simulations, except that the model overestimates the
cross-section change by approximately 20%. For both nanoantennas we observe an
increased cross-section on the low-frequency side and a decreased cross-section on
the high-frequency side, which is exactly the redshift illustrated in Fig. 6.2(a). It
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FIGURE 6.5. Comparison of the analytical model (Eq. (6.31)) with FDTD simulations. The
blue curves represent FDTD simulations (coated nanoantennas minus uncoated nanoantenna)
and the red curves are computed using Eq. (6.31) where the nanoantenna amplification factor
F} was taken from the simulations of the uncoated nanoantennas. The permittivity of the
dielectric was modeled as a Lorentzian band (¢}, = 0.0149, w, = 1730 cm™, 2y =23 cm™")
with a background permittivity ¢, of 1.
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FIGURE 6.6. Comparison of the analytical model (Eq. (6.31)) with FDTD simulations in the
case of a dielectric represented by a frequency-independent refractive index of 1.48. The blue
curves represent FDTD simulations (coated nanoantennas minus uncoated nanoantenna) and
the red curves are computed using Eq. (6.31) where the nanoantenna amplification factor F}
was taken from the simulations of the uncoated nanoantennas.
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FIGURE 6.7. Simulated (blue line) and calculated (red line) cross-section changes for
nanoantennas coated with a dielectric material with a realistic model for the PMMA
permittivity. The permittivity parameters used are ¢, = 0.022, w, = 1730 cm™, y =23 cm™"
ande, =n2 =2.19.

is worthwhile to point out that the nanoantenna redshift is a manifestation of the
backaction of the molecular dipoles on the nanoantennas, just as in the case of dipoles
characterized by a vibrational resonance. In addition, it is interesting to note that the

observed cross-section change is directly proportional to the imaginary part of F.

As a final consistency check we simulate the effect of a material which displays
both a background index of refraction (,,) and an absorptive Lorentz term. In
order to accurately mimic PMMA we choose 7, = /¢, = 1.48 and ¢, = 0.022.
Together these two parameters match both the real and imaginary permittivity of
PMMA in the carbonyl region.’® In a similar manner as was done above we compare
the results of the simulations with the analytical model (Fig. 6.7). Curiously we
observe that the very good description we achieved when simulating a material with
only a resonant permittivity or only an off-resonant permittivity disappears when we
simulate a realistic material which has both effects. As expected we see that the off-
resonant part of the cross-section change is still overestimated by approximately 20%.
However, surprisingly the resonant part of the cross-section change, which showed
an almost perfect match in Fig. 6.5, is now overestimated by almost a factor of 2. This
suggests that a crucial element is still missing in our analytical model. The fact that
we obtain a good fit when choosing either ¢ = ¢, or ¢ = ¢ (w), but not when we
describe ¢ as the sum of these contributions implies that there is an interaction effect
between these different contributions to ¢. Such interaction effect could arise if the
interaction between different vibrational dipoles with each other is important. In the
next section we will examine how this effect can be incorporated in our model.

6.2.3 STEP3: THE LORENTZ LOCAL FIELD AND THE DEPOLARIZATION
FIELD

In order to treat the interactions between the vibrational dipoles we consider the
electric field inside a piece of dielectric material that is irradiated by a homogeneous
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FIGURE 6.8. Schematic representation of the different electric fields that need to be considered
when computing the polarizability of an ellipsoidal particle. Here we have drawn an oblate
ellipsoid, for which the depolarization factor is approximately 0.5.

field E, (we assume the dimensions of the material are smaller than the wavelength
of the light). A microscopic dipole inside the material experiences a field that differs
from the externally applied field E,. In fact, there are two additional contributions
to the microscopic field. Firstly there is the Lorentz local field (LLF)

P
B =5 (6.37)
&

0

which points in the same direction as the external field (P is the polarization of the
material, i.e. dipole moment per unit volume).!$® The Lorentz local field accounts
for the difference between the macroscopically averaged field applied to a sample and
the microscopic field experienced inside the sample. The second field that needs to
be considered is the so-called depolarization field due the accumulation of charges
on the boundaries of the material. The depolarization field £, points opposite
to the externally applied field E;. In Fig. 6.8 we have schematically illustrated these
fields for a dielectric particle. The reason we have chosen to illustrate these effects
for an ellipsoidal particle is that for this particular shape the induced polarization
is independent of the position inside the particle leading to the simple analytical
expression for the depolarization field

P
Edepol = _Lg_ (638)

0

where L is the so-called depolarization factor (a dimensionless parameter between 0
and 1), which depends on the shape of the ellipsoid.!®! According to the reasoning
above the field experienced by a microscopic dipole moment inside the material is

rp P
E-E,—L—+— (6.39)
go ey

Using P = paE one can solve for the microscopic field

E=F,FE, (6.40)
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and it becomes clear that the microscopic field is simply related to the external field
by a scaling factor, which we will call the molecular field-enhancement factor

1

Fu =4 F oafeo(L—1/3) €41
(e+2)/3

Lie—1)+1 (6.42)

In the second line we have used the Clausius-Mossotti equation to relate « and ¢.
We should point out that, strictly speaking, Eq. (6.40) only holds for an ellipsoidal
particle that is illuminated by a homogeneous field E,. This is quite different from our
situation, in which we have a shell of PMMA that is excited by the inhomogeneous
near field of the nanoantenna. Nevertheless we will make the assumption that
Eq. (6.40) still holds in our case. This implies that the field experienced by the
vibrational dipoles is scaled by the factor F;, compared to the antenna near field.
Using the same reciprocity argument as in the previous section this also means that
the field radiating back on the nanoantenna is scaled by the same factor compared to
the field in the absence of local-field effects. This leads to the following expression
for the cross-section change of the nanoantenna due to the PMMA shell

27NS - 1=
Ao = %Im [FEfay,] (6.43)
0

Let us now compare the prediction of this new expression, which contains one
free parameter (the depolarization factor L), with the FDTD simulations. Figure 6.9
shows the simulations of the cross-section changes of two nanoantennas that are
covered with a dielectric material that displays both a background permittivity and
a resonant permittivity. In total we have simulated 8 nanoantennas with lengths
between 1400 nm and 2600 nm, and we obtain an excellent fit of the analytic model
if we choose a depolarization factor L = 0.49. It is important to point out that the
excellent fit observed in Fig. 6.9 is not simply the result of a fortuitous scaling of
by Fj, (see Eq. (6.43)). This can be seen by comparing Fig. 6.7 and Fig. 6.9, which
shows that F}; scales the resonant and non-resonant parts of the cross-section change
by different amounts.

To gain more insight into the role of the molecular field enhancement Fj, it is
useful to explicitly consider its functional dependence, which we have plotted in
Fig. 6.10. For comparison this figure also displays a plot of ;. We sece that, similar
to a,;,, Fj; contains a resonant and a non-resonant contribution, so that we can write
these quantities as follows

avib(”) = ares(a))_'_anr (644)
Fi(e) = (Fip)e(@)+(Ep,, (6.45)
To excellent approximation the resonant contribution of F}; is Lorentzian, but

contrary to the resonant contribution of . it has a negative amplitude. It
is insightful to perform a similar separation into a resonant and non-resonant
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FIGURE 6.9. Simulated (blue line) and calculated (red line) cross-section changes for
nanoantennas coated with a dielectric material with a realistic model for the PMMA
permittivity. The calculations were done on the basis of Eq. (6.43) using a depolarization factor
L of 0.49. The permittivity parameters used are ¢}, = 0.022, wy = 1730 cm™", y = 23 cm™
ande, =n2 =2.19.

contribution for the amplified vibrational spectrum Acg. The non-resonant
contribution has the following form

B 2nNS

sub ey
Ao-non-res - e Im I:Fj(F]l%[)nranr:I (646)
0

which immediately shows that the molecular field simply scales the cross-section
change by the factor (F},),,. Next we consider the resonant part of the cross-section
change, which can be identified with the cross terms between the resonant and non-
resonant parts of (F) and &,

AO-I'CS = %Im [Fj[(Fﬂzl)ﬂV ares + anT(F/lZ{)l’CS]:I (6'47)
0

Here we neglected the contribution of the term proportional to @, (Fjj). It
now becomes clear why neglecting the local field effects had led to such a great
overestimation of the resonant cross-section change in Fig. 6.7. The point is that Ao
is made up of two opposing contributions, of which one owes its resonant character to
the resonance in a;, while the second owes its resonant character to the resonance in
Fj;. The former contribution corresponds to the signal we had already derived in the
previous section (except for the fact that it is now scaled down by the factor (F}),,).
The latter contribution, however, was missed in our previous analysis. Thus we see
that the molecular field decreases the amplification of the vibrational spectrum by the
nanoantenna. Let us next quantify this effect. To this end we note that o, and F),
have the same functional form, which to first order in ¢ . (w) can be approximated
as follows.

a+be.(w) a i(b d
ctde (w) ¢ ¢

———)Eres(a)) (6.48)

a C
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FIGURE 6.10. a) Plot of the vibrational polarizability of PMMA that follows from the
experimental permittivity. b) Plot of the factor F}; assuming the experimental polarizability
of PMMA and a depolarization factor L of 0.49.

Using this approximation it is a simple matter to find the following expressions for
Ao, and Ao

non-res

_2aNS b St T3
Aa—non-rcs(a)) - /150 Im [FA(w)] (649)
2aNS,, S —
A, () = =22 Im [ F(w)e ()] (6.50)
o

where the scaling factors for the resonant and non-resonant signals have been defined

as

— (Enr+2)(5nr_1) (651)

3(L(e,,—1)+1)
5 = 2/3—=L)(e,,—1)+1 652)
(L (Snr - 1) + 1)3

As expected we see that the resonant and non-resonant part of the cross-section show
a different scaling behavior as a function of the background permittivity. As a final
check of the validity of our treatment we compare the obtained analytical expressions
for the scaling factors S, and S, with the results of simulations. These results are
shown in Fig. 6.11. The data points in this figure represent the amplitudes of the
resonant and non-resonant cross-section changes of a coated 2000 nm nanoantenna,
where we have used the same permittivity function ¢(w) as in Fig. 6.9 except that we
have varied the background permittivity ¢ ,,. In order to separately obtain Ao ()
and Ao, (@) from our simulations we performed two simulations for every
value of ¢,,,: one with e(w) = ¢, + ¢ () and the other with e(w) = ¢,,. The
theoretical curves (Eq. (6.51)-(6.52)) were calculated using the previously determined
value of 0.49 for the depolarization factor L. As can be seen we obtain an excellent
agreement between the theory and the simulations. For reference, we have plotted
two additional curves in these graphs. The first (purple line) represents the signal that

nr
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FIGURE 6.11. Amplitude of the non-resonant (a) and resonant (b) cross-section change as a
function of the background refractive index n,, = ,/z, of the coating material. The data
points represent the maximum of the simulated cross-section change (which lies at 1420 cm™
for the non-resonant signal and 1730 cm™ for the resonant signal). The simulations were
carried out for a 2000 nm nanoantenna coated with a 10 nm layer of dielectric material
characterized by the permittivity from Eq. (6.34) with ¢}, = 0.022, w, = 1730 cm™ and
2y =23 cm™'. The green curves represent calculations based on Egs. (6.51) and (6.52) with
L =0.49. The red curves represent calculations when the molecular field (MF) enhancement is
neglected (i.e. F} = 1). The magenta curves represent calculations where, in addition, the
Lorentz local field (LLF) factor in the Clausius-Mossotti equation is ignored (i.e. pay;, =

eole —1)).

one obtains if one completely ignores all local-field effects; that is, when ignoring both
the factor F} and the Lorentz local field factor in the Clausius-Mossottti equation
(meaning that we use pa.;, = (¢ —1)). The second graph represents the signal
one obtains upon inclusion of the Lorentz local field factor in the Clausius-Mossotti
equation but without the factor F;. We see that the local field effects drastically
decrease the visibility of the vibrational amplification by the nanoantenna.

At this point it is instructive to briefly summarize the different screening effects
that we have identified. We have seen that the maximum degree of amplification is

determined by the square of the nanoantenna field enhancement (7). This maximum
amplification factor is identical for the resonant (Ac,,) and non-resonant signals
(A0, res)- There are two effects that decrease this maximum amplification. Firstly,
the amplification is weakened by the effect of the substrate through the parameter
S, (for both the resonant and the non-resonant signals). Secondly, the amplification
is further decreased due to the local-field effect (through the screening parameters
S.and S, ). Interestingly it turns out that the local-field effect is fully mediated by
the background refractive index 7, of the material being sensed. This can be seen
from the fact that for 7,,, = 1, the amplitude of the amplified signal is independent of
whether local-field effects are included or not. We also see the that the local field has a
larger effect on the resonant signal compared to the non-resonant signal. For instance,
up to a refractive index of approximately 1.5 the non-resonant signal is hardly affected
by the local-field effects while the resonant signal already shows a marked decrease.
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From a sensing perspective the result shown in Fig. 6.11 implies that vibrations which
lie in a spectral region with a low refractive index can be detected most efficiently.
For example, an increase in the refractive index from 1.5 to 2 leads to a decrease of the
amplified vibrational signal by a factor of ~ 3. For completeness, we mention that
another important factor determining the vibrational amplification is the orientation
of the transition dipole moment of a vibration with respect to the local electric field
(that is, vibrations with a transition dipole moment perpendicular to the local electric
field are not amplified). As this effect is well documented in the literature,'®” we have
not included it in our present treatment although it can be done straightforwardly.

We return to the depolarization factor and the value of 0.49, which has been
found to accurately describe our data. The question arises as to how this value
should be interpreted. In our treatment we have implicitly assumed that the
depolarization factor is independent of the location inside the dielectric material.
Strictly speaking this assumption is only correct for ellipsoidal particles. The fact
that we nevertheless obtain an excellent description of our signals suggests that,
although the polarization and depolarization fields are not homogeneous over the
PMMA shell, the proportionality relation between these two quantities (as expressed
by Eq. (6.38)) remains valid to a good approximation. To interpret the magnitude of
L it is useful to consider how L depends on the shape of an ellipsoidal particle. It is
well known that spherical particles are characterized by L = 1/3 and that L decreases
to a value of 0 as the particles become prolate (for an electric field polarized parallel
to the long axis). For flatter particles, i.e. oblate ellipsoids, the opposite occurs and
L increases up to its limiting value of 1 (for an electric field polarized parallel to the
short axis). Apparently, the flatter the particle is, the better the external electric field
can be shielded by the depolarization field. The value of L = 0.49, which corresponds
to an oblate ellipsoid with a shape similar to the one drawn in Fig. 6.8 (that is, with
a short axis approximately half the length of the long axis), indicates a rather good
shielding of the nanoantenna field by the PMMA. This is probably a consequence
of the fact that for the entire PMMA shell the near field of the nanoantenna is
perpendicular to the surface of the PMMA. With respect to the nanoantenna near
field the PMMA shell therefore acts as a flat particle.

We have seen that for the nanoantenna geometry described in this work the local-
field effects tend to decrease the plasmonic enhancement of a vibrational resonance
(8, < 1; see Fig. 6.11(b)). Now the interesting question arises as to whether it
would be possible to design a nanoantenna whose plasmonic enhancement is actually
boosted by the local fields rather than weakened. From Eq. (6.52) it can easily be
seen that decreasing the depolarization factor L leads to an increase of S, thereby
increasing the plasmonic enhancement. It turns out that for L < 0.1 the resonant
scaling factor S, can even attain values that are larger than unity over the entire
refractive index range displayed in Fig. 6.11. For instance, if one could achieve a
vanishing depolarization factor (L = 0), then for a vibrational mode with a typical
background refractive index 7,,, of 1.65 one would obtain a plasmonic enhancement
that is 10 times larger compared to the enhancement obtained with the present
geometry (L = 0.49). A depolarization factor of zero corresponds to the case in
which the depolarization field effectively vanishes over the volume of the sensed
material. This situation occurs naturally for strongly prolate particles (with the
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electric field polarized along the long axis). Alternatively one could imagine achieving
this condition through a nanoantenna geometry in which the sensed material is not
applied homogeneously over the entire nanoantenna, but rather as nanostructured
patches, designed in such a way to cause the depolarization field to effectively vanish
over the material. These considerations demonstrate that engineering of the local
molecular field could potentially yield a novel strategy to significantly boost the
amplification of vibrational signals by infrared nanoantennas.

6.3 CONCLUSION

We have presented a model which describes the interaction between molecular
vibrations and infrared nanoantennas. The model allows one to quantitatively
compute the cross-section change displayed by an infrared nanoantenna when
it is covered by a thin layer of dielectric material. Our treatment is based on a
perturbation expansion in which the total cross-section change of the nanoantenna
is split up into a series of contributions from (virtual) interaction processes, each of
which has a straightforward physical interpretation. The model demonstrates that
the main contribution to the cross-section change is due to a backaction process:
the nanoantenna near field excites the molecular vibrations, which in turn radiate
back onto the nanoantenna. This backaction process explains both the lineshape
of the amplified vibrational signal and its amplitude. The lineshape is determined
by the phase lag between the incident radiation and the reradiated field. Depending
on the detuning between the nanoantenna and the molecular vibrations, this phase
lag can have any value between 0 and 27, which explains the variety of observed
lineshapes ranging from absorptive peaks and dips to fully dispersive shapes. The
plasmonic enhancement of the vibrational signal is firstly determined by the square
of the field enhancement of the nanoantenna. In addition, however, it turns out
that the local molecular field plays an important role as it effectively scales the
nanoantenna near field. Interestingly, depending on the exact circumstances, this
local-field effect can either decrease or further boost the plasmonic enhancement by
the nanoantenna. This could provide an avenue for achieving particularly strong
plasmonic enhancements by rationally engineering the local field.

6.4 APPENDIX

6.4.1 SIMULATION DETAILS

The finite-difference time-domain simulation were performed using a commercially
available software package (Lumerical). We used a total-field-scattered-field (TFSF)
source to compute the extinction cross section of 8 nanoantennas of varying lengths
(between 1400 nm and 2600 nm). The antennas were simulated on top of a CaF,
substrate (7 = 1.42). The optical constants of gold were taken from Palik.'”® We
computed the extinction for both the bare antennas and for antennas covered with a
10 nm layer of PMMA on each face. We examined a number of different permittivity
functions for the PMMA, as described in the main text. For both the antennas and the
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PMMA a mesh of 5 nm was used. Because of the sharp PMMA resonance, relatively
long simulation times of 2000 fs were required whenever this resonance was included
in the permittivity function.

6.4.2 DERIVATIONS

In this appendix we provide the derivation proving that f;, = f, and f/, = f,,. In
the second part we demonstrate that these equalities remain valid for a dipole on a
surface.

y , . . . .
THE ELEMENT f)  The element f can be obtained via a slightly modified

approach compared to the one discussed in the main text. The diagrams required
are shown in Fig. 6.12. Using the diagrams in Fig. 6.12(a)-(b) we write for the field-

enhancement tensor
_ ny(rvib’ rfar)

f'x -
’ Gﬁ?(rvib’ Tfar)
Next from Fig. 6.12(c)-(d) we find that

Apx  E
f;cly — Pa LX (;é)(rfar) (654)
ptest,y Ey (rfa‘,)
ny(ﬁar’ 7vib>
0
Gj(iy)(rfar’ 7"Vib>

In writing the first line we have usefi the fact that £ (ry,,) reports only on p,,  even
though p,.. - and p,, , are non-vanishing. Because of symmetry

(6.53)

(6.55)

G (i i) = GO (s 7o) (6.56)
from which follows that
/ J—
f;cy - f;/x (657)

THE ELEMENT f/ Theelement /!, is somewhat more difficult to evaluate. Here
we need to consider a test dipole that is oriented along the z axis. However, the
amplitude of this dipole cannot be obtained form the field at 7, as the radiated field
vanishes in the direction parallel to the dipole moment. Because of this we will adopt
a slightly different strategy in which we place the observation point 7;,, such that the
dipoles are observed under a slight angle 8. We will define a second coordinate system
with axes z’ and x” (see Fig. 6.13(a)). We can define the following field enhancement
tensor element (applying to non-normal incidence)

E (7 'b)

18] E,(r) (6.58)
EX(ra)

= Gl ) 6:59)

0
G)(Cx)/ ( Tyibs rfar,@)
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FIGURE 6.12. Diagrams for computing the element £ . In these diagrams the far-field source is
placed in such a way that the nanoantenna is illuminated under a slight angle 6. We have defined
a secondary coordinate system with the z” axis parallel to the & vector of the illumination; the
x’ axis is perpendicular to this direction and parallel to the electric field of the source dipole.

which obviously tends to f,, (which is the element that appears in Eq. (6.19)) as ¢
approaches zero.

Now a difficulty occurs when we attempt to obtain the dipole moment p, . . from
the field ¢, .. The point is that this field does not only depend on p,,, , but also on
Pane.- However, if the angle @ is small then

Pant,x o< Ex’(rfar,é’)/Sin(ﬂ-/z - (9) = Ex’(rfarﬂ)/cos(g) (660)

is a good approximation, which becomes exact in the limit & — 0. From Fig. 6.13(d)
it follows that

Prestr < E (1 9)/sin(0) (6.61)
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FIGURE 6.13. Diagrams for computing the element /. In these diagrams the far-field source is
placed in such a way that the nanoantenna is illuminated under a slight angle 6. We have defined
a secondary coordinate system with the z’ axis parallel to the & vector of the illumination; the
x’ axis is perpendicular to this direction and parallel to the electric field of the source dipole.

From these two expressions we can obtain

A
fol0] = —ppm’x (6.62)
test,z
_ Ex/(rfarﬁ) (6 63)
E,(Cc/))( Ttar,6 )/tan 6
G, (T 1o
_ x z< far,6 b) (664)

G)(c?l ( rfar,@ ’ rvib)/tan 6

Here the parameter @ refers to the fact that the tensor element £/ [6] (which itself
does not depend on 0) is evaluated using the observation point 7, 4. Using the
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a) b)

FIGURE 6.14. Diagrams for evaluating the radiation pattern of out-of-plane (a) and in-plane
dipoles that are located above a substrate. We assume that the distance above the substrate is
much smaller than the wavelength.

reciprocity relation we rewrite this into

/ sz’<7vi ’Tar )
fLl01 = b e (6.65)

0
Gix)/<rvib’ 7ffalr,ﬁ)/ta'n (9
sz’ ( Tyibs rfar,@)

(6.66)
G,(C?C)/(Tvib’ Tfar,@)
= f.[0] (6.67)
where the second step follows from Fig. 6.13(b). In the limit & — 0 we obtain
flo=Ff. (6.68)

EFFECT OF THE SUBSTRATE The derivations above have relied strongly on
the properties of the dipole radiation field. The question now arises whether this
derivation still holds for a dipole located above a substrate (given the fact that the
substrate modifies the dipolar radiation field). Fortunately in our case the situation
is relatively simple. We only need to consider the radiation pattern in the xz plane,
and we need to do this for two cases: a dipole aligned along the z axis and a dipole
aligned along the x axis. The radiation pattern in the upper plane is the superposition
of the field emitted in the upward direction and the field reflected by the substrate.
To obtain the far-field radiation patterns for the dipoles shown in Fig. 6.14(a) and (b)
we simply reflect the downward travelling ray and scale it by the Fresnel reflection
coefficient. The validity of this approach follows from the fact that in the far-field the
radiation pattern of a dipole is given by its angular spectrum;!®* the rays in Fig. 6.14
should be interpreted as the plane-wave components that form the angular spectrum
representation of the dipole radiation field. Taking into account the direction of the
different electric field vectors we see that this leads to different radiation patterns for
parallel and perpendicular pointing dipoles.

E o< (147y)sinlp; (6.69)
E oc (1—ry)coslp, (6.70)
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Here 74 is the Fresnel reflection coefficient for a p-polarized plane wave incident at
an angle 0. Now it becomes clear that in the evaluation of £/ and f/ this effect
has no influence as in these cases we only compare in-plane dipoles with each other
(see Figs. 6.4(c)-(d) and Figs. 6.12(c)-(d)). For the evaluation of f/, this is not the case,
however. That is because there we compare an in-plane dipole with an out-of-plane
dipole (Figs. 6.13(c)-(d)), and Eq. (6.65) therefore modifies into

1+ 7y Ex/(”far,a)
1—7y Ei?)(rfarﬁ)/tan 6

_ 147 Goro (T Tvib) ©72)
1=75 G (11,02 71y ftan 0

f16] 6.71)

At first sight it seems that this expression implies that Eq. (6.68) no longer holds.
However, one should consider that in the presence of a substrate (see Fig. 6.13(b))

EP(r ) # tan OE () 6.73)

In fact, the Fresnel reflection of the incoming plane wave leads to

E)(CO)(rVib) = (1—rg)cosOE, 6.74)
EQ(ry) = (147)sin0E, (6.75)
and as a COnSequenCe
0 14 Yo (0
G£x>/(7vib’ 7far,€> =tan gq G,(C,g/(rvib 7far,9> (676)

Therefore we again end up with

flo=f. 6.77)
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CHAPTER7/

REAL-TIME OBSERVATION OF
ORGANIC CATION REORIENTATION
IN METHYLAMMONIUM LEAD
IODIDE PEROVSKITES?

The introduction of a mobile and polarised organic moiety as a cation in three-
dimensional lead-iodide perovskites brings fascinating optoelectronic properties
to these materials. The extent and the timescales of the orientational mobility
of the organic cation and the molecular mechanism behind its motion remain
unclear, with different experimental and computational approaches providing
very different qualitative and quantitative description of the molecular
dynamics. Here we use ultrafast two-dimensional vibrational spectroscopy
of methylammonium (MA) lead iodide, to directly resolve the rotation of the
organic cations within the MAPbI lattice. Our results reveal two characteristic
time constants of motion. Using ab-initio molecular dynamics simulations, we
identify these as a fast (~300 fs) "wobbling-in-a-cone’ motion around the crystal
axis, and a relatively slow (~3 ps) jump-like reorientation of the molecular
dipole with respect to the iodide lattice.

*Adapted from: A. A. Bakulin, O. Selig, H.J. Bakker, Y. L. A. Rezus, C. Miiller, T. Glaser, R. Lovrincic,
Z.Sun, Z. Chen, A. Walsh, J. M. Frost, T. L. C. Jansen, ”J. Phys. Chem. Lett.”, 6, 3663-3669 (2015)
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FIGURE 7.1. Perovskite material under study: (a) A snapshot from a molecular dynamics
simulation showing the structure of the MAPbI3 perovskite. (b) The MA molecule and the
orientation of the transition dipoles of the NH3 T bending vibrations. (c) IR absorption
spectra of MAPDI;3 films prepared using different methods. (d) Absorption spectra of a
MAPDI3 film in the NH/CH bending vibrational region. The red line shows the calculated
absorption spectrum of the NH3 bending modes (on the basis of the MD simulation).

7.1 INTRODUCTION

Hybrid organic-inorganic perovskites!”! are attracting a lot of attention for
optoelectronic applications as they combine the solution processability of molecular
electronic materials with the low exciton binding energy and high charge mobility
of inorganic sesmiconducting crystals.'*>!** Many of these features can be related
to the high dielectric constant of the material. The recent breakthroughs achieved
by the application of methylammonium (CH3NH3+ or MA) lead halides'”* in
photovoltaic!®>*” and light-emitting!®® devices have triggered extensive research
efforts to unravel the fundamental photophysics of these material systems. The
organic cations, like MA, are not directly involved in the makeup of the valence
or conduction bands. Yet they are shown to have a strong influence on the
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FIGURE 7.2. (a) Isotropic pump-probe transient spectra of a co-evaporated perovskite film
measured using broadband excitation. (b) Isotropic pump-probe responses at different pump-
probe delay times.

optoelectronic properties of the perovskites.””?® The size and shape of the

molecular cations, as well as their embedding in the lattice, determine the
macroscopic and molecular-scale perovskite crystal structure,*»21:2? which in
turn determines the band gap?®»2%2 of the material via the deformation potential.
This offers the opportunity to tune the material properties through modification
of the organic cation.”® Furthermore, some of the unique properties of hybrid
perovskites may be associated with the asymmetry and preferential alignment or
to the dynamics of the embedded molecules. In contrast to spherically symmetric
inorganic (atomic) cations, organic ions have a less symmetric shape and can possess
a permanent dipole moment.”%?%  As a result, the positioning, orientation and
rotational dynamics®®* of the organic moiety within the inorganic lattice can have a
strong influence on the electronic system.?® The reorientation of the organic cation
with its associated dipole moment contributes to the dielectric response, and applies a
crystal field to the material; both will affect the photovoltaic action. However, recent
results suggest that though the choice of organic moieties is critical for material
performance,”»?” cations do not dominate solar cell hysteresis®® and are not
essential in obtaining high open circuit voltages.””” A number of optoelectronic
phenomena associated with molecular cation motion have been proposed based on
electronic structure calculations. Cations were proposed to be responsible for the
variations in dielectric constants, para- and ferroelectric behaviour,21%2!! current-
voltage hysteresis,'**21221* 3 decrease in exciton binding energy, charge carrier
segregation in the material, and dynamic disorder in valence and conduction band
energies.?>21® Most of these effects are expected to be extremely sensitive to the
interplay between cation-cation and cation-anion interactions, the orientational
mobility of organic molecules and the time scales of the structural dynamics.
The rotational mobility of organic cations in inorganic lattices has been studied
for application-relevant lead-iodide and lead-bromide perovskites using MA as
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the organic cation (Figure 7.1(2)). The first estimates for MA reorientation were
obtained using NMR spectroscopy, which pointed towards 0.2-0.4 ps rotational
correlation functions for the C-N and N(C)-H axes,?!” comparable to the time
scale of the reorientation of similarly sized molecules in free space. Dielectric
relaxation and calorimetry measurements confirmed the fast rotation and orientation
disorder of MA in perovskite materials at room temperature.?!%?! However, some
recent theoretical?®??? and experimental?!®21%22-225 results present arguments
towards much longer reorientation timescales of 5-14 ps. Clearly, at present
there is insufficient understanding of hybrid perovskite structural dynamics. This
understanding requires comprehensive and direct experimental-theoretical approach
that would allow one to identify the mechanistic picture behind the different
timescales of the atomic and molecular motions. In this chapter, we report on
an ultrafast polarization-resolved two-dimensional infrared (2DIR) vibrational
spectroscopy and ab-initio molecular dynamics (MD) study of the MA cation
rotation for a set of MAPbI3 materials. Using the NH3T symmetric bending
vibration as a probe, we observe two characteristic timescales of molecular motion,
which we identify as a fast (~0.3 ps) wobbling-in-a-cone around the preferential MA
dipole directions parallel to the lattice axes, and relatively slow (>2 ps) jump-like
reorientation of the molecular dipole (aligned with the CN axis) with respect to
the crystal lattice. This result suggests that in MAPbI3 at room temperature the
alignment of cation dipoles, if present, is likely to be of intermediate-range order.

7.2 RESULTS AND DISCUSSION

7.2.1 INFRARED SPECTROSCOPY

To tackle the potential effect of crystal defects and grain boundaries on cation
dynamics, we investigated MAPbI3 films made with three different techniques:

e multilayer spin-coating,

* asolvent-free two-step formation from Pbl, and methylammonium-iodide (MAI)
precursors,??® and

* co-evaporation from PbCl, and MAL**22

The samples were prepared and characterized by the groups of Robert Lovrincic
and Zhuoying Chen (for details see Ref.???). All films were deposited onto infrared
(IR) transparent CaF2 substrates and had a thickness of ~1 pm. To observe the
dynamics of molecular reorientation we used ultrafast vibrational spectroscopy, with
the symmetric NH3 T bending vibration as a probe. Figures 7.1(b)-(d) show the
structure of the MA molecule and its contribution to the perovskite IR absorption
spectrum in the vibrational fingerprint region.?*® The spectrum is dominated by the
NH3+ stretching and bending modes in the regions of ~3200 cm™ and ~1500 cm™,
respectively. We attribute the weak narrow peaks in the regions around 2800 cm™!
and 1420 cm™' to CHj stretching and bending vibrations. These peaks are much

less pronounced than the NH3 T vibrations due to the relatively small transition
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FIGURE 7.3. 2DIR response of NH bending vibrations: (a) Isotropic 2D spectra of co-
evaporated perovskite film (average over three samples) 1 ps delay time. The different colours
correspond to 5% steps from the maximum amplitude. Upper panel shows the corresponding
absorption spectrum. (b) Cross sections through the 2D spectrum of the co-evaporated
perovskite at v, =1470 cm™! for different delay times. (c) The dynamics of the excited-
state absorption in the (v,, = 1470 cm™'; v, = 1445 cm™") point of 2D spectrum measured
for parallel and orthogonal pump and probe pulses polarisations. (d) Anisotropy dynamics
associated with the data in panel (c) with 95% confidence interval indicated. The solid
lines represent the transient anisotropy dynamics calculated based on the MD simulations at
different temperatures.

dipole moments of the CH vibrations as compared to the NH vibrations, and will
not be adressed in this study. Due to the degeneracy of the three NH oscillators,
both stretching and bending vibrations split into one symmetric and two asymmetric
normal modes with orthogonal transition dipole moments. The symmetric bending
mode at 1470 cm™! is well separated in frequency from the asymmetric bending
modes (Figure 7.1(d)) at 1580 cm™" and has its transition dipole moment aligned
along the C-N axis of the molecule. This makes it possible to use the transition
dipole moment of the symmetric NH3 T bending vibration as a probe for the
reorientation of the C-N bond and, thus, of the static dipole of the MA cation.

To measure the orientational dynamics of the symmetric NH3 T bending oscillator
we performed polarization-resolved pump-probe and 2DIR experiments’”>231-2%?
on perovskite films in the 1400-1600 cm™' frequency range (see Chapter 3 for
experimental details). Using a collinear fast-scanning Mach-Zehnder scheme,”
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molecular vibrations were first excited by an interferometric pair of strong 100 fs IR
pump pulses. After a variable delay time, the excited state population was probed by
weak broadband probe pulses with the polarizations parallel and orthogonal to the
pump pulse. The isotropic signal and the anisotropy of the response were calculated
as according to Eq 2.74 and Eq. 2.75, respectively. For non-interacting transition
dipoles in an isotropic medium, the anisotropy decays from its initial value of 0.4
to 0, when the orientations of the transition dipoles are completely scrambled as a
result of orientation diffusion. In the isotropic signal, the effect of the reorientation is
completely removed, thereby only representing population relaxation. By scanning
the delay between the two pulses of the interferometric pump we obtain a frequency
resolution of ~5 cm™!.

We first present the pump-probe spectra for a co-evaporated MAPbI3 film (Figure
7.2(a), (b)). In this measurement, only the isotropic component was extracted.
At positive delay times, the bleaching/stimulated emission of the 0—1 NH3™
symmetric bending transition is clearly observed at 1470 cm™!. The excited state
1—2 absorption from the first to the second excited state of the vibrational oscillator
is observed at 1445 cm™! and is anharmonically shifted from the 0—1 transition
by ~25 cm™!. The excited-state population decays on an timescale of 3 ps which
should provide an observation window of up to 6 ps for the orientational dynamics.
However, at long times we observe additional signals at 1475 cm™! and 1420 cm™,
which do not change significantly with time. These features coincide with the linear
absorption peaks (Figure 7.1) and live for the times longer than 50 ps, which make us
to assign them to a thermal response.”** The relaxation of high-frequency bending
vibrations creates multiple low-frequency excitations (a so-called hot ground state),
which lead to the change in the absorption of the bending modes. The spectral
overlap of the bleaching 0—1 transition and the thermal response complicates the
anisotropy analysis in this frequency range. Therefore, for later anisotropy analysis,
we will only consider the data from the ESA probe region 1445 cm™, where the
thermal signal is much smaller than population signal in the time window <10 ps,
as can be seen from the spectra at long delay times. With this in mind, we will use
the 2D-IR spectra to (i) decouple the ’clean’ rotation-related anisotropy dynamics
from the thermal response and (ii) to separate the responses and anisotropy dynamics
coming from the symmetric and asymmetric modes. Figure 7.3(a) shows the 2D-IR
spectrum of a co-evaporated MAPbI3 film at a delay of 1 ps. In this chapter, we
use the convention of displaying the excitation frequency, v, along the horizontal
axis and the probe frequency, v,,, along the vertical axis. As expected from the
absorption spectra and the pump-probe measurements presented above, the signal
associated with the bleaching of the 0—1 transition of the symmetric bending mode
is located at (v, )=(1470; 1470) cm~! and the ESA at (1470; 1445) cm™!. As can
be seen from the cross sections of the response for symmetric mode excitation at
v,,=1470 cm™" (Fig. 7.3(b)), at delay times longer than 10 ps, the signals associated
with the excitation of the v=1 state are substantially influenced and then overtaken
by the thermal response. In addition to the symmetric bending responses, the 2D-IR
spectra reveal cross peaks corresponding to the population of the symmetric mode
,=1470 cm™, following excitation of asymmetric vibrations v,,=1560 cm~'. Due

x;vpr

Vp
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to the orthogonal orientation of the transition dipoles the response at the cross
peaks is strongly depolarised. To extract the anisotropy decay originating from
the symmetric mode reorientation, we focus on the responses in the center of the
ESA feature at (1470;1445) cm™!. Figure 7.3(c) presents the population dynamics
measured with different pump and probe polarization and the blue dots Figure
7.3(d) show the extracted transient anisotropy decay for the co-evaporated MAPbI5
film. After photoexcitation, the initial anisotropy is close to 0.4, which is the
expected value for a random distribution of uncoupled dipoles.”*> The anisotropy
decays on two clearly different timescales. The faster decay occurs on a timescale
of <300 fs and decreases the anisotropy approximately by half. The longer 3 ps
decay brings the anisotropy close to zero within the 6 ps observation window. We
did not analyze the dynamics at longer times because at longer delays the signal
becomes dominated by the thermal response. We also note that, as the anisotropy is
analyzed in the center of the ESA peak, it reflects the reorientation for the majority
of the molecules. However, some minor sub-ensemble of MA ions may have a
shifted IR absorption line or/and faster spectral diffusion with a more pronounced
orientational dynamics. Around 500 fs, the residual anisotropy still has a relatively
high value of ~0.2 for all samples. While the fast time-scale observed here agrees with
the 400 fs timescale reported in previous NMR experiments,?” the slow timescale of
3 ps has not been observed before. Longer (~5 ps) timescales were predicted based on
selective dynamics (artificially constrained frozen lead positions) MD simulations®%?
and measured (5-14 ps) with quasi elastic neutron scattering on bulk material %23
Independent of the preparation protocol and film morphology, all our thin-film
samples demonstrate similar anisotropy dynamics (Figure 7.4(a)). We can hence
exclude an influence of solvent residuals on the observed time scales, as two of the
samples were fabricated with solvent free methods. We speculate that this explains
part of the discrepancy between the reorientation times presented here and those
recently derived from neutron scattering.??

7.2.2 MOLECULAR DYNAMICS SIMULATIONS

To obtain molecular-scale mechanistic insight into the origin and details of the
organic cation dynamics, A. Walsh, J. M. Frost and T. L. C. Jansen undertook ab-
initio molecular dynamic (MD) simulations starting in a pseudo-cubic geometry and
at temperatures of 150, 300 and 450 K. To validate the simulations and to allow for
a direct comparison to experimental results, the MD trajectories are used directly
to calculate the absorption and the full 2D-IR response of the methylammonium
NH; " bending vibrations.””?*  Figure 7.1(d) shows that the NH3 T bending
absorption spectrum calculated with the procedure described above reproduces the
experimental results well. The additional small peaks observed in the experimental
data are probably associated with the CHj3 bending modes; the slightly different
absorption cross section ratio for the symmetric and asymmetric modes is likely
to originate from their assumption that the transition dipole direction of the local
NH bending modes are perpendicular to the NH bonds. Figure 7.4(b) shows the
calculated 2D-IR spectrum (perpendicular polarizations), which also reproduces
the experimental results (Figure 7.3(a)). This proves the adequacy of the applied
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FIGURE 7.4. (a) Transient anisotropy in the peak of ESA response (v,, = 1470 em™; v, =
1445 cm™") for samples prepared using different techniques. The red line is a guide to the eye
showing the transient anisotropy dynamics calculated based on MD simulations at 300 K. The
time resolution was ~100 fs for co-evaporated film and 300 fs for spincoated and two-step
fabricated films. (b) The example of 2D-IR spectrum calculated with MD simulations. (c) An
artist impression illustrating the motion of organic cation within the perovskite material. (d)
Histogram of the simulated angular distribution of the MA dipoles at different temperatures
normalized to the isotropic distribution. The inset illustrates the definition of the cone angle.

method for calculating the spectroscopic observables and, in turn, allows the further
analysis of the anisotropy and orientation dynamics as taken explicitly from the
MD simulations. The red line in Figure 7.3(d) shows the anisotropy decay in the
(1470; 1445) cm ™! region of the calculated 2D-IR spectra, i.e. in the same area used to
extract the experimental anisotropies. The simulated curve matches the experimental
dynamics very well. Only the short-time component of the decay is slightly faster,
which is likely to be the effect of experimental time resolution. First of all, this
confirms the validity of the MD simulations and calculated orientation dynamics.
Secondly, the theory-experiment match indicates the absence of intermolecular
hopping of vibrational excitations. Intermolecular energy transfer is not included
in the theoretical calculations and, in case it would play a role, the experimental
anisotropy should decay faster as seen in other materials with fast vibrational
excitation transfer.®>?** Finally, the validated MD calculations can be used to identify
the molecular picture behind the two observed timescales in anisotropy dynamics.

It is first verified that the anisotropy decay is due to rotation and not intramolecular
vibrational population transfer. Simulating the 2D-IR spectra and extracting the
anisotropy decay with fixed molecular orientations gives an anisotropy of 0.4 for
all waiting times demonstrating that the origin of the observed decay is solely due
to reorientation of the MA ions. This is not the case for the asymmetric peak at
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1570 cm™!, where two degenerate modes rapidly mix. The 2D-IR spectra at 150 K
and 450 K were calculated and the extracted transient anisotropies are shown in
Figure 7.3(d). It is apparent that at 150 K the anisotropy does not decay below 0.3,
and that the anisotropy dynamics at 450 K are faster and lead to a nearly complete
decay at 6 ps. Previous studies indicated a preferential orientation of the MD dipole
parallel to the lattice axes?*! suggesting that at low temperatures the molecular dipole
axis may be pinned to the lattice axes (Fig. 7.4(c), left). In Figure 7.4(d) histograms of
the distribution of the angle between the molecular axis and the nearest of the lattice
axis, which are equivalent in the simulated pseudo-cubic symmetry, are illustrated
for the three simulated temperatures normalized to a random isotropic distribution
of dipole directions. For 150 and 300 K there is a larger probability of finding an
angle below 30 degree and lower probability of finding a larger angle. The 450 K
data hardly deviate from the isotropic distribution. This suggests that the MA dipole
preferentially points along one of the three lattice axes and is at 300 K confined within
a semi-cone angle of about 30 degrees from each of these axes. We can consider a
wobbling-in-a-cone/angular jump model,”®’ where the rotational anisotropy is given
by the equation:

r(t):g<32exp{— ! }-l—(l—Sz)exp{— ! + ! t}> 7.1)
5 Tiump Tiump Twob

and where r(t) is the anisotropy, ©

Tjump 15 the effective jump time scale for 90 degree
jumps, Ty, is the time scale of the wobbling motion, and § is a constant depending

on the semi-cone angle, ©, of the wobbling motion given by the equation
S =cos(0)(1+cos(®)/2 (7.2)

A biexponential fit to the simulated data results in a semi-cone angle of 31 degrees
(§=0.625) from both the 150 K and 300 K data. The wobbling-in-a-cone timescale
slows down from 130 fs to 1.1 ps, when cooling from 300 K to 150 K. We note that
at 300 K the wobbling time fits well the 150 cm™! vibration previously observed
using Raman spectroscopy and assigned to librational motion,**® which is the same
as wobbling-in-a-cone motion. The time scale for the jump type motion is too long
to fit for 150 K and 2.7 ps at 300 K. The 450 K data can be fitted with a single time
scale of 570 fs and a small offset of 0.07 suggesting that the jump motion at this
temperature is accelerated and no longer confined by the barriers. The small offset
hints at the presence of an optimal orientation of the cation along one of the crystal
axes, but may also be due to the error bars in the simulation data as at 450 K the
cubic crystal structure prevails. It should be noted that all simulations were done
for the pseudo-cubic phase and that experimentally at low temperature the structure
is orthorhombic. This phase transition is thus not accounted for in the present
simulations.

The combined experimental and theoretical results demonstrate that in the studied
samples at 300 K the MA dipoles reorient on two distinct time scales. These are
interpreted as a fast local wobbling-in-a-cone motion and slow 90 degrees jumps,
respectively. We cannot fully exclude the presence of an additional slower decay
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component, but the upper limit for the contribution of such a component is in
the order of 0.07, corresponding to < 20% of all MA molecules moving on a
slower time scale. These measurements thus dismisses the existence of large, slowly
interconverting ferroelectric domains. However, we cannot rule out that the jump
motion involves concerted motion of correlated MA domains.

7.3 CONCLUSION

To conclude, ultrafast 2D-IR vibrational anisotropy spectroscopy on the NH3™T
symmetric bending vibration of MA and ab-initio MD were used to resolve in
time the methylammonium cation rotation in different MAPbI5 perovskites films.
Excellent agreement was found between the experiment and the simulations. For
all materials we observed similar dynamics with two characteristic timescales
of molecular motion, which we identified as a fast wobbling-in-a-cone motion
around the lattice axes and a relatively slow (~3 ps) jump-like reorientation of the
molecular dipole (aligned with C-N-axis) between the different lattice axes. These
timescales are directly relatable to the contribution to the dielectric response that
comes from the molecular motion. Such a contribution is of extreme importance
for the device physics of these materials, as the stability of excitons, polarons,
and other quasi-particle states will depend on the response time of the dielectric
constant. These findings represent the first real-time measurement of organic cation
motion in organic-inorganic perovskite materials and provide access to the molecular
mechanisms behind the optoelectronic properties of these materials.



CHAPTER 8

ORGANIC CATION ROTATION AND
IMMOBILISATION IN PURE AND
MIXED METHYLAMMONIUM
LEAD-HALIDE PEROVSKITES

Three-dimensional lead-halide perovskites have attracted a lot of attention due
to their ability to combine solution processing with outstanding optoelectronic
properties. Despite their soft ionic nature these materials demonstrate a
surprisingly low level of electronic disorder resulting in sharp band edges and
narrow distributions of the electronic energies. Understanding how structural
and dynamic disorder impacts the optoelectronic properties of these perovskites
is important for many applications. Here we combine ultrafast two-dimensional
vibrational spectroscopy and molecular dynamics simulations to study the
dynamics of the organic methylammonium (MA) cation orientation in a range of
pure and mixed tri-halide perovskite materials. For pure MAPbX 3 (X=I, Br, Cl)
perovskite films, we observe that the cation dynamics accelerate with decreasing
size of the halide atom. This acceleration is surprising given the expected
strengthening of the hydrogen bonds between the MA and the smaller halide
anions, but can be explained from the increase in the polarizability with the size
of halide. Much slower dynamics, up to partial immobilisation of the organic
cation, are observed in the mixed MAPb(Cl, Br; _,)3 and MAPb(Br, Iy _,)3
alloys, which we associate with symmetry breaking within the perovskite unit
cell. The observed dynamics are essential for understanding the effects of
structural and dynamical disorder in perovskite-based optoelectronic systems.

151
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8.1 INTRODUCTION

Hybrid organic-inorganic perovskite materials have recently attracted significant
attention because devices made from these materials show outstanding optoelectronic
properties while the fabrication procedures are themselves very simple, for
example, spin coating followed by low-temperature annealing.!?®2*1242 Films of
methylammonium lead iodide (MAPbI3) are among the most investigated materials
in the family of the 3D perovskites because they demonstrate a particularly high
potential for use in thin-film solar cells with certified power conversion efficiencies
exceeding 21%.19%%% At the same time, the ease with which the bandgap of this
compound can be tuned by merely changing the ionic composition opens up a whole
new dimension for possible optoelectronic applications.’””>?** The bandgap can be
tuned across the entire visible spectrum by varying the nature of the halide ions
from I” to Br~ and CI~, which makes this material particularly promising for
tandem solar cell, light emitting diode (LEDs) and laser applications.!?”:198:244-247
A precise and gradual control of the band structure is achieved in the mixed halide
MAPb(Cl,Brq _,)3 and MAPb(Br,I; _,)3 systems. It has been recently shown
that specific combinations of ions lead to the formation of alloys with well-defined
intermediate-size bandgaps, surprisingly sharp band edges, and narrow distributions
of emissive states.?* 2%

The structural properties of such ’soft’ hybrid perovskite materials are expected to
lie at the core of their optoelectronic performance. Interionic interaction opens
many degrees of freedom and allows molecular motions on multiple time and
length scales.?*’ There are various ways in which the structural dynamics of hybrid
perovskites could affect their optoelectronic properties, and to date a number of such
potentially important effects have been predicted and/or observed,”®*” including
bandgap and exciton binding energy modulation,® ferroelectric alignment,?* 2%
polaronic localisation of excited states, 2! charge transport**? and assistance in
water percolation.?

Relatively limited information is available about the molecular-scale dynamics
in these systems despite their clear importance. The motions are expected to
occur on multiple timescales, and these include both ultrafast cation rotations
and vibrational motions of the inorganic lattice. It is worth pointing out that these
structural dynamics may be heterogeneous and may vary throughout the material
depending on the microscopic composition and local structure of the perovskite.
All this calls for advanced spectroscopic methods and theoretical approaches
able to identify and interpret the complex variety of molecular-level processes.
Substantial progress towards understanding the dynamics of MAPbI3 materials was
achieved using a range of techniques?®* including simulations,?®>%%¢ quasi-elastic
neutron scattering,??>2¢7:268 NMR?2Y as well as electronic?®” and vibrational?’%-272
spectroscopy. At the same time, less is known about the structural dynamics of the
Br~ and Cl~ systems.”””> Even fewer studies have focused on the mixed perovskites
and the question as to how the structure of these materials changes as a function of
their composition.?+%6

In the previous chapter, we developed a method to directly track the orientational
dynamics of the MA cations within the lead-halide lattice. We applied this method
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to MAPbI3 films and observed two characteristic time constants of motion. Using
ab-initio molecular dynamics simulations, we identified the observed dynamics as
(i) fast (~300 fs) "'wobbling-in-a-cone’ motions of the MA ions around the crystal
axes and (ii) relatively slow (~3 ps) jump-like reorientations of the organic ions with
respect to the lead-iodide lattice. Within our ~10 ps experimental window we did
not witness any long-term orientation memory nor pronounced immobilisation of
the MA cations. We found no evidence for the suggestion in the literature that the
rearrangement of the MA would be responsible for the hysteretic behaviour observed
in perovskite photovoltaic devices.??1:224

Here we extend our previous approach to the chloride- and bromide- perovskites, as
well as to mixed-halide systems. We observe that for pure MAPbI3, MAPbBr3 and
MAPDCI; films the cation dynamics accelerate with decreasing size of the halide atom
and consequent shrinking unit cell of the crystal. We observe a stronger slowing,
down to a partial immobilisation of the cation, in the mixed MAPb(CL, Br{_,)3
and MAPb(Br, I _,)3 alloys. We associate these slower dynamics with a symmetry
breaking in the unit cell. We speculate that cation immobilisation can affect the local
dielectric environment and contribute to the increased static but decreased dynamic
disorder in mixed-halide perovskite materials.

8.2 RESULTS AND DISCUSSION

8.2.1 LINEAR INFRARED SPECTROSCOPY

All samples used in this study were prepared by A. Sadhanala, C. Miiller, R.
Lovrincic and Z. Chen. Figure 8.1 shows the IR absorption spectra of the pure
and mixed perovskite films under study. Here we focus on the region 1350-
1700 cm™" where the strongest mode (~1475 cm™') corresponds to the NH3+
bending vibrations.”® The bimodal structure of the absorption bands originates
from the splitting of three degenerate vibrations into one symmetric (~1475 cm™")
and two antisymmetric (~1580 cm™!) normal modes. The low-frequency peak
corresponds to the symmetric mode whose transition dipole moment is aligned with
the C-N axis of the MA molecule. Following the work in the previous chapter, we
use the transient anisotropy of this vibration to monitor the rotational dynamics
of the organic cation. We see that the frequency of the symmetric NH3 T bending
vibration of the MA cation decreases with increasing size of the halide anion. There
are two effects that probably contribute to this redshift. The first effect is the
decreasing strength of the NH---X ™ -hydrogen bond with increasing size of the X~
anion, because bending vibrations typically show a positive correlation between
hydrogen-bond strength and frequency.?”” The second effect that contributes to the
observed redshift is a particular local-field effect described in ref.?° Specifically,
the MA vibrations redshift due to the fact that they are embedded inside and
interact with a polarizable medium—the lead-halide lattice, whose polarizability
increases with increasing anion size.”® The vibrational absorption spectrum of
MAPb(CL I _,)3 can be represented as a linear superposition of the absorption
spectra of MAPbI3 and MAPbCl3. This is in agreement with previous reports,
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FIGURE 8.1. Linear infrared spectra of the studied materials. Every panel shows the spectrum
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showing that MAPb(CL, Iy _,)3 does not form a homogeneous mixture but phase
segregates into pure iodide and chloride phases.”’®*° In contrast, the vibrational
spectra of MAPb(Br, I _,.)3 and MAPb(CL, Br{ _,)3 contain a single narrow peak
for each mode, positioned between the vibrational frequencies observed for the pure
halide systems. This corroborates the previous observation that these halides are well
mixed at the level of the perovskite unit cell; the MA ions experience a homogenous
and relatively narrow distribution of local environments?* 248

8.2.2 2DIR SPECTROSCOPY OF PURE-HALIDE PEROVSKITES

To study the orientational dynamics of the organic cations, we performed 2DIR
anisotropy experiments on the symmetric NH3 T bending vibration of the MA ions.
Detailed information about the experimental configuration can be found in Chapter
3. Briefly, 2DIR spectroscopy can be viewed as a version of infrared pump-probe
spectroscopy, in which the transient signals are recorded as a function of both the
probe and the pump frequency. This allows one to study phenomena such as mode
coupling and vibrational energy transfer’”>*® In addition, the fact that the signal is
spread along two frequency dimensions allows for a better separation of multiple,
overlapping, resonances compared to pump-probe spectroscopy. Polarization-
resolved detection of the probe pulse allows for disentanglement of the 2DIR signal
into an isotropic and anisotropic contribution. The former gives direct access to
the relaxation dynamics, and the latter allows one to track the reorientation of the
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transition dipoles (and thereby the orientational motions of chemical groups). For
example, the transition dipole of the symmetric NH3 T bending vibration is aligned
with the C-N axis of the MA cation, so that the transient anisotropy decay of this
transition follows the orientation of the cation.

Figure 8.2 shows the isotropic 2DIR spectra of the studied materials. Two dominant
features can be seen in every spectrum: a negative (orange) peak originating from
the depletion of the vibrational ground state and stimulated emission from the
first excited state; and a positive (blue) peak at a lower frequency due to excited
state absorption (ESA). Interestingly, in all samples except MAPb(CL, Iy _ )3, the
2D lineshapes are symmetric and show no elongation along the diagonal, which
points to weak inhomogeneous broadening of this vibrational mode. This lack of
diagonal elongation (i.e. inhomogeneous broadening) suggests that the MA ions
experience a narrow distribution of local environments in both MAPb(Br, Iy _,)3
and MAPb(CL.Br{_,)3. In contrast, MAPb(CL Iy _ x)3 shows a pronounced
elliptical line shape which can be interpreted as a superposmon of the 2DIR spectra
of the chloride and iodide perovskites. We observe no sign of cross peaks between
the chloride and iodide components, which confirms the presence of strong phase
segregation®”? as well as a lack of interaction (or interconversion) between the MA
cations in the different phases. In the previous chapter, we showed that the region
around the ground-state bleach might be affected by a thermal response which makes
it difficult to extract the molecular reorientation from this signal. Consequently, we
focus on the anisotropy dynamics of the ESA region, which is not affected by the
thermal signal. Figure 8.3(a) shows the transient anisotropy dynamics averaged over
the central region of the excited state absorption (ESA) peaks for the pure-halide
perovskites. In general, the dynamics involve two components similar to those
which we have previously attributed to a confined wobbling (~300 fs) of the MA
molecules and to jump-like reorientations between the halide unit cell facets. In
order to extract the time constants associated with these motions we have fitted the
previously used wobbling-in-a-cone relaxation model to the anisotropy decays. The
resulting jump rates, cone semi-angles, and wobbling time constants are summarized
in Table 1. Perhaps surprisingly, the general trend observed is that as we move to
smaller halide atoms and smaller unit cell sizes (from I~ to Br™ and then to CI7)
the reorientation of the MA ions accelerates. This acceleration is primarily due to
the increased probability for the occurrence of large-angle jumps; the fast process
associated with the wobbling motion seems unaffected and can be well described by
the same time constant for all five samples. This can be understood in terms of the
large-angle jumps being driven by the tilting modes of the inorganic perovskite cage,
whereas the wobbling-motion is a characteristic of the molecule rattling within the
inorganic cage.®28! The variation of the time constant for the large scale jumps
qualitatively agrees with the shift in frequency for the coupled cage-organic modes.?®?
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FIGURE 8.3. Transient anisotropy dynamics of the MAT ion as measured in the centre of the
ESA for the NH3 T bending mode. The solid symbols show the experimentally determined
anisotropy for the pure-halide perovskites in a) and for the mixed-halide perovskites in b). The
lines show the fit with the wobbling-in-a-cone relaxation model.

Perovskite © ) Twos(PS)  Tiump ©S)
MAPbI; 34 0.3 3.0
MAPbBr; 29 0.3 1.5
MAPbCl; 34 03 1.2
MAPb(I:Br); 34 0.3 14.3
MAPb@Br:Cl); 40 0.3 5.0
TABLE I Results of fitting the transient anisotropy data of all measured

perovskite  samples  withe the jump/wobbling-in-a-cone  relaxation  model:
R(t)=2/5¢""/%imr (82 4 (1—§%)e~t/7wob) with § = cos(©)(1+cos(©))/2, , where © is the

semi-cone angle, 7, and 7, , are the wobbling and angle jump times scales, respectively.

8.2.3 MOLECULAR DYNAMICS SIMULATIONS OF PURE-HALIDE
PEROVSKITES

In order to support our experimental findings T. C. Jansen and J. M. Frost have
performed classical polarizable MD simulations with a 6 x 6 x 6 unit cubic super
cell. They have used these simulations to compute the second-order correlation
function of the MA orientations. This correlation function is proportional to the
experimentally determined transient anisotropy and is expressed as

2

R(t>: g

((fa(r)- 4(0)) @®.1)
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FIGURE 8.4. Rotational correlation functions of the MA ions as calculated based on classical
molecular dynamics simulations for the pure-halide perovskites MAPbCly (a), MAPbBr3 (b)
MAPDI3 (c) and for the mixed-halide perovskite MAPb(I : Br)3 (d). The faint lines represent
the individual correlation functions for the different MA ions in the simulation while the thick
lines represent the average over the complete calculated ensemble.

where P,(x) is the 2™ Legendre polynomial, {(t) is a unit vector pointing along
the C-N-axis of the MA ion, and {(...) denotes an ensemble average. Clearly the
anisotropy curves extracted from the MD trajectories show the same two-component
dynamics as the experimental anisotropies (Figure 8.4(a)-(c)), however, the change of
time scale for the slow component with respect to the change of the size of the halide
ions 1s not reproduced.

At first sight it may seem surprising that the reorientation of the MA ions speeds up
along the series MAPbl3 = MAPbBr3;—MAPbCl; because, as was already mentioned
above, the NH---X~ hydrogen bond should strengthen when one moves in this
direction. However, it should be realized that it is not the absolute strength of the
hydrogen-bond, which determines the reorientation rate, but rather the activation
barrier for moving between two equivalent hydrogen bonded orientations of the
MA cation. This activation barrier is due to the fact that in the transition state the
hydrogen bond is slightly elongated compared to the stable positions. Apparently the
energy penalty for lengthening the hydrogen-bond in the transition state decreases
in the direction MAPbI3—=MAPbBr; —=MAPbCI3. This is probably due to the fact
that the unit cell size decreases for this series, which in turn causes the potential
confining the MA ions to become more spherically symmetric. A similar situation
is encountered in the reorientation of water where molecules engaging in so-called
bifurcated hydrogen bonds represent a low-energy transition state which speeds up
reorientation.”83-28% The activation energy is apparently not well reproduced by the
molecular dynamics simulations. This may not be surprising as the force field was
not optimized for reproducing this. With a difference in rate in the order of a factor
2 this corresponds to a difference in the 2.5 kJ/mol range for the activation energy.
In the picture sketched above, we have described the reorientation of the MA ion



8.2 CATION REORIENTATION IN MIXED-HALIDE PEROVSKITES 159

as an activated process, and we have attributed the change in reorientation rate
to a change in activation barrier. However, the rate of an activated process is
not only determined by the height of activation barrier but also by the dynamic
changes in this barrier. Recent X-ray scattering experiments and DFT calculations
suggested a moderate to strong coupling between the deformation or the inorganic
lattice and the rotational motion of the organic cation.?”>?!  Therefore, one
could imagine that the reorientation of the MA ion is facilitated by the low-
frequency vibrations of the lead-halide lattice. In this scenario, the modulation
of the barrier (attempt frequency) for rotational motions is directly given by the
frequency of these lattice vibrations. Recent infrared and Raman experiments have
shown that the frequency of these lattice modes typically increases along the series
MAPbI;—MAPbBr3 —>MAPbCl3,262’274’ 282 and this trend would be in line with the
observed increased in the MA reorientation rate. Summarizing, according to this
interpretation the speeding up of the MA reorientation with decreasing size of the
halide anion is attributed to two effects that work in the same direction: an increasing
influence of lead-halide lattice vibrations and a decreasing activation barrier. Next
we turn to the mixed-halide perovskites.

8.2.4 2DIR SPECTROSCOPY OF MIXED-HALIDE PEROVSKITES

Figure 8.3(b) presents the transient anisotropy recorded at the centre of the ESA
peaks for the MAPb(Br,I; _,.)3 and MAPb(CI, Br{ _,)3 alloys. We do not discuss
the anisotropy of the MAPb(Cl »I1-x)3 system as the linear and 2DIR spectra
of this compound system show a trivial superposition of the chloride and iodide
components (see Appendix Sec. 8.4, and Fig 8.2). The short-time dynamics in
MAPb@Br,I; _,)3 and MAPb(CL, Br{ _,.)3 are similar to those in the other pure- and
mixed-halide systems, which indicates that the wobbling motions are well activated
in all these materials. However, at longer time delays significantly slower anisotropy
decays are observed for the mixed-halide perovskites, compared to the pure-halide
perovskites. This slowing down indicates that the molecular jumps between different
unit cell facets are strongly suppressed in the mixed-halide materials and that each
individual MA cation remains predominantly oriented in a particular direction.
This immobilisation can be understood by considering the activation energy for
the rotational motion (similarly to the pure-halide systems). For the mixed-halide
systems the halide lattice site is occupied by a statistical mixture of two halide ions.
As a consequence the different MA orientations will no longer be characterized
by identical hydrogen-bond strengths (as was the case for the pure-halide systems).
Instead the statistical, usually asymmetric, distribution of the halide ions will lead
to the presence of specific MA orientations which have an energetic minimum in
their rotational potential. For these MA orientations the activation energy for a 90-
degree jump will obviously be much larger compared to the case of the pure-halide
perovskites, for which reorientation between stable positions is not associated with
a change in hydrogen-bonding energy. This means that the random substitution of
halogen sites within the inorganic cage effectively generates an asymmetric pocket
which pins down the orientation of the MA ions.
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8.2.5 MOLECULAR DYNAMICS SIMULATIONS OF MIXED-HALIDE
PEROVSKITES

The mixed perovskites were modelled by T. C. Jansen using classical polarizable
molecular dynamics simulations. This allowed using 6x6x6 super cells with 216
organic cations to obtain sufficient sampling of the different halogen environments.
The halogen atoms were inserted in a statistical manner resulting in a heterogeneous
distribution of unit cells with x = 0.6. Organic cations with anywhere from 3 to
11 Br~ ions in the first coordination sphere were found. Figure 8.4(d) presents
the rotational correlation function for a set of individual MA cations (in the mixed
MAPb@Br, I _,)3 perovskite) as well as the overall ensemble average. As clearly
seen from the individual pink transients the distribution of correlation functions
is very broad for the mixed-halide systems, in contrast to the narrow distribution
for individual cations in the pure-halide perovskites (Figure 8.4 (2)-(c)). As a general
trend the jump time was found to be slower for cations surrounded by an equal
number of Br~ and I~ ions than for cations in a more homogeneous environment.
Considering the number of possible ways to construct these unit cells and the fact
that every cation can form three hydrogen bonds, a complete analysis of the factors
determining the slowdown was not possible. However, we can generally state that
altering the symmetry of the unit cell should provide anisotropy and the preferred
direction for the cation orientation. Changing the orientation in such way that the
number of hydrogen bonds to a particular type of halogen is preserved should be
more favourable as compared to when the type of halogen is changing. Interestingly,
the observed immobilisation of the organic cation in mixed-halide perovskites
correlates with a number of trends previously observed in material properties. For
example, previous studies indicated that both the emissive bandwidth and the Urbach
energy are persistently smaller in pure-halide systems compared to their respective
mixtures.”*»2*#  Similar trends are observed in the structural measurements like
XRD and in the charge transporting properties.”’® All these observations point to an
increased level of disorder in mixed-halide systems compared to pure-halide systems.
Our new results indicate that, at least as far as the organic cation is concerned, the
static and dynamic disorders change differently upon mixing different halide ions
in the material. The static disorder is clearly increased in mixed halide systems as
observed in the elongation of 2D peaks in Figure 2.2 At the same time, the dynamic
motions are clearly suppressed by breaking the symmetry of the unit cell. With
suppressed dynamics, the static dielectric constant will decrease (the molecules can
no longer respond) potentially explaining the higher exciton binding energy reported
for mixed MAPb(Br, I _,)3 perovskites.”” While we do not have direct evidence
to associate the change in electronic properties with the variations in the cation
dynamics, we believe that the observed correlation manifests a clear link between
electronic and structural dynamics in perovskite materials.
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8.3 CONCLUSION

We presented a 2D IR and MD simulation study of the orientational dynamics of
the organic cation in a range of pure- and mixed-halide perovskite materials. In
the pure halide materials MAPbCl3, MAPbBr3 and MAPbI3 we observe that the
reorientation of the organic cation slows down with increasing halide size. We
ascribe this trend to a decreasing probability of the MA to perform large-angle
jumps. In the mixed MAPb(CL,Brq _,)3 and MAPb(Br, I _,)3 alloys we observed a
higher degree of static disorder “and much slower structural dynamics down to partial
immobilisation of the organic cations. We associate these effects with the symmetry
breaking within the halide unit cell. The observed effects of the halide composition
on the structural and dynamical properties of perovskite materials may be partly
responsible for the previously observed variations in their optical and electronic
properties.
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8.4

8.4 APPENDIX

LINEAR COMBINATION OF FTIR SPECTRA
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SUMMARY

In this thesis we have used nonlinear infrared spectroscopy to study the ultrafast
molecular dynamics of organic molecules in liquids and solids. Since all investigated
phenomena occur on an ultrafast time scale (fs—ps), a special experimental method is
needed to follow these phenomena in real time. Here, we employ an all-optical
approach in which we use infrared pump-probe and two-dimensional infrared
spectroscopy (2DIR). In both methods an intense infrared laser pulse (pump) is
used to resonantly excite a molecular vibration. After a short period of time, in
which the system can evolve freely, the system is interrogated with a weak test
pulse (probe). To follow the relaxation and orientational dynamics of the excited
vibrations, the experiment is repeated for different time delays between the pump
and the probe pulses.

TEMPERATURE-INDUCED COLLAPSE OF ELASTIN-LIKE PEPTIDES STUDIED
BY 2DIR SPECTROSCOPY Elastin-like peptides (ELP) are artificial biopolymeres
consisting of a repeating sequence of five amino acids. These peptides are of great
interest for biomedical applications due to their biochemical properties and their
ability to undergo a temperature-induced, reversible aggregation (coacervation). In
Chapter 4 we use linear and 2DIR spectroscopy to study the amide I’ band of a
450-residue ELP as a function of temperature. The amide I’ absorption band can
be well described by three Gaussian bands and shows a blueshift with increasing
temperature. One of the bands can be assigned to the amide I’ absorption band of
the valine residue that is present in every pentamer. We observe two distinct energy
transfer processes between these three bands. With increasing temperature, one of
these processes significantly decelerates, while the rate of the other exchange process
remains constant. The spectral diffusion dynamics of the amide I’ mode of the valine
residue also does not change when the temperature is varied. We perform an extensive
comparison of the 450 residue long peptide with a one-pentamer elastin-like peptide.
Due to its short length this ELP does not undergo temperature-induced coacervation.
However, a similar structural change can be induced by using trifluoroethanol (TFE)
as a cosolvent. Increasing the concentration of TFE leads to changes of the linear
and the nonlinear infrared spectra that are remarkably similar to the changes that
are induced by increasing the temperature for the long ELP. This similarity suggests
a similar molecular origin of the conformational transition in both cases. We
supplement our infrared measurements by molecular dynamics simulations of the
short ELP in different conformations and solvent environments. The results suggest
that the conformational transition of ELPs is driven by the desolvation of the peptide
backbone in which process up to 75% of the water in the solvation shell is displaced.
Furthermore, the consistently slow spectral diffusion dynamics of the valine residue
suggests that this residue is strongly shielded from the solvent. We propose that the
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slow spectral diffusion dynamics of the valine residue can be explained from the
presence of a S-turn involving the valine and the fourth residue of every pentamer
at all temperatures.

ULTRASENSITIVE ULTRAFAST VIBRATIONAL SPECTROSCOPY EMPLOYING
THE NEAR FIELD OF GOLD NANOANTENNAS In Chapter 5 we introduce a
novel technique to enhance the signals in nonlinear vibrational spectroscopy of
nanoscale volumes. To this end, we employ gold nanoantennas that show their
antenna resonance in the infrared. The power of this method is demonstrated by
performing polarization-resolved linear and pump-probe measurements on a 5 nm
polymethylmethacrylate (PMMA) film deposited on top of the gold nanoantennas.
Exciting and probing this system with pulses polarized along the long antenna
axis results in an enhancement of the nonlinear vibrational signal by 4 orders of
magnitude. The comparison of the measurement results with measurement of a
plain thick PMMA film shows that the temporal dynamics are the same in the two
systems. The observed lineshapes and the enhancement mechanism are explained
by a coupled point-dipole model. Furthermore, we demonstrate that the method of
nanoantenna enhanced nonlinear vibrational spectroscopy can also be used to boost
the signals in 2DIR.

LOCAL FIELD EFFECT IN NANOANTENNA ENHANCED INFRARED

SPECTROSCOPY In Chapter 6 we present an analytic model to describe the
interaction between molecular vibrations and metal nanoantennas in plasmon
enhanced infrared spectroscopy. In a first approach, we describe the molecular
vibrations and the nanoantennas as coupled point dipoles, and use a perturbative
approach to describe their interaction. The origin of the signal enhancement is
identified as the back-action of the excited vibration onto the dipole moment of the
antenna. Next, the dipole model is expanded to include the presence of a substrate
and the antenna geometry. Finally, we demonstrate that local-field effects, which are
determined by the geometry and the dielectric function of the sensed films, have a
surprisingly strong influence on the shape of the observed spectroscopic signals, and
thus need to be included in the description. The results calculated with the model
are in excellent agreement with numerical finite-difference time-domain simulations.

REORIENTATION DYNAMICS OF THE ORGANIC CATION IN
METHYLAMMONIUM LEAD IODIDE PEROVSKITE ~ Organic-metal halide
perovskites are a new class of solar-cell materials that can reach photon-conversion
rates of above 20%. In Chapter 8 we study the reorientation dynamics of the
methylammonium (MA) cation in lead iodide perovskites. We use 2DIR spectroscopy
to follow the orientational dynamics of the symmetric NHz 1 bending vibration,
of which the transition dipole moment is oriented along the molecular axis of the
methylammonium cation. The lifetime of the vibration is found to be 3 ps and the
anisotropy shows a biexponential decay with a fast 300 fs and a slow 3 ps component.
Ab initio molecular dynamics simulations are used to assign the two timescales to
molecular motions. We find that the organic cation is preferentially aligned along
one of the iodide lattice axes, and we associate the fast time scale with a *wobbling-
in-a-cone’ motion with a semi-cone angle of 31° around a lattice axis. The slow
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timescale corresponds to 90° angle jumps between different iodide lattice axes. The
measurement results provide further insight into the contribution of the organic
cation to the dielectric function, and falsify the previously proposed presence of
long-range, slowly interconverting ferro-electric domains in organic-metal halide
perovskites.

HALIDE-DEPENDENT CATION REORIENTATION IN METHYLAMMONIUM
LEAD-HALIDE PEROVSKITES One of the most remarkable properties of lead-
halide perovskites is their straightforward band-gap tunability by adjusting the
halide composition. In Chapter 8 we extend the study from the previous chapter
and investigate the influence of the halide ion on the reorientation dynamics of
the organic cation in lead-halide perovskites. To this end, 2DIR measurements
were performed on the three most widely studied pure-halide perovskites MAPbX3
(X=I, Br, Cl) and on the mixed-halide alloys MAPb(CL,.Brq _,.)3, MAPbBr,I; _,)3.
We observe an anisotropy decay on two distinct time-scales for all perovskites. The
fast dynamics, associated with a *wobbling-in-a-cone’ motion, occur on a similar
timescale for all samples, whereas the time constant of the slow dynamics, assigned to
large angle jumps, shows a distinct variation. In the pure-halide series, the anisotropy
dynamics slow down as the halide size increases. We explain this slowdown from an
increase in the activation energy for reorientation of the organic cation between two
energetically equal faces of the unit cell. The mixed-halide alloys show significantly
slower reorientation dynamics and even partial immobilization. With the help of
large-scale, classical polarizable molecular dynamics simulations, we assign these slow
reorientation dynamics to symmetry breaking of the unit cell. Since the hydrogen-
bond strength between the cation and the inorganic cage is halide dependent, the
asymmetry leads to minima in the rotational potential of the organic cation, resulting
in relatively stable orientations and a slowing down of the jumping between different
lattice axes.






SAMENVATTING

In dit proefschrift hebben we niet-lineaire infraroodspectroscopie gebruikt om
de ultrasnelle dynamica van organische moleculen in vloeistoffen en vaste stoffen
te bestuderen. De verschijnselen die we onderzoeken spelen zich allemaal af op
een ultrasnelle tijdschaal (fs-ps) en daarom hebben we een speciale experimentele
methode nodig om ze te kunnen volgen. De technieken die we hiervoor gebruiken
staan bekend als infrarood pomp-probe spectroscopie en tweedimensionale
infraroodspectroscopie (2DIR). Bij beide technieken wordt allereerst m.b.v. een
intense infrarood laserpuls (pomp) een moleculaire vibratie aangeslagen. Een korte
tijd later wordt de toestand van het systeem uitgelezen d.m.v. een zwakke testpuls
(probe). De relaxatie- en oriéntatiedynamica van de aangeslagen vibraties volgen we
door het experiment te herhalen waarbij we de tijdsvertraging tussen de pomp- en
probepuls variéren.

AGGREGATIE VAN ELASTINE-ACHTIGE PEPTIDEN  Elastine-achtige polypeptiden
(ELPs) zijn kunstmatige biopolymeren bestaande uit een herhalende reeks van vijf
aminozuren. Deze peptides zijn vanuit biomedische oogpunt interessant omdat
ze bij een temperatuursvergoging op reversibele wijze aggregeren (coacervatie). In
hoofdstuk 4 bestuderen we met lineaire infrarood en 2DIR spectroscopie de amide
I’ vibratie van een ELP met een lengte van 450 residuen. De amide I’ absorptieband
blijkt te zijn opgebouwd uit drie Gaussische subbanden en verder vertoont de band
een blauwverschuiving met toenemende temperatuur. Eén van de subbanden is
het gevolg van de specifieke absorptie van een valine residu dat aanwezig is in elk
pentameer. Wij nemen twee verschillende energie-overdrachtsprocessen waar tussen
de drie subbanden. Met toenemende temperatuur vertraagt één van deze processen
significant, terwijl de snelheid van het andere energie-uitwisselingsproces constant
blijft. De spectrale diffusie dynamica van de amide I’ vibratie van het valine residu
verandert ook niet als functie van de temperatuur. Wij hebben het gedrag van dit
peptide vergeleken met dat van een kort ELP bestaande uit slechts 5 residuen. T.g.v.
zijn korte lengte aggregeert dit peptide niet. Echter, een verglijkbare verandering in
structuur kan worden geinduceerd door het gebruik van trifluorethanol (TFE) als
co-oplosmiddel. Het verhogen van de TFE concentratie leidt tot veranderingen in de
lineaire en niet-lineaire infrarood spectra, die een opmerkelijke gelijkenis vertonen
met de veranderingen die geinduceerd worden door het verhogen van de temperatuur
voor het lange ELP. Deze overeenkomst suggereert een gelijke oorsprong van de
confomationele transitie in beide gevallen. Wi vullen onze infraroodmetingen aan
met moleculaire dynamica simulaties van het korte ELP in verschillende conformaties
en oplosmiddelen. De resultaten suggereren dat de conformationele overgang van
ELPs gedreven wordt door de desolvatatie van het peptide, waarbij tot 75% van
het water in de solvatatieschil wordt verdreven. Bovendien suggereert de langzame
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spectrale diffusie van het valine residu dat dit residu sterk afgeschermd is van het
oplosmiddel. Onze verklaring is dat de langzame spectrale diffusie van het valine
residu het gevolg is van de aanwezigheid van een [-turn tussen het valine residu en
het vierde residu binnen elk pentameer.

ULTRAGEVOELIGE ULTRASNELLE VIBRATIESPECTROSCOPIE MET BEHULP
VAN HET NABIJE VELD VAN GOUDEN NANOANTENNES In hoofdstuk 5
beschrijven we een nieuwe techniek voor het versterken van de signalen in niet-
lineaire vibratiespectroscopie van nanoschaal volumes. Hiertoe maken we gebruik
van gouden nano-antennes met een antenneresonantie in het infrarood. De kracht
van deze methode wordt gedemonstreerd door het uitvoeren van polarisatie-opgeloste
lineaire en pomp-probe metingen van een 5 nm polymethylmethacrylaat (PMMA)
laagje op de gouden antennes. Exciteren en proben van dit systeem met pulsen
gepolariseerd langs de lengte-as van de antennes resulteert in een versterking van
het niet-lineaire vibratiesignaal met 4 ordes van grootte. De vergelijking van de
meetresultaten met metingen van een gewone dikke PMMA-laag laat zien dat de
tijdsdynamiek hetzelfde is in de twee systemen. De geobserveerde lijnvormen en
het versterkingsmechanisme worden verklaard door middel van een gekoppeld punt-
dipool-model.  Verder demonstreren we ook dat de methode van nano-antenne
versterkte niet-lineaire vibratiespectroscopie gebruikt kan worden om de signalen in
2DIR te versterken.

LOKAAL-VELDEFFECT IN NANO-ANTENNE VERSTERKTE
INFRAROODSPECTROSCOPIE In hoofdstuk 6 beschrijven we een analytisch
model dat de interactie tussen moleculaire vibraties en metalen nano-antennes
verklaart. In een eerste benadering beschrijven we de moleculaire vibraties en
nano-antennes als gekoppelde punt-dipolen, en gebruiken we een pertubatieve
benadering om hun interactie te beschrijven. De oorsprong van de signaalversterking
wordt geidentificeerd als de terugkoppeling van de geéxciteerde vibratie op het
dipoolmoment van de antenne. Vervolgens wordt het dipoolmodel uitgebreid
om de aanwezigheid van een substraat en de geometrie van de antenne mee te
rekenen. Ten slotte laten we zien dat lokale-veldeffecten, die bepaald worden door
de geometrie en de diélektrische functie van de gedetecteerde lagen, een verassend
sterke invloed hebben op de vorm van de geobserveerde spectroscopische signalen
en daarom in de omschrijving moeten worden opgenomen. De resultaten berekend
met het model zijn in uitstekende overeenkomst met numerieke eindige-differentie
tijdsdomeinsimulaties.

REORIENTATIE DYNAMICA VAN HET ORGANISCHE KATION IN
METHYLAMMONIUM LOODJODIDE PEROVSKIET Organometaalhalogenide
persovskieten zijn een niecuwe klasse van zonnecelmaterialen die een foton
conversieratio kan behalen van meer dan 20%. In hoofdstuk 7 bestuderen we
de reoriéntatiedynamica van het methylammonium (MA) kation in loodjodide
perovskieten. We gebruiken 2DIR spectroscopie voor het volgen van de
oriéntatiedynamica van de symmetrische NH3+-buigvibratie, waarvan het
transitiedipoolmoment georiénteerd is langs de moleculaire as van het
methylammonium kation. Er werd een levensduur van 3 ps voor deze vibratie
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gevonden en de anisotropie vertoont een bi-exponentieel verval bestaande uit een
snelle 300 fs en langzame 3 ps component. Ab initio moleculaire dynamicasimulaties
zijn gebruikt om de twee tijdschalen aan moleculaire bewegingen toe te wijzen. Wij
vinden dat het organische kation een voorkeur heeft uitgelijnd te zijn langs een van
de jodide rooster-assen, en we associéren de snelle tijdschaal met een *wiebelen-in-een-
kegel’-beweging met een semi-kegel hoek van 31°rond een rooster-as. The langzame
tijdschaal correspondeert met 90°hoeksprongen tussen verschillende jodide rooster-
assen. De meetresultaten geven meer inzicht in de bijdrage van het organische
kation aan de diélektrische functie, en ze weerleggen de voorheen voorgestelde
aanwezigheid van lange-afstand, langzaam onderling omzettende ferro-elektrische
domeinen in organometaalhalogenide-perovskieten.

HALOGENIDE-AFHANKELIJKE KATION REORIENTATIE IN METHYLAMMONIUM
LOOD-HALOGENIDE PEROVSKIETEN  Een van de meest opmerkelijke
eigenschappen van lood-halogenide perovskieten is hun eenvoudige band gap-
afstelbaarheid door het aanpassen van de halogenidesamenstelling. In hoofdstuk
8 breiden we de studie van het vorige hoofdstuk uit en onderzoeken we de invloed
van het halogenide-ion op de reoriéntatiedynamica van het organisch kation in
lood-halogenide perovskieten. Hiertoe zijn 2DIR metingen uitgevoerd op de drie
meest bestudeerde pure halogenide perovskieten MAPbX3 (X=I, Br, Cl) en op
de gemengde halogenides MAPb(CL, Bry _ )3, MAPb(Br,I; _,)3. We observeren
een anisotropie verval op twee verschillende tijdschalen voor alle perovskieten. De
snelle dynamica, geassocieerd met een ’wiebelen-in-een-kegel-beweging, vinden
plaats op een vergelijkbare tijdschaal voor alle monsters, terwijl de tijdsconstante
van de langzame dynamica, toegewezen aan grote hoeksprongen, een duidelijke
variatie vertonen. In de pure halogenide serie vertraagt de anisotropie dynamica
bij een toenemende grootte van het halogenide. We verklaren deze vertraging
door een toename in de activatie-energie voor het reoriénteren van het organische
kation tussen twee energetisch gelijke vlakken van de eenheidscel. De gemenge
halogenides vertonen een significant langzamere reoriéntatiedynamica en zelfs een
gedeeltelijke immobilisatie. Met behulp van grote-schaal, klassieke polariseerbare
moleculaire dynamicasimulaties, wijzen we deze langzame reoriéntatiedynamica toe
aan symmetriebreking van deeenheidscel. Omdat de waterstotbrugsterkte tussen het
kation en de anorganische kooi afhankeljjk is van de halogenide, leidt de asymmetrie
tot minima in het rotatiepotentiaal van het organische kation, resulterende in relatief
stabiele oriéntaties en een vertraging van de sprongen tussen verschillende rooster-
assen.
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