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Abstract

Optical microcavities are fascinating optical micro-devices that allow to control
and modify light-matter interaction and open up exciting possibilities for
advanced applications in photonics, quantum technologies, and materials
science. This dissertation investigates the control of light-matter interactions in
optical microcavities at room and low temperatures, with an emphasis on how
the photonic mode density affects the light emission of single-photon emitters
and non-radiative energy transfer processes between donor and acceptor. The
research includes the study of single nitrogen-vacancy (NV) centers in a
diamond at cryogenic temperatures, the control of multi-color Forster
resonance energy transfer (FRET), and the exploration of strong coupling
regimes in coupled Fabry-Pérot (F-P) microcavities. Control of light-matter
interactions in optical microcavities at low temperatures presents several
challenges like maintaining stable cryogenic temperatures for single-molecule
spectroscopy, detecting single molecules within microcavities when the
emission intensity is weak or molecules exhibit poor photostability, and
suppressing unwanted background signals interfere with emission from single
molecules within the cavity. In addition, fabricating high-quality 1/2 Fabry-Pérot
microcavities with precise dimensions is essential for achieving the desired

optical properties and coupling strengths.

A key aspect of this work is the use of single-molecule imaging and
spectroscopy at cryogenic temperatures, which is the powerful technique to
study the behavior of individual molecules with high accuracy where reduction
of temperature leads to minimizing the thermal vibrations of molecules and
resulting in sharper spectral lines. This technique enables high-resolution
spectral measurements of individual molecules. Comparable in size to single
molecules, NV centers act as highly stable single-photon emitters. NV centers
are point defects in the diamond lattice, consisting of a nitrogen atom adjacent
to a vacant lattice site. When a single NV center is placed in a microcavity, the
spectral mode density influences the spectral and radiative properties of the NV
center, leading to selective emission at resonance, narrow spectral linewidth,

and enhanced photon emission through the Purcell effect. The unique optical
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and quantum properties of NV centers, as well as their photostability, make

them suitable samples to study single-photon imaging and spectroscopy.

Forster resonance energy transfer is a non-radiative process where energy can
be transferred from a donor molecule to a close acceptor molecule through
dipole-dipole coupling. A triple FRET process between three different dyes
embedded in a single polystyrene nanosphere with excitation maxima at 505
nm, 575 nm, and 655 nm is studied here, where the single nanospheres were
placed inside a Fabry—Pérot microcavity at low temperatures. To understand
the impact of cavities on triple FRET, the lifetime and spectral properties of the
individual nanospheres were measured as a function of the spectral optical
mode density at low mode order. This allows us to control the interactions
between the dyes effectively and to select enhancement of desired FRET
processes while suppressing undesired interactions. The results show that the
energy transfer rate between the three different dyes can be controlled by

microcavity.

Combining optical strong mode coupling with polaritonic coupling in hybrid
systems enhances light-matter interactions, leading to the formation of new
hybrid modes and supermodes. Such a combination provides greater flexibility
in manipulating both optical and electronic properties of the hybrid system. In
this work a hybrid system is presented that combines optically strong mode
coupling with polaritonic coupling within a A/2 Fabry-Pérot microcavity. By
integrating a thin TDBC J-aggregate film into an optical /2 microcavity coupled
to a second microcavity, the study demonstrates the simultaneous occurrence
of two strong coupling types: between purely optical modes of adjacent
microcavities and between the TDBC J-aggregate molecules and the optical
modes. This hybrid system's coupling strength and damping are highly
sensitive to the position and concentration of the molecules in the microcavity,
and the system can be modeled very effectively with coupled damped
oscillators. The results highlight that the components of the coupled system
cannot be treated independently; altering one parameter impacts the entire

system.
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Zusammenfassung

Optische Mikrokavitaten sind faszinierende optische Mikrovorrichtungen, die es
ermoglichen, die Wechselwirkung zwischen Licht und Materie zu kontrollieren
und zu verandern und eroffnen spannende Moglichkeiten fur fortschrittliche
Anwendungen in der Photonik, Quantentechnologien und
Materialwissenschaft. In dieser Dissertation wird die Kontrolle von Licht-
Materie-Wechselwirkungen in optischen Mikrokavitaten bei Raum- und
Tieftemperaturen untersucht, wobei der Schwerpunkt darauf liegt, wie die
photonische Modendichte, die Lichtemission von Einzelphotonen-Emitter und
nichtstrahlende Energieubertragungsprozesse zwischen Donor und Akzeptor
beeinflussen. Die Forschung umfasst die Untersuchung einzelner Stickstoff-
Fehlstellen (NV-Zentren) in Diamanten bei kryogenen Temperaturen, die
Kontrolle des mehrfarbigen Foérster-Resonanz-Energietibertrags (FRET) und
die Erforschung des starken Kopplungsregims in gekoppelten Fabry-Pérot (F-
P) Mikrokavitaten. Die Kontrolle von Licht-Materie-Wechselwirkungen in
optischen Mikroresonatoren bei niedrigen Temperaturen stellt mehrere
Herausforderungen dar, wie etwa die Aufrechterhaltung stabiler kryogener
Temperaturen flr die Einzelmolekllspektroskopie, die Detektion einzelner
Molekule innerhalb von Mikrokavitaten, wenn deren Emissionsintensitat
schwach ist oder die Molekule eine schlechte Fotostabilitat aufweisen, oder di
Unterdrickung unerwunschte Hintergrundsignale welche die Emission
einzelner Molekule innerhalb der Kavitat uberlagern. Daruber hinaus ist die
Herstellung von qualitativ hochwertigen 1/2 Fabry-Pérot-Mikrokavitaten mit
prazisen Abmessungen entscheidend, um die gewunschten optischen

Eigenschaften und Kopplungsstarken zu erreichen.

Ein entscheidender Aspekt dieser Arbeit ist die Verwendung von
Einzelmolekll-Bildgebung und -Spektroskopie bei kryogenen Temperaturen,
sehr leistungsstarker Technik zur Untersuchung des Verhaltens einzelner
Molekile mit hoher Genauigkeit, bei der die Temperaturreduktion die
thermischen Vibrationen der Moleklile minimiert und zu scharferen
Spektrallinien  fuhrt.  Diese  Technik  ermoglicht  hochauflésende
Spektralmessungen einzelner Molekile. NV-Zentren, die in ihrer Grofle mit

Einzelmolekilen vergleichbar sind, fungieren als aullerst stabile
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Einzelphotonen-Emitter. NV-Zentren sind Punktdefekte im Diamantgitter,
bestehend aus einem Stickstoffatom, das an einem leeren Gitterplatz
benachbart ist. Wenn ein einzelnes NV-Zentrum in eine Mikrokavitat platziert
wird, beeinfluss die spektrale Modendichte die spektralen und radiativen
Eigenschaften des NV-Zentrums, was zu selektiver Emission bei Resonanz,
engen Spektralbreiten und verstarkter Photonemission durch den Purcell-
Effekt fuhrt. Die einzigartigen optischen und quantenmechanischen
Eigenschaften von NV-Zentren sowie ihre Fotostabilitit machen sie zu
geeigneten Proben fur die Untersuchung der Einzelphotonen-Bildgebung und -

Spektroskopie.

Forster-Resonanz-Energieubertragung ist ein nicht-radiativer Prozess, bei dem
Energie von einem Donormolekull auf ein nahegelegenes Akzeptormolekdl
durch Dipol-Dipol-Kopplung Ubertragen wird. In dieser Arbeit wird ein dreifacher
FRET-Prozess zwischen drei verschiedenen Farbstoffen mit
Anregungsmaxima bei 505 nm, 575 nm und 655 nm untersucht, welche in einer
einzelnen Polystyrol-Nanokugel eingebaut sind. Die einzelnen Nanospharen
wurden bei niedrigen Temperaturen in eine Fabry—Pérot-Mikrokavitat
eingesetzt. Um die Auswirkungen der Kavitaten auf die dreifache FRET zu
verstehen, wurden die Lebensdauern und spektralen Eigenschaften der
einzelnen Nanospharen als Funktion der spektralen optischen Modendichte,
bei niedrige Modenordnung gemessen. Dies ermoglicht es, die
Wechselwirkungen zwischen den Farbstoffen gezielt zu steuern und die
Verstarkung  gewunschter FRET-Prozesse  auszuwahlen, wahrend
unerwunschte Wechselwirkungen unterdruckt werden. Die Ergebnisse zeigen,
dass die Energielbertragungsrate zwischen den drei Farbstoffen durch die

Mikrokavitat gesteuert werden kann.

Die Kombination von starker optischer Modenkopplung und polaritonischer
Kopplung in hybriden Systemen verstarkt die Licht-Materie-Wechselwirkungen
und fuhrt zur Bildung neuer hybrider Moden und Supermoden. Eine solche
Kombination bietet groRere Flexibilitat bei der Manipulation sowohl optischer
als auch elektronischer Eigenschaften des hybriden Systems. In dieser Arbeit
wird ein hybrides System vorgestellt, das starke optisch Modenkopplung mit

polaritonischer Kopplung in einer 1/2 Fabry-Pérot-Mikrokavitat kombiniert.
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Durch die Integration eines dinnen TDBC J-Aggregatfiims in eine optische 1/2
Mikrokavitat, die mit einer zweiten Mikrokavitat gekoppelt ist, zeigt die Studie
das gleichzeitige Auftreten von zwei starken Kopplungstypen: zwischen rein
optischen Moden benachbarter Mikrokavitaten und zwischen den TDBC J-
Aggregat-Molekulen und den optischen Moden. Die Kopplungsstarke und
Dampfung dieses hybriden Systems sind aufierst empfindlich gegenuber der
Position und Konzentration der Molekule in der Mikrokavitat. Das System lasst
sich sehr gut effektiven mit gekoppelten gedampften Oszillatoren modellieren.
Die Ergebnisse heben hervor, dass die Komponenten des gekoppelten
Systems nicht unabhangig behandelt werden kénnen; die Veranderung eines

Parameters hat Auswirkungen auf das gesamte System.



Motivation

In the modern world, understanding of light—-matter interactions and energy
transfer processes is crucial to address the critical challenges in technology
and science. For example, optimizing energy transfer efficiency, enhancing
biosensing sensitivity, and improving light-harvesting systems for renewable
energy solutions require innovative approaches to enhance molecular-level
precision and control.

This work studies energy transfer and coupling mechanisms at molecular and
nanoscale levels in controlled environments, such as tunable microcavities and
cryogenic conditions. The goal is to investigate the energy transfer dynamics
within donor-acceptor pairs via dipole-dipole coupling in a tunable 1/2
microcavity which enables manipulation of the photonic density of states. By
embedding FRET systems within cavities, this approach allows for precise
control over light-matter interactions and the energy transfer rate of the coupled
systems. In addition, doing single-molecule experiments at cryogenic
temperatures ensure high-quality data, free from the effects of inhomogeneous
spectral broadening, vibronic band overlapping, or conformational changes.
Moreover, this study investigates the transition from weak to strong coupling,
where the coupling strength surpasses damping rates, leading to hybridized
modes like polaritons. These findings provide a deeper knowledge of how
molecular systems behave under strong optical coupling conditions.

The aim of this study is to control the energy transfer process and to achieve
selective emission by tuning microcavity resonance at the molecular level, by
addressing fundamental questions about how molecules interact in optical
environments. This knowledge is critical for practical applications in areas such
as renewable energy, where light-harvesting efficiency can be improved;
biosensing, where molecular interactions can be detected with greater
precision; and quantum technologies, where coherence and hybridized states

can be utilized for advanced devices.
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Introduction

The invention of the microscope in the late 16" century has revolutionized the
field of scientific research.! Among the various microscopic techniques created,
optical microscopy has emerged as a crucial tool for using electromagnetic

radiation in the ultraviolet, visible, and near-infrared spectral range.?

Fluorescence microscopy is a highly effective technique for studying molecular
biology. It allows researchers to achieve exceptional spatial and temporal
resolution, which is essential for detecting weak fluorescence signals.® 4 Over
time, continuous advancements in optical microscopy instruments and
electronic equipment, particularly in light sources, diode lasers, and detectors
have led to significant advancements in sensitivity and molecular contrast. As
an example, confocal microscopy could overcome the limitations of traditional
fluorescence microscopy, and offers higher image quality, resolution, and
contrast by suppressing out-of-focus light using a pinhole aperture.® This can
be used to detect individual molecules and to measure fluorescence lifetime
using time-correlated single photon counting (TCSPC) technique,® 68 which
involves measuring the time delay between excitation and emission of
individual photons. TCSPC provides more information about the interactions
between molecules by calculating their lifetime and fluorescence decay rates.
In addition, advanced techniques like fluorescence lifetime imaging microscopy
(FLIM),®-'3 fluorescence correlation spectroscopy (FCS), 420 with labelling the
molecules by fluorescent dyes can be used to study complex molecular

interactions and dynamics.

One particularly interesting application of confocal microscopy is in the study of
FRET?" where an excited fluorescent molecule, known as a donor, transfers its
energy to another fluorescent molecule, known as the acceptor, without
emitting a photon through non-radiative dipole-dipole coupling.?? 23 In addition,
the efficiency of energy transfer in a FRET pair can be influenced by microcavity
which is composed of two reflective mirrors.??> 24 When a donor and acceptor
are placed in a microcavity, the interaction between the light and the molecules
can modify properties such as emission intensity, energy transfer efficiency,

and radiative decay rates of the FRET pairs.?>2?8 Tuning the resonant frequency
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of the cavity by changing the cavity length, influences on fluorescence lifetimes
of donor and acceptor.23 24 2943 A shorter fluorescence lifetime of the donor
fluorophore in the cavity and a corresponding increase in the fluorescence
lifetime and intensity of the acceptor fluorophore is a sign of increasing FRET
efficiency while a reduction in FRET efficiency depends on change in the
orientation factor, the quenching effect, the refractive index of the cavity** and
the modification of the spectral overlap between the donor and acceptor.3: 31 45
46 FRET is an essential tool in biology and biochemistry research. It is widely
used for studying molecular imaging*” and conformational changes in
biomolecules. In drug discovery,*® FRET-based assays are used to screen
potential drugs that affect protein-protein interactions. Integrating FRET with
optical microcavities provides a platform to offer promising applications for
biosensing*®. These microcavities are in various types, each with distinct optical
properties and applications, enhancing the capabilities of FRET-based sensing
systems. One common type is the Fabry-Pérot cavity, which consists of two
parallel mirrors that are separated by multiple of half a wavelength of light.28 50.
51 The performance of a Fabry-Pérot cavity can be optimized by adjusting the
reflectivity of the mirrors and reducing losses due to absorption and scattering.
The tunable Fabry-Pérot cavity allows tunning the resonant frequency of the
cavity to a specific wavelength of light. The cavity length can be adjusted by
varying the distance between the mirrors using a tuning mechanism, such as a
piezoelectric actuator.>? The tunable cavities are able to select a narrow range
of frequencies from a continuous spectrum of light while they are typically
sensitive to changes in temperature and vibration, which can cause shifts in the

cavity length.

Other types of microcavity are Micropillar cavities®® (typically cylindrical
structures that are made up of a central pillar surrounded by a Bragg mirror),
photonic crystal cavities®*%0 (structures that are designed to have a periodic
variation in their refractive index), and Whispering gallery mode cavities®'- 62
(spherical or cylindrical structures that trap light through total internal reflection).
The performance of an optical microcavity is typically characterized by its
quality factor (Q-factor) which is a measure of how well the cavity can store

energy and is related to the width of the resonant peak in the cavity's spectral



response. The Q-factor of different types of resonant cavities can range from
approximately 10 to 108, depending on their design, materials, and operating
conditions.3 6365 However, it is important to note that the actual Q-factor of a
resonant cavity can be influenced by many factors, including temperature,

pressure, material properties, and the presence of impurities or defects.

In high-Q microcavities, strong interactions can occur between molecules and
cavity resonances** 66 leading to spectral changes such as mode splitting,
mode coupling, and mode hybridization.®”-"! For example, mode splitting can
be used to create two resonant peaks with different frequencies, while mode
hybridization can be used to create new hybrid modes with unique properties
which can be observed as a vacuum Rabi splitting in the emission spectrum.”?
9 There has been lot of research effort on strong coupling of light-matter in F-
P microcavity.5? 70.80-84 The light-matter interaction® inside a Fabry-Pérot cavity
is influenced by the resonant nature of the cavity, which enhances the coupling
between light and the material by modifying the photonic density of states. In
non-resonant conditions, the coupling is generally weaker but can still be

affected by the cavity to alter the local density of states.

These improvements in light-matter interaction, especially the enhancement of
spontaneous emission rates via the Purcell effect, are particularly valuable in
advancing microscopy techniques. The development of sensitive photon
detectors and imaging techniques has enabled investigations at the single-
molecule level where the movement of molecules and the interactions between
molecules can be tracked within cells. Single molecule microscopy also allows
for the observation of dynamic processes in real-time, which is not possible with
ensemble samples where the detected signal is an average of all the molecules

in the sample.86-88

To achieve accurate and reliable results in single molecule experiments, it is
important to consider not only the high-resolution imaging technique but also
the stability of the molecule and the environment in which the molecule is
placed. One extraordinarily photostable sample is NV centers in fluorescing
nanodiamonds. An NV center is a point defect in the diamond lattice where a
nitrogen atom is adjacent to a vacant lattice site. These centers serve as stable

single-photon emitters, offering remarkable photostability and resistance to
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photobleaching and blinking.8%-9' Decreasing the temperature of the system can
significantly enhance the accuracy and reliability of experimental results.
Reduced thermal energy enhances photostability by minimizing
photobleaching fluorophores or emitters. Furthermore, the suppression of
thermal motion and spectral diffusion at lower temperatures contributes to
sharper spectral features and increased measurement precision.%-%4 At low
temperatures, the zero-phonon line (ZPL) becomes well-defined and narrower.
The ZPL corresponds to the transition of an electron between two energy states
without the involvement of phonons. The phonon sidebands are weak and well-
separated from the ZPL allowing for accurate measurements of the phonon

density of states.®5-°7

The experiments and results in this thesis are based on optical microscopy and
spectroscopy with a particular focus on the confocal microscopy technique.
This approach was used to study the impact of light-matter interaction on a
triple-FRET system8-19% within a tunable F-P microcavity at room and cryogenic
temperatures. A tunable microcavity that can be controlled in three axes (X, vy,
z) has been designed and developed to operate in a cryostat. In addition, a
coupled microcavity system’® comprising of a fixed and tunable cavity is used
to achieve strong mode coupling between two cavities, as well as polaritonic
coupling between the cavity modes and the excitons of the TDBC molecules. It
allows for the investigation of the position and quantity of molecules within the

cavity on the coupling and damping parameters of coupled optical systems.

Chapter 1 of this thesis provides an in-depth description of theoretical
background of the interaction between light and matter starting with an
introduction into the principles of fluorescence microscopy, lifetime, FRET, and
TCSPC. The chapter discusses photobleaching and photoblinking of a single

molecule, as well as antibunching.

Chapter 2 introduces the concept of an optical microcavity and its
characterization, including the properties of a Fabry—Pérot microcavity. The
chapter further discusses the coupling of cavity and quantum emitters, including

weak and strong coupling.



Chapter 3 provides a comprehensive overview of the experimental techniques
used in this research, including detailed information on the optical setup, home-
built confocal scanning microscope, cryogenic setup, as well as sample

preparation procedures for the molecules.

Then Chapter 4 describes the confocal scanning microscope setup used to
perform experiments of single molecule imaging and spectroscopy in a multiple

of half a wavelength tunable microcavity at low temperatures < 5 Kelvin.

Chapter 5 then discusses the ability to control triple FRET energy transfer
between three fluorescent dyes embedded within a single polystyrene
nanosphere using the Purcell effect in an optical Fabry-Pérot microcavity. The
microcavity modulates the radiative rates and fluorescence intensities of the
dyes, leading to significant enhancement in the fluorescence intensity of the

second acceptor.

Chapter 6 focuses on using an optical microcavity to study light-matter
interactions, specifically the coupling of a quantum emitter to the optical field. A
coupled harmonic oscillator model is defined to determine the coupling and
damping constants of the system. The study demonstrates strong coupling of
the TDBC J-aggregate film with the coupled microcavities, with the Rabi

splitting of the molecule/cavity hybrid system.

Chapter 7 highlights the potential of merging semiconductor nanocrystals with
molecular aggregates to produce novel optical properties such as dual
fluorescence with oscillating intensity fluctuations. The feedback loop
mechanism in the hybrid thin film of CdSe nanocrystals and aryleneethynylene
aggregates presents a promising avenue for developing nanothermometry

applications.



1.1 Introduction of Fluorescence

Fluorescence microscopy is a powerful and highly sensitive optical technique
that is extensively used in different fields such as biology, medicine, and
materials science. This technique uses fluorescent probes or dyes that emit
light when excited by a specific wavelength of light. Despite the emergence of
advanced imaging technologies, this method remains a critical tool to show the
mysteries of life at the molecular level and offers valuable insights into the

dynamics and interactions of individual molecules.*

One of the main drawbacks of fluorescence microscopy is photobleaching, a
process where fluorescent molecules or probes lose their ability to emit light
after repeated exposure to illumination which leads to limitation of the duration
of imaging experiments. This method requires fluorescent probes with specific
excitation and emission wavelengths, which can limit the variety of probes
available for certain experiments. While conventional fluorescence microscopy
is useful for imaging thin samples, as it has challenges to produce high-quality
images in thicker tissues due to light scattering and out-of-focus fluorescence,?
Confocal fluorescence microscopy offers an advantage by using optical
sectioning, which allows for high-resolution, three-dimensional imaging of
thicker transparent samples. This technique involves scanning the sample with
a focused laser beam, either by moving the sample under a stationary laser
focus (sample scanning) or by scanning the laser focus across the sample
(laser scanning). Confocal microscopy provides multiple advantages including
improved resolution, increased contrast, and reduced background noise. It is
also suitable for imaging live cells and tissues, making it a valuable tool in

biological and medical research.®

1.2 Jablonski Diagram

This chapter outlines the principles of fluorescence emission from excited
quantum emitters (QE), which form the basis of most experiments in this work.

To gain a comprehensive understanding of the light absorption and emission



processes in quantum emitters, such as fluorescent dye molecules, a Jablonski
diagram is provided in Figure 1. The diagram illustrates the various
photophysical processes when a molecule absorbs a photon, it can undergo a
transition from the initial ground state So to a higher vibronic level of excited
states, such as S1 or Sz, if the energy of the incident photon is equivalent to the
energy gap between the initial occupied state and the final unoccupied state.
The energy difference E, between the first electronic excited state and the initial

ground state is also explained as:
Ey = hvg (1)

whereby h is Planck constant and v, is the light frequency. Once the absorption
process is complete, the energy of the excited molecule can undergo various
pathways, as illustrated in the Jablonski diagram in Figure 1. These include
fluorescence, intersystem crossing, vibrational relaxation, internal conversion,

and phosphorescence.
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Figure 1: Jablonski diagram representing the electronic states of a fluorescent
molecule and possible transitions between them (Inspired by?*). Absorption
(green arrow): A transition from the ground state to the excited electronic states
by absorption of a photon. Fluorescence (red arrow): A radiative transition on

the order of nanoseconds by emission of photons. Phosphorescence (purple



arrow): Light emission by de-excitation from triplet states to singlet ground
state. Internal conversion (IC) and intersystem crossing (ISC) as black waved
arrows are non-radiative transitions between the electronic states of the same
and different spin multiplicity, respectively. Vibrational relaxation (dashed black
arrows) is a rapid non-radiative transition to lower vibrational levels within the

same electronic state.

The electronically excited states of molecules can include multiple vibronic
energy levels as shown in Figure 1. As a result, when a molecule is excited, it
can return to a lower energy level by undergoing vibrational relaxation to the 0
vibrational level of S1. Additionally, a non-radiative transition from a higher
electronic state S2 to a lower electronic state S+ can occur through internal
conversion.'% Fluorescence is a radiative transition that involves the emission
of a photon from the first electronically excited levels to the electronic ground
state, which occurs in a timescale of nanoseconds for an organic dye molecule.
Typically, there is a red shift in the fluorescence spectrum relative to the
absorption spectrum, which is referred to as a Stokes shift. This shift is caused
by vibrational relaxation and energy loss that occurs in the excited state after
excitation and before emission of the photon. Another possible de-excitation
process is non-radiative, known as intersystem crossing (ISC), which occurs
between S1 and an isoenergetic vibrational level of T1. In this process, the
excited molecule can move to the triplet state T1 and relax to the lowest
vibrational level before radiatively de-exciting to the ground state as
phosphorescence emission. However, the forbidden transition from T1 to So
leads to a low radiative rate constant for the phosphorescence process and a
long triplet lifetime, which can range from microseconds to seconds, depending
on the molecule.?® An alternative relaxation path to the emission of a photon is

always internal conversion which is non radiative.

1.3 Franck-Condon Principle

The Franck—Condon principle precisely describes the intensities of vibronic

transitions both in absorption and emission. According to the Born-



Oppenheimer approximation, the movement of electrons is faster than the
nuclear movement due to low electron mass. Consequently, during an
electronic transition, the nuclei retain their initial dynamic state, meaning the
nuclear wavefunction does not change during the electronic transition.3 % The
vertical electronic transition shown in Figure 2 is in accordance with the Franck-

Condon principle.
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Figure 2. (a) Franck-Condon principle illustrated for a bi-atomic molecule: The
potential energy is plotted in term of the nuclear with vertical transitions
(Inspired by*). Absorption transition (blue arrow) and fluorescence transition
(green arrow) are shown for ground (So) and excited (S1) states together with

the nuclear wave functions for the energy levels v =0, 1, 2, 3.

High-intensity vibronic transitions can occur from the lowest vibrational level of
the ground state to the upper vibrational level of the lower electronic level when
the overlap of the respective nuclear wave functions is large. Transitions to
other vibronic levels can also occur with lower intensity. The absorption of light
occurs when the energy of the incident photon matches the energy difference



between two electronic states of a molecule.'”” To determine the strength of
coupling between the electronic transition and the electromagnetic field, it is
necessary to calculate the transition dipole moment (TDM) of the molecule. The

TDM of a molecule is expressed as follows:

1¥:) (2)

=>

wip=(vy|

Where ) ; and ¢ ; are the electronic wavefunctions of the initial and final

states, respectively and ji is the transition dipole moment operator. Since the

transition intensity is proportional to the square of the magnitude of the
transition dipole moment |.uif|21 absorption intensity is proportional to

|S (v, Ui)|2’ which is called Franck—Condon factor and quantifies the probability

of a vibronic transition between the initial and final vibrational level in the
electronically excited state. The absorption intensity for vibrational and
electronic transitions is directly related to the degree of overlap between the
nuclear wavefunctions of the upper and lower electronic states. As this overlap

becomes greater, the absorption intensity increases. '’

1.4 Fluorescence Lifetime and Quantum Yields

The fluorescence lifetime refers to the duration a molecule remains in its excited
state before returning to its ground state and emitting a photon.# The decay

constant of excited state S1 is given by:

1 (3)

Ky + Ky

Where 7 is the lifetime and k;, k;, are rate constants for radiative and non-
radiative deactivation from S+ to So, respectively. When a fluorescent molecule
absorbs a photon and is excited, it can either return to its ground state by
emitting a photon through fluorescence, or through non-radiative processes. In
case of de-excitation of a molecule only via radiative decay and neglecting the

non-radiative decay rate, the fluorescence lifetime can be expressed as:
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1 (4)

T =
Ky

The fluorescence lifetime of a molecule is sensitive to the surrounding
environment. Environmental variations such as temperature, solvent polarity,
and energy transfer to acceptors can change the rates of radiative and non-

radiative decay, leading to fluorescence lifetime shortening or extension.

The fluorescence quantum yield* is a fundamental parameter used to describe
the efficiency of a fluorescent molecule in converting absorbed light into emitted
fluorescence. It is described as the proportion of photons emitted via
fluorescence to the number of photons absorbed by the molecule. A high
fluorescence quantum yield indicates a high efficiency of fluorescence
emission, while a low fluorescence quantum yield indicates a high rate of non-
radiative decay. The intensity of fluorescence relies on the quantum yield;
therefore, the fluorescence quantum yield is a fraction of the emitted photons

with respect to the photons absorbed:

number of photons emitted (5)

number of photons absorbed
In form of k3, k;,- can be written as:

Ky (6)
Ky + Ky

¢ =

In principle, the fluorescence quantum yield is affected by a variety of factors,
including the molecular structure of the fluorophore, the solvent environment,
temperature, and the presence of quenching agents. For example, the
fluorescence quantum yield of a molecule can be increased by modifying its
structure to reduce non-radiative decay pathways, or by changing the solvent

environment to reduce collisional quenching.®
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1.5 Forster Resonance Energy Transfer

Forster resonance energy transfer'®® is a widely used technique for studying
molecular interactions and conformational changes. This process was first
described by Theodor Forster in 1948,'% who derived a theoretical model to
explain the distance dependence of the energy transfer efficiency. It involves
the transfer of energy from an excited donor fluorophore to an acceptor
fluorophore in proximity, without the emission of a photon. FRET is based on
the dipole-dipole interaction between the donor and acceptor fluorophores,
which occurs when the emission spectrum of the donor overlaps with the
absorption spectrum of the acceptor. The efficiency of FRET depends on the
distance and orientation between the donor and acceptor molecules, which
should be within a range of 1-10 nm, as well as their spectral overlap between
their emission and absorption spectra.#3 191" FRET can be detected by
monitoring changes in the fluorescence emission of the donor and acceptor
fluorophores, such as changes in fluorescence intensity, lifetime, or
polarization. When energy is transferred from donor to acceptor the
fluorescence intensity of donor decreases while the intensity of acceptor

increases.

FRET efficiency is characterized by the proportion of energy successfully
transferred from the donor molecule to the acceptor molecule relative to the
total energy initially absorbed by the donor. The transfer rate constant K
represents the rate at which energy is transferred from the donor to the acceptor

and is described in detail as an expression of energy transfer:

2\ /9000 (In10 7
KT=<QDK>( (In )).](A) (7)

Tpr® J\ 128w>Nn*

Where Q, and 7, are the fluorescence quantum yield and lifetime of the donor
without acceptor, respectively. n is the refractive index of the matrix. r
describes the distance between donor and acceptor chromophore which is
defined as the center distance of the respective transition dipole vectors. N is
the Avogadro number and k2 denotes the spatial orientation of the respective

transition dipole moments. The orientation factor k2 in equation 8 has to be
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taken into account according to:
k%2 = (cos O — 3 cosOp cos 04)? (8)

Where 0, denotes the angle between blue and brown plane in Figure 3a and is
the angle between the transition dipole moment of donor emission and acceptor
absorption, while ©, and 0, depict the angle of the transition dipole moment of
donor and acceptor, respectively. /(1) is the integral of the spectral overlap
between the absorption spectrum of the acceptor and the emission spectrum
of donor, given by:

JQ) = f Fp(2) g4(1) A*dA 9)
0

Whereas ¢, denotes the absorption coefficient of the acceptor and F, (1) the
donor emission spectrum normalized to the area. To determine the coinciding
eigenfrequencies of donor and acceptor oscillations, this spectral overlap is
necessary. The oscillation generated by the donor can be coupled to the
acceptor and leads to oscillation of the acceptor with its distinct eigenfrequency
when the emission spectrum of the donor overlaps with the absorption
spectrum of the acceptor. In this region, the photons emitted by the donor
possess enough energy to be absorbed by the acceptor. FRET mechanism is

presented in Figure 3b.
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Figure 3. (a) lllustration of the orientation factor k. (b) Scheme of FRET

mechanism and energy diagram of donor and acceptor (Inspired by*).

In Figure 3b, the donor is excited from the ground state So,0 to a higher vibronic
level of the first excited state with a pumping rate Pp and relaxes very fast to
the lowest vibronic level of the first excited state S1p. The donor may relax to
its ground state either with a non-radiative nrp or the spontaneous emission spp
rate. Energy transfer occurs from the donor by the rate Toa to excite the
acceptor to a higher vibronic level of its excited state. Acceptor can relax from
its electronically excited state (S1,) to its ground state (So,a) by non-radiative
(nra) or radiative (spa) decay pathways. This release of the transferred energy
by the acceptor via nra and spa prevents the possibility of energy transferring
back to the donor. In FRET, the dominant mechanism is typically the long-range
dipole-dipole interaction. The energy transfer efficiency is inversely related to
the sixth power of the distance between the acceptor and donor. The efficiency,

nr, of resonance energy transfer is defined as:

RS (10)

r = RS +r®

Where Ry is Forster radius and r is the center-to-center distance of each donor-
acceptor pair. The Forster radius is the distance where the energy transfer
efficiency is 50%, and it depends on the quantum yield of the donor, the
refractive index of the medium, the spectral overlap between donor emission
and acceptor absorption, and an orientation factor.'%® 112 Equation 10
demonstrates that the transfer efficiency is dependent on the distance when
the donor and acceptor distance is near R. Once the value of Ro is known the
rate of energy transfer from donor to acceptor is given by:

1 Ry,
kT_;(T)

(11)

Where 1, is the fluorescence lifetime of the donor in the absence of acceptor.
Transfer efficiency can be measured directly from the relative fluorescence

intensity of the donor with (I, ,) and without acceptor (I, ):
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Ipa (12)

nr=1- E
Or can be calculated by the lifetime:
nr = 1-— T.;A (13)
Tp

In fluorescence microscopy, FRET can be used to visualize molecular
interactions in live cells and tissues, and to investigate molecular interactions,
such as protein-nucleic acid interactions, protein-protein interactions, and
protein-lipid interactions, where the proximity of the donor and acceptor
fluorophores can be influenced by the interaction. FRET is more effective as a
tool for detecting proximity between molecules rather than for measuring exact

distances.*

1.6 Single-Molecule Spectroscopy and Microscopy

A single molecule is not isolated as an individual element of nature, and it can
be covered by neighboring molecules which have an impact on its individual
spectral properties. However, single-molecule spectroscopy can be also useful
to provide information for the local chemical environment. Single-molecule
spectroscopy provides new opportunities to study a wide range of analytical,
chemical, biological, and physical properties and behavior of a single molecule.
In addition, it gives detailed information about the rate of molecular
conformational changes, short-lived or transient states, and rare molecular
events. Single-molecule microscopy uses advanced imaging techniques to
study individual molecules in real time. This is a highly sensitive technique
which makes it susceptible to noise and other sources of interference. This
technique can be time consuming as it requires the acquisition of large amounts
of data to detect, measure and analyze even small changes in the behavior of
individual molecules. The unique feature of single-molecule spectroscopy and
microscopy (SMSM) is that it deviates from the standard ensemble averaging
approach, and it reveals complex fluctuation phenomena that are hidden in

standard ensemble methods. The SMSM technique focuses on the study of
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dynamical fluctuations such as photon counting, spectral diffusion,
antibunching, triplet blinks and quantum jumps, and study of distribution of line

shapes of single molecules at low temperatures.''3

The main challenge of single-molecule measurements is the detection of
molecule's fluorescence signal from the background noise due to the weak
signals. Single molecules can be embedded into a non-fluorescent matrix to
isolate and observe individual fluorophores. Non-fluorescent entities within this
matrix can unexpectedly contribute to the generated background signals
through mechanisms such as light scattering, refractive index modulations, and
subtle chemical interactions that alter the local optical properties and negatively
affect the detection and analysis of the target molecules. Additionally, the origin
of background photons might be from fluorescence or Raman and Rayleigh
scattering impurities and the imperfections in the matrix material. When this
background signal becomes excessively prominent, the signal-to-noise ratio
falls below the detection threshold and distinguishing the emission of individual

molecules can be impossible.3

To accurately distinguish the emission of a molecule from background signals,
it is important to consider the maximum number of detected photons over a
certain time. This estimation can be helpful to set appropriate detection
thresholds and optimize the imaging conditions for improved sensitivity. By
scanning a sample with a focused laser beam, fluorescent molecules undergo
repeated cycles of photon absorption and emission. The emitted photons signal
the presence of the molecule and help differentiate it from background noise.
To understand this process quantitatively, it is necessary to estimate the
maximum number of photons that can be emitted by a molecule. The photon
emission rate of a molecule is limited by its excited-state lifetime. The maximum
number of emitted photons can be approximated by dividing the transit time of
the molecule through the beam by its excited-state lifetime, assuming near-

unity quantum yield.

For example, if a molecule has a transit time of 1 ms through the laser focus
and an excited-state lifetime of 1 ns, it could theoretically emit up to 108
photons. However, the maximum number of emitted photons can be limited by

photobleaching effects to around 10°. To maximize the detection of emitted
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photons and minimize background noise, it is important to use optical systems
designed with high numerical aperture.* Therefore, to mitigate the background
issue, the most straightforward approach is to minimize the background signal
by reducing the detection volume and using highly cleaned substrates (see
section 3.6). Thus, a critical prerequisite for ensuring accurate and reliable
measurements in single-molecule spectroscopy is to minimize the influence of
undesirable neighboring molecules by restricting the sample volume. Due to
the inherent large sample volumes of cuvette-based methods, this technique is
unsuitable for single-molecule spectroscopy. In such a setting, a single dye
molecule is surrounded by a substantial number of solvent molecules. While
the solvent molecules themselves generally do not produce significant
background signals, impurities within the solvent can introduce unwanted
background noise, potentially affecting the fluorescence of the molecules of
interest. To achieve a minimal detection volume, the molecules can be located
in a thin polymer film, which greatly restricts the sample volume along the axial
direction and using confocal microscopy to block out-of-focus light and confine
the detection volume to the optical diffraction limit. For instance, when
considering a surrounding matrix with an average thickness of 50 nm and
assuming a molecular size of approximately 1 nm3, the focal volume contains
approximately 1 to 5 million molecules. To have a reasonable signal-to-noise
ratio and successfully detect a single individual molecule among a million, the
molecules of matrix should not absorb or emit at the excitation wavelength of
samples molecules. In addition, the results of the fluorescence quantum yield
and the absorbance cross-section values at the excitation wavelength of the
single molecule must be high enough to be detected by detector. This
requirement can be achieved by using ultrapure transparent polymers such as

polyvinylalcohol (PVA) or polymethylmethacrylate (PMMA)."06

1.7 Time-Correlated Single-Photon Counting (TCSPC)

The principle of time-correlated single-photon counting® is to record the arrival
time of photons emitted by a fluorescent molecule in response to a short pulse
of excitation light. TCSPC counts the single emitted photons in time intervals
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correlated to the excitation laser pulse. This method is based on a short pulse
laser with a high repetition rate and precise time acquisition of single emitted
photons with a sensitive single-photon detector. The detection system of
TCSPC consists of a single-photon detector and a time-to-digital converter
(TDC) circuit. The TDC circuit records the arrival time of each photon. The
detected photons create a waveform which is a distribution of the photon
probability over time in the detector. This waveform is like a decay curve and
by fitting the decay curve to a theoretical model, the fluorescence lifetime of the
molecule can be determined with high precision.® The principle of TCSPC

shown in Figure 4.
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Figure 4. Principle of the TCSPC technique. Each period shows the detection
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of single photons corresponding to the original waveform. The bottom
histogram aggregates the detected photons over many periods, illustrating the

photon counting statistics and reconstructing the original waveform (Inspired
by?3).

The detector signal in TCSPC comprises of a series of distributed pulses which
are related to the detection of individual photons. Numerous periods are in the
signal with no photons, while other periods contain only one photon pulse.
When a photon is detected, the corresponding time of the detector pulse is
recorded. Therefore, detection of two or more photons in a single interval is
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unlikely. By detecting numerous photons in different periods, the histogram of
detection times is accumulated in the memory, resulting in the formation of the
waveform of the optical pulse. Time resolution in TCSPC systems is determined
by the transit time spread (TTS) of the single-photon pulses, which is much
narrower—by a factor of 10—compared to the single-photon response of the
detector. Therefore, the instrument response function (IRF) has a much
narrower pulse width than the single-photon response. Fast time recording and
no loss of photons are two important features of TCSPC, which lead to high
photon efficiency in fluorescence lifetime measurements. TCSPC modules
have several advantages such as high sensitivity to detect photons emitted by
a single molecule and have a wide dynamic range to measure fluorescence

lifetimes from picoseconds to microseconds.

1.8 Photobleaching and Photoblinking of a Single Molecule

In fluorescence microscopy, a high-intensity light source excites fluorophores
within the sample, leading to the emission of fluorescent. However, prolonged
light exposure and absorption by the molecule can result in a photochemical
reaction, causing structural changes and subsequent loss of fluorescence. This
process is known as photobleaching. The photobleaching effect of a single
molecule refers to the loss of fluorescence intensity over time as a result of a
photochemical reaction. The loss of fluorescence can lead to difficulties in
tracking individual molecules over time or in obtaining accurate measurements
of molecular interactions. Photobleaching is a major concern in fluorescence
techniques, as it can cause irreversible damage to the fluorophore. This
phenomenon occurs due to the interaction of the excited fluorophore with
molecular oxygen or impurities in the solution, resulting in a reduction of the
fluorescence intensity of the fluorophore over time. Some fluorophores are
more susceptible to photobleaching and can only undergo a few excitation and
emission cycles before degrading, while others are more robust and can

tolerate thousands or even millions of cycles.
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Photobleaching can be mitigated by optimizing experimental conditions, such
as reducing the intensity and exposure duration of the excitation light to
minimize photo-induced damage, using fluorophores with higher photostability,
or performing experiments in an inert atmosphere, such as nitrogen or argon.
Additionally, some single molecule techniques, such as single-molecule Forster
resonance energy transfer, take advantage of the photobleaching effect to

determine the presence or absence of specific molecules in a sample.

Photoblinking is a phenomenon where a fluorescent molecule switches
between "bright" (on) and "dark" (off) states during continuous excitation. In the
bright state, the molecule emits light as electrons in the fluorophore occupy the
singlet excited state S1 and undergo normal fluorescence cycles of absorption
and emission. In contrast, in the dark state, the molecule does not emit light as
electrons enter long-lived non-fluorescent states. This can occur due to various
processes such as transitions to triplet states, conformational changes, or non-
radiative decay pathways. An important mechanism for fluorophore blinking is
intersystem crossing from a singlet excited state to a triplet state. For an
ensemble with a total number of fluorophores S; the fluorescence intensity is
proportional to the population of the S1 state which can be described by

following kinetic equation:3

S = ol,St _ 10l St (14)
1= — = .
1+ al,(1+ 'llilsc) 1 +§—e
ph s

The rate of excitation is directly proportional to both the cross-section for
absorption o and the excitation intensity I,. The intensity of the S; population
shows a hyperbolic dependence on I,.> The dependence of S1 on the rate

constants is the steady-state solution of these equations.

1.9 Antibunching

The antibunching experiment is designed to investigate the statistical properties
of photon emission from individual emitting species, such as single molecules

or quantum dots. This is typically achieved by isolating a single emitter and
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controlling the rate at which it emits photons. The radiative lifetime of a
transition () is the duration it takes for a photon to be emitted after the initial
photon emission, resulting in a time interval between successive photon
emissions. The second-order correlation function g%(t) offers an approach to
classify light, as antibunched light when the photons emit with regular time
intervals. This is investigated via Hanbury Brown-Twiss experiments in 1950s.
The observation of antibunched light is convincing proof of the quantum nature

of light. The normalized second correlation function is defined as

2(1) = (It + 1)) (15)
g 1wy

where I(t) is the intensity at a time t and the intensity at the time (t + 1) is
I(t + 7) and the time interval T can be positive or negative. The brackets stand

for time averaging over a timespan that is much larger than t.

If T = 0, therefore

_u®? (16)

2
9O = Gy

For an intensity signal that consists of single photons, three different cases

have to be considered:

For the photons arrive at the detector in bunches g2?(0) > 1, for coherent light
g2(0) = 1 consistent with classical results. It is important to note that a single
molecule emits only one photon at a time. If the molecule is re-excited
immediately after the first photon has been detected, the fluorescence lifetime
must pass before the second photon will be detected, hence for antibunched
light

g*(0) <1, (17)

and
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g%(0) < g*(». (18)

Figure 5 shows the Hanbury Brown—Twiss (HBT) experiment, where a photon
stream is directed onto a 50% beam splitter and detected by two single-photon
counting detectors. The numerical analysis evaluates the temporal correlation
between the recorded arrival times. It is crucial to mention that using two
detectors is a common practice to compensate for the detectors' dead times
following the photon-counting procedure. The correlation between photon
arrival times allows for the calculation of the probability of detecting a photon
by two detectors within a specific time period (t + 7). When t = 0, the probability
for a single emitter drops to zero, making it impossible to detect photons
simultaneously in both detectors. By correlating the photon arrival times in both
detectors, a zero correlation at a specific time t can be observed, which
represents the zero probability of detecting two photons in that time. A zero
correlation is typically anticipated for a single molecule, which is shown with a
dip in the correlation curve. The presence of dark counts created by the noise
of electronic devices and detectors, produces random photon-counting events.
Consequently, the g2(7) curve may not reach zero at t = 0. Theoretical results
of antibunching are shown in Figure 5b and 5c, respectively for continuous
wave laser and pulsed laser excitation. To prove the detection of a single
molecule a value of g?(z) <0.5 is commonly accepted as evidence which is
shown as a dip in Figure 5b for a single molecule represented by the blue line.
By increasing the number of molecules to 5, second-order correlation function
g?(z) increases up to 0.8 (green line). Pulsed excitation results in a series of
correlation peaks in which the height of the peak at the center depends on the

number of molecules in the focal area.%®
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Figure 5. (a) Schematic of the Hanbury Brown—Twiss (HBT) experimental setup
(Inspired by®®). The signal of a single photon source is split into two beams of
equal intensity using a beamspilitter, and the resulting beams are directed to
two single-photon detectors (Detectors 1 and 2). The signals from these
detectors are then processed by a counter/timer to measure the time delay
between detected photons. (b) Theoretical results of Hanbury Brown—Twiss
(HBT) experiment. Second-order correlation function g2(t) versus time delay
for continuous wave (CW) laser excitation. The curves correspond to different
numbers of emitters (n = 1, 2, 5), showing a dip at zero-time delay indicative of
photon antibunching. A single emitter (n = 1) exhibits the most pronounced
antibunching effect. (c) Second-order correlation function g2(r) versus time
delay for pulsed laser excitation. The periodic peaks correspond to the
repetition rate of the pulsed laser, with the zero-delay peak significantly
reduced, demonstrating the antibunching characteristic of the single photon

source.
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Results and Discussion

2. Light—Matter Interactions via Optical Cavity at Room and Low
Temperatures

2.1 Light—Matter Interactions

Resonant light-matter interactions occur when a single molecule is illuminated
by a light beam with a frequency that matches one of its natural frequencies.
To simplify the analysis of these interactions, the two-level molecule
approximation is often used. This approach focuses on the resonant interaction
by considering only the two energy levels involved in the optical transition, while
neglecting other off-resonant energy levels due to their weak coupling with the
light.

At resonance, the light's frequency matches the molecule's natural transition
frequency, leading to strong dipole oscillations and maximizing the probability
of photon absorption and subsequent emission. In contrast, when the light's
frequency significantly deviates from the molecule's natural transition
frequency, the induced dipole oscillations are weaker, reducing the interaction
strength and thereby decreasing the efficiency of energy transfer.
Understanding resonant light-matter interactions is crucial to comprehend
phenomena such as Rabi oscillations and absorption transitions which are

described more in detail later in this chapter.®

An interesting system for studying light-matter interactions is optical cavities.
An optical microcavity consists of two highly reflective mirrors, either dielectric
or metallic, positioned parallel to each other at a small distance, creating a high
density of electromagnetic modes in this confined space. This configuration
significantly enhances light-matter interactions, making it an effective platform
for amplifying these typically weak interactions that occur in free space. When
matter is placed inside the cavity, the light beam bounces back and forth,
resulting in a coupling between the light field and the matter. This discipline is
known as cavity quantum electrodynamics (cQED), and it has significant
implications in many areas of research, including quantum optics, and

spectroscopy. '
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2.2 Characterization of Microcavity

An optical cavity consists of optical components designed to create a closed
pathway for light, enabling it to resonate within the cavity. This resonant
behavior allows the cavity to selectively enhance the intensity of certain
wavelengths of light while suppressing others. The design typically involves two
mirrors that reflect light back and forth, creating constructive interference for
specific wavelengths that match the cavity's resonant frequencies. The simplest
type of cavity is a planar cavity, consisting of two plane mirrors M7 and M2
separated with cavity distance Lcav and reflectivity R7 and R2. In a planar cavity,
the two mirrors are aligned parallel in front of each other, which allows the
incident light beam to travel between the mirrors inside a medium with refractive
index n and create multiple-beam interference. When the light with a particular
wavelength 1 is incident from one of the end mirrors, the planar cavity acts as

a Fabry-Pérot interferometer. Figure 6 shows an example of a planar cavity.

R1
A
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Figure 6. The planar cavity acts as a Fabry—Pérot interferometer when light of

-

cav

* M2

wavelength A is incident in M1 mirror (Inspired by®).

A microcavity uses two parallel dielectric interfaces, such as mirrors, to
manipulate light effectively. In a typical configuration, a light beam is directed
at these interfaces at a small angle. This setup can be created using two parallel
glass substrates coated with silver, commonly referred to as a Fabry-Pérot
microcavity. In this setup, light bounces back and forth between the two mirrors,
with the cavity length L.,, determining the distance over which the light

undergoes multiple reflections. The optical path length difference between the
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two reflecting surfaces is expressed by:
AS = 2L g\ N? — sin?a (19)

where n is the refractive index and L., is the distance between two surfaces
and «a is the angle of incidence beam. The difference in path length between
two reflected beams can result in a phase difference. The phase difference is
calculated by:

2mAS
Q= 7 + Agp (20)

where the additional phase shift Ap may occur due to reflections.

By neglecting the scattering loss and absorption, the intensity of reflection I,

and transmission I is equal to I + I = I,

Fsin? (%) (21)

Ip =lp———=
1+F sinz(%)

1 (22)

Iy =lfj—————
1+F Sinz(%)

and coefficient of finesse F is given by:

4./R,R, (23)

F=—/Y <
(1 - JRiR,)?

A calculated transmission spectrum of a Fabry-Pérot cavity is represented in
Figure 7. The free spectral range 6v is defined as the spectral distance between

two adjacent intensity maxima,

Sy =— = - . (24)
AS  2L.q,Vn? — sin2a

If the incidence angle is equal to zero the free spectral range is:

_ ¢ (25)
ov = 2nL;qy
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The finesse can also be expressed by a ratio of the free spectral range 6v and

the full width at half maximum Av of a cavity transmission peak.'"®

ov m 26
F=n-2'F >
The finesse of a cavity formed by ideal plane-parallel mirrors is primarily
influenced by the reflectivity R of its surfaces. However, there might be slight
deviations from an ideal plane and inclinations between the surfaces, leading
to a decrease in the total finesse and causing an amplitude reduction and
broadening of the transmission maxima. Therefore, to achieve a high finesse
in microcavity, it is essential to optimize key parameters such as high mirror
reflectivity, precise parallel alignment of the reflecting surfaces, and maintaining

optimal optical surface quality of an empty microcavity.

The resonance condition occurs when the round-trip phase is equal to 2mm or
the cavity length L., is proportional to m as an integer number of intracavity

half wavelengths:

Leqy = mA/2n (27)
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Figure 7. Transmittance of a Fabry—Pérot interferometer with different mirror

reflectivities as a function of phase difference (¢) (Inspired by®®).

This figure shows the transmission spectrum as a function of the phase ¢ for
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different reflectivity values R of a Fabry-Pérot cavity. The sharpness of the
transmission peaks increases with higher reflectivity, as demonstrated by
narrower linewidths for larger R values (e.g., R = 0.98). The distance between
adjacent peaks corresponds to the free spectral range 6v, which is independent
of R.

The light modes that are compatible with the resonance condition can be
selected by the cavity and called resonant modes. The resonant mode shows
higher intensity by a factor of 4/(1 — R) and non-resonant modes suppressed
the intensity by a factor of (1 — R) compared to the intensity of incoming beam.
From equation 28, the spectral width Aw of the resonant modes is calculable

as:

e 28)
Aw = (
@ NnFL.qp
Another parameter that influences the width of resonant mode is the photon

loss rate in the cavity, which is related to the reflectivity of the cavity mirrors and

other sources of optical loss. Photon decay rate k is defined as:

1 (29)

TCCl‘U

K =

This statement is related to the quality factor of an optical cavity. The Q-factor
is a measure of the ability of the cavity to store light energy. A high-Q cavity can
store light energy for longer periods of time, which leads to narrow and sharp
resonant modes. The quality factor of the cavity given by the resonance

frequency over its linewidth is defined by:
w
0 =2 (30)
The mode frequencies can be tuned by changing the cavity length e.g. by
moving one of the mirrors with a piezoelectric. The emission properties of

molecules in the cavity are significantly influenced by the properties of the

resonant modes.%8
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2.3 Coupling of Cavity and Quantum Emitters

When a molecule is placed inside an optical cavity, it can interact with the cavity
modes by absorbing photons and emitting them through radiative processes.
This interaction leads to two possible coupling regimes: weak coupling and
strong coupling. To achieve resonance, the cavity can be tuned until one of its
resonant modes matches the transition frequency of the molecule. The
interaction for a two-level molecule with a single cavity mode is described by
the Jaynes-Cummings Hamiltonian:'16. 117
hw 1
H = hw.ata + Taaz + hgo(ato_ + ao,) (31)

where w, is the frequency of the cavity mode, atand a are the creation and

annihilation operators for photons in the cavity mode, respectively, w, is the

1 0
0 -1

representing the energy difference between the excited and ground states,

transition frequency of the molecule, the g, =( ) is Pauli z-operator

while o, and g, are associated with operations that involve superposition states

and are orthogonal to a,. 0_ and g, are the lowering and raising operators that

describe the transitions between the excited and ground states.

The electric dipole interaction sets the magnitude of the interaction energy,

denoted as AE, between the molecule and the vacuum field within the cavity.
AE = |u12€vac| (32)

where the value of yu,, represents the electric dipole matrix element of the
transition and ¢,,. the magnitude of the vacuum field. Molecule-cavity coupling
strength g, depends on the orientation of the electric dipole moment of the
molecule, the angular frequency the cavity mode w, and the mode volume of
the cavity V:

20 (33)

$o = (260 AV,
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The strength of the interaction between the molecule and cavity can be
determined by the photon decay rate of the cavity, the molecule-photon

coupling, and non-resonant decay rate of the molecule.

2.4 Weak and Strong Coupling

The weak and strong coupling regimes can be distinguished by comparing the
respective coupling rates between the molecule and the optical cavity mode to
the rate of dissipative losses of the cavity. In the weak coupling regime, coupling
strength g, < (x,y) is smaller than the photon decay rate of the cavity x and
the non-resonant decay rate y. Consequently, the losses of the system or
dissipation of energy in the cavity are the dominant mechanism. In the weak
coupling regime, the loss of photons from the molecule-cavity system occurs
more rapidly than the emission and reabsorption of photons, leading to
irreversible light emission from the molecule within the cavity. When a quantum
emitter is placed inside a microcavity, it interacts with cavity modes. This
interaction can enhance the emission of photons into specific cavity modes
through Purcell effect,'%® which is the modification of the spontaneous emission
rate of the emitter due to the presence of the cavity.''® In strong coupling regime
g0 > (k,v), the coupling strength is much larger than the losses in the cavity
and there is a significantly faster photon-exchange between the molecule and
the cavity mode than irreversible processes.’%'?! In the strong coupling
regime, the emission of a photon by the molecule becomes a reversible
process, as the photon can be reabsorbed by the molecule prior to its loss from

the cavity.

Perturbation theory can be used to analyze the interaction between the
molecule and the cavity. This typically involves calculating the emission rate of
the molecules in free space using Fermi's golden rule and then determining the
modified rate when the molecule is resonantly coupled to a single mode of the

cavity.

The primary influence of the cavity is due to the modification of the photon
density of states, either through enhancement or suppression of the radiative

30



emission rate compared to free space. Fermi's golden rule expresses the

transition rate for spontaneous emission in free space and can be written as

We = ui, w? (34)
free = 3meohcd’

where p12 is the molecular transition dipole moment, w is the angular frequency
of the transition, ¢, is the permittivity of free space, # is the reduced Planck's

constant, and c is the speed of light. The transition rate in a cavity is

_ 20, L, Aw? (35)
cav EOhVO 4‘((1)0 - (DC)2+AU)C ’

where the angular frequency of the cavity mode is w, and linewidth is Aw,, the
frequency of the molecular transition is w,, ¢ is the normalized dipole
orientation factor, representing the alignment between the molecular dipole
moment and the cavity field, Q is the quality factor of the cavity and, V, is the
effective mode volume of the cavity. At exact resonance and with the dipoles

orientated precisely along the field direction, the Purcell factor'?? F, is defined

by:

F, = 220 (36)
The Purcell factor is a useful parameter for describing the influence of the cavity
on the optical transition of a molecule. If the Purcell factor is larger than one, it
indicates that the spontaneous emission rate is enhanced by the cavity, while
a value of F, < 1 leads to suppression of the spontaneous emission.'® To
Achieve a large Purcell factor one requires the use of high-Q cavities with small
modal volumes, as well as a close match of the orientation of the field of the

cavity mode with the molecular transition dipole moment.

In the strong coupling regime, it is essential for the molecule-cavity coupling
rate g, to exceed both the cavity decay rate and the non-resonant decay rate
of the molecule. This creates reversible interaction between photons in the
cavity mode and the molecule. It means that the emission of photons into
resonant mode, bouncing back and forth between mirrors and reabsorption by

31



the molecule is faster than the photon loss rate in the cavity. This interaction is
characterized by the exchange of energy between the molecule and the cavity
mode, leading to the oscillation of the system between two states which are
known as Rabi oscillations. A strongly coupled system, where the molecular
transition frequency matches the cavity resonance, can be modeled as a pair
of damped classical harmonic oscillators. The equation of motion of two

oscillators can be,24-126

X1(1) + y1%1(8) + 07x1 (1) + gox2(t) = 0 (37)

X (1) + ¥242(t) + w3x,(t) + gox1 (1) = 0 (38)

where y and g, are the damping and coupling constant of the coupled system,
x; and x, are the displacement, x¥; and x; are the velocity, x; and x, are the
acceleration, w1 and w2 are the natural frequencies of the first and second
oscillators, respectively. Two harmonic coupled oscillators with natural
frequencies of uncoupled oscillators and coupled strength Q are shown in

Figure 8a.
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Figure 8. (a) System of two strongly coupled mechanical pendulums (Inspired
by'?6). Two harmonic coupled oscillators with coupling strength Q where w;
and w2 denote the natural frequencies of the uncoupled oscillators. (b)
Transmission intensity of a Fabry-Pérot cavity with molecules between two

mirrors as a function of detuning the cavity resonance frequency without (blue
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dashed line) and with (black line) emitters in the cavity. The magnitude of
splitting increases proportionally with the square root of the number of emitters
in the cavity. (c) Energy dispersion as a function of detuning A between the
emitter and cavity resonances. The energy of the excited state of the molecule
without coupling (g, = 0) is represented by the horizontal dashed lines, while
the energy of a photon resonant with the cavity in the absence of coupling is
shown as the diagonal dashed line. The energy levels coupled system g, > 0
are depicted by the green lines. The energy splitting at zero detuning is

approximately 2g,.

The interaction of the two coupled oscillators leads to splitting of the modes
which can also be observed in the molecule-cavity system when the frequency
of the tuned resonator approaches the constant frequency of the molecule,
forming two new hybrid states, known as polaritons.'?”- 26 These polaritons
exhibit a splitting in their energy levels, known as Rabi splitting. Figure 8b
shows the spectral response of the system under weak and strong coupling
conditions. In the weak coupling regime, a single peak in the transmission
spectrum corresponds to the individual resonance frequency of emitters in the
cavity. In the strong coupling regime, the interaction between the emitters and
the cavity at resonance frequency results in the splitting of the spectral peak
into two distinct peaks, referred to Rabi splitting. The Rabi splitting is
proportional to the strength of the coupling between the emitter and the cavity

mode, and the energy levels are given by:6. 126

Ex=h <§i O+ 902>- 9

Where A is the detuning between the cavity resonance frequency and the

emitter's transition frequency.

Energy dispersion as a function of detuning between the emitter and cavity
resonance is shown in Figure 8c. In the weak coupling regime (black dashed
lines), the energy levels of the emitter and the cavity remain independent,
crossing each other linearly as the detuning changes. In the strong coupling

regime (green solid lines), the coupling strength g, between the emitter and the
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cavity is larger than the decay rates of the emitter and cavity. This results in an
anti-crossing behavior. The magnitude of energy difference on the resonance

for A= 0 is equal to:
AE,q. = 2hgy, (40)

Observing vacuum Rabi splitting from a single molecule is highly challenging.
The number of molecules in the cavity can influence whether the system
operates in a weak or strong coupling regime. In general, single molecule
systems are in the weak coupling regime, especially when there is a significant
loss rate to non-resonance modes. However, when N molecules are resonantly
coupled to a cavity mode, the vacuum Rabi splitting scales proportionally to the

square root of N:
AE,qc(N) = VN + AE,q, (41)

The strong coupling regime refers to the situation where the interaction
between a molecule and a cavity mode is comparable or stronger than the rates
at which energy is lost from the system. In terms of classical oscillators, this
can be explained as the damping coefficients are smaller than the coupling
strength where the oscillators exchange energy back and forth without
significant loss. In practice, damping mechanisms, like spontaneous emission,
limit the observation of Rabi oscillations. During damping processes, the
excited state of a molecule spontaneously decays to lower energy levels,
causing the loss of coherence and leading to permanent interruption of Rabi
oscillations. Furthermore, for effective interaction between the molecule and
the cavity mode, the absorption and emission wavelengths must match. A
mismatch in these wavelengths prevents efficient energy exchange, making it

difficult to observe Rabi oscillations.

2.5 Temperature-Dependent Molecular Spectroscopy

Spectroscopy at room temperature is a highly demanding technique to use for

many researchers compared to cryogenic spectroscopy due to the high cost

34



and complexity of cryogenic systems. Room temperature setups are simpler,
avoiding the need for expensive equipment like cryostats or liquid helium. They
are also easier to maintain and enable researchers to perform experiments
efficiently without delays from cooling and warming cycles in cryogenic
systems. However, to observe the frozen molecular folding, this investigation
must be done at cryogenic temperatures. At higher temperatures, molecules
experience faster vibrational and rotational dynamics, which can lead to
additional broadening of spectral lines. However, when molecules are
embedded in the solid host, rotational motion is largely restricted due to spatial
constraints imposed by the host matrix. These effects make it difficult to resolve
closely spaced spectral lines and obscure fine spectral details. In contrast, at
very low temperatures, molecular vibrations of the dye molecule and vibrations
of the matrix molecules surrounding the dye molecule are significantly reduced,
leading to sharper spectral lines that better reflect the intrinsic excited-state
properties. In addition, at very low temperatures, some molecules undergo
spontaneous phase transitions which means that the structure of their local
environments changes significantly associated with a reduction of thermal
energy leading to shifts of their energy levels, impacting factors like emission
spectra, fluorescence intensity, and lifetime. This result in frequency shift of the

transition for excitation and emission spectra.8 129

Interaction of molecules and phonons determines the shape of the vibronic
bands. A zero-phonon line with a broad phonon wing (PW) form the emission
profile of each vibronic band.'®® The ZPL and PW for the emission of a single

fluorophore is shown in Figure 9a.
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Figure 9. (a) A single emitter's line shape which includes a ZPL and a PW. (b)

The temperature dependence of the electron-vibrational band (Adapted from®)

The ZPL shown in Figure 9a is a narrow spectral peak that corresponds to the
emission of a photon without any accompanying phonons, while the PW is a
broad spectral feature that corresponds to the emission of a photon with one or

more accompanying phonons.

Figure 9b shows the relationship between temperature and a uniform spectral
band. It is important to observe that the zero-phonon line quickly vanishes as
the temperature rises, and beyond 100 K the entire band can be effectively
represented by a single Gaussian profile. In molecular transitions, the ZPL
corresponds to electronic transitions without changes in phonon number, while
PWs result from transitions involving the creation or annihilation of phonons.
The strength of electron-phonon coupling determines the relative intensities of
the ZPL and PWs. Strong electron-phonon coupling enhances the PWs relative
to the ZPL, while weak coupling results in a more prominent ZPL. It is important
to note that the presence of the ZPL doesn't indicate weak electron-phonon
coupling; rather, the relative intensities of the ZPL and PWs reflect the coupling
strength.%® The intensities of the ZPL and the PW are related by the Debye-
Waller factor (DWF) which is a function of both temperature and crystal

structure. The Debye-Waller factor is expressed as:

1
DWF = ZPL (42)
Ipw + Izpy,

Where Ip, is the intensity of the zero-phonon line and I,,, is the intensity of the
phonon wing. The range of Debye-Waller factor is from 0 to 1. At higher
temperatures, the movement of the molecules in the crystal lattice increases,
which leads to a reduction in the intensity of the ZPL relative to the phonon wing
and in the Debye-Waller factor.'30 131 This factor describes the effect of thermal
vibrations on the intensity of a spectral line. For a dye molecule embedded in a

solid host at low temperature the spectral line profile can be described as:
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S = Izp,DWF + Ly, (1 — DWF) (43)

A sample with a crystal structure is a perfect system to observe ZPL in the
emission spectrum. When chromophores are embedded in a well-ordered
crystal lattice with minimal integration defects and weak coupling between the
chromophores and the host matrix at low temperatures, the fluorescence
spectrum represents a high intense and sharp ZPL with narrow linewidth and
suppressed phonon wings. Weak coupling leads to suppression of phonon
wings and reduction of the probability of collective vibrations of host matrix and

chromophore.

3. Materials and Methods

Two optical setups are used, one for room temperature and another for low
temperature measurements. Although the low-temperature setup enabled the
experiment to be performed at room temperature, it required the sample to be
placed inside the cryostat and required the use of the air objective lens with
limited numerical aperture. Conversely, the room temperature setup permitted
the use of an oil immersion objective lens with a higher numerical aperture and

allowed for the sample to be in an ambient environment.

The chapter also outlines the methods used to prepare the appropriate samples
for measurements, to design a tunable microcavity in a cryostat, and to
fabricate, measure, and evaluate the multiple coupled cavities. This information
is crucial for readers to understand the experiments conducted and the validity

of the research findings.

3.1 Confocal Scanning Microscope (Room Temperature Setup)

Confocal microscopy offers significant advantages compared to the
conventional wide-field microscopy, by providing higher axial (z-axis)
resolution, improved contrast, and the ability to image thicker transparent
samples. By applying spatial filtering with a pinhole to eliminate out-of-focus
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light, it produces in-focus images through optical sectioning, resulting in
enhanced axial resolution and improved image quality. This method is based
on the integration of a pinhole aperture in the detection path and a laser. In a
confocal laser microscope, a laser beam is focused by an objective lens to a
diffraction limited focal volume on the specimen. The emitted light from the focal
volume is then re-collected by the objective lens, and the pinhole aperture
placed in the detection path allows only the photons emitted from the focal
volume reach the detector while blocking out-of-focus light coming from the
other planes of specimen. To capture high-resolution images of molecules, the
focus of the laser beam may be held at a fixed position and the sample is
scanned point-by-point. This allowing to generate images that show the
distribution of detected photon intensities at different locations in the sample.
For single molecule spectroscopy the dye molecules are fixed in a transparent,
non-fluorescent medium, and the concentration of the dye molecules has to be
very low, such that on average only one dye molecule is present in the focal

volume.

The emitted photons that pass through the pinhole are detected by a photo
detection device such as an avalanche photodiode (APD) or a
spectrophotometer with a CCD-camera. The APD converts the detected
photons into electrical pulses that are counted by a computer while the
spectrophotometer records spectral information of fluorescence. The APD can
also be used to acquire time-resolved fluorescence decay curves and spatial
intensity mapping images. Each pixel in the resulting image is a representation
of the detected photons emerging from the focal volume of the sample. The
whole image is captured pixel-by-pixel and line-by-line as the sample is

scanned in the x-y direction from the different planes in the z-axis.

A typical home-built confocal scanning microscope which is used for room

temperature measurements in this thesis is represented in Figure 10.
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Figure 10. Schematic of the room temperature setup: The microscope is
equipped with a scanning stage for sample scanning measurements, air and
oil objectives and three laser sources coupled into the excitation path. The
detection path contains a pinhole aperture, beam splitter, two APDs and a

spectrometer with a CCD-camera.

The setup consists of three laser sources, each with different wavelengths
coupled into the excitation path. The first laser has a wavelength of 488 nm
(Pulsed, PicoQuant D-C-485), the second one has a wavelength of 530 nm
(pulsed/CW, PicoQuant LDH-P-FA-530L) and the third one is a CW HeNe laser
with 630 nm. The configuration of telescope lenses is used to increase the size
of the excitation beam to match the back aperture of the objectives. Two oil
(63x, NA = 1.46, Carl Zeiss) and air objectives (40x, NA = 0.6, Edmund Optics)
are used for the experiments. The scanning piezo stage (P-527.3CL, Physik
Instruments) is used to scan the specimen in both the x and y directions. The
fluorescence light is recollected by the objective and then directed to a 50:50
cubic beam splitter (Thorlabs) and a 50 um pinhole aperture (Thorlabs). From
there, the light is split equally and sent to either the spectrometer (SP-2500i,
Princeton Instruments) or APDs (SPCM-AQR-14, PerkinElmer). This APD has
a detection range from 400 nm to 1060 nm, with a photon detection efficiency
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of 65% at 650 nm. These APDs offer a maximum dark count rate of 100 counts
per second (c/s) and feature a dead time of 32 ns, making them well-suited for
high-sensitivity photon detection. To detect and measure the arrival time of
single photons for single molecule measurements, a Time-Correlated single
photon counting module (HydraHarp 400, PicoQuant) is connected to the APD.
TCSPC module works by measuring the time delay between the excitation
pulse and the emitted photon pulse which is then used to calculate the
fluorescence decay curve of the sample. The TCSPC module achieves time
resolutions down to a few tens of picoseconds by measuring the arrival time of
the emitted photons with respect to a reference signal. The recorded photon
arrival times are binned into a histogram, which represents the distribution of
photon counts as a function of time delay. The histogram is then fitted to a
mathematical model, typically a mono-exponential or multi-exponential decay

function, using a nonlinear least-squares fitting algorithm.

To assess histograms of photon arrival times for fluorescence lifetime
measurement, various crucial factors must be taken into account such as the
repetition rate, the laser pulses, the pulse duration, the time resolution of the
TCSPC module, and IRF. When the histogram displays mono-exponential
decay behavior, it is very likely that it corresponds to a single fluorescent
molecule and can be represented by the convolution of the IRF with a mono-
exponential function. However, for single molecules within an inhomogeneous
environment or more complex systems, the decay behavior may require

modification like multi-exponential decays.3

Two short-pass filters with the cutoff wavelength shorter than emission
wavelength of molecules are necessary to use before APDs in antibunching
measurements to reduce the amount of background signal. The recorded data

are evaluated with SymPhoTime 64 software (PicoQuant).

3.2 Cryostat

The Interior of an open-loop bath cryostat (SVT-200-5, Janis, USA) used in this

work are shown in Figure 11. The central part of the cryostat is the sample tube,
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where the sample is placed for cooling and experimental measurements. The
tube provides thermal isolation and is designed for minimal heat conduction.
This tube is surrounded by a helium reservoir, shown in light blue. Liquid helium
(LHe) is stored here to cool the sample to extremely low temperatures. The
dark blue region represents the liquid nitrogen (LN2) compartments, which
provide additional cooling. Liquid nitrogen is used to pre-cool the system before
helium is used, reducing the consumption of more helium. These three
compartments are separated from each other by high vacuum to minimize
thermal conductivity and maintain low temperatures. All components are
mounted within a cylindrical steel container that protects the system from
atmospheric pressure. At the bottom, optical access to the sample is provided
through optical windows, allowing for spectroscopy or imaging experiments.
There is a ventilation port near the helium reservoir to safely release excess
gas pressure. This is a critical feature to prevent over-pressurization during

operation.

The range of temperature in this bath cryostat is adjustable from 2.17 Kelvin to
the room temperature. There are also two important reservoirs inside the
cryostat for LHe and LN2 to decrease the temperature to 2.17 K. Two sensors
are used to control the temperature, one for helium reservoir and another one
(DT-670-SD, Diode sensor, Lake Shore Cryotronics) is placed very close to the
sample area to measure the temperature of the sample. The temperature was
monitored and controlled by an electrical temperature controller (Model 336,
LakeShore).

One of the key features of Janis cryostat is the ability to thermally isolate the
liquid helium (LHe) and liquid nitrogen (LN2) reservoirs using super insulation
by making a vacuum space between two reservoirs. The vacuum space is
pumped out to 3.3 x 1076 mbar with an oil pump (Leroy Somer, France) followed
by turbo pump (PFEIFFER Vacuum). This super insulation reduces the rate of
heat transfer from the environment to the cryogenic liquids and greatly reduces
the amount of liquid helium required to maintain low temperatures, resulting in
significant cost savings. Additionally, the isolation of the reservoirs allows for
longer hold times, which can be especially useful for experiments that require

extended cooling periods.
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The sample is placed on top of piezo stages which is movable in x, y, and z
direction at the bottom of the sample tube of the cryostat and the LHe can be

transferred to this sample area via a small capillary tube from helium reservoir.
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Figure 11. Drawing of interior of Janis open-loop bath cryostat. The cryostat is
initially pre-cooled using liquid nitrogen (LNz), followed by further cooling with
liquid helium (LHe) to reach temperatures as low as 4.2 K using a Helium valve
to fill LHe from Helium reservoir to the sample compartment. To reach
superfluid helium at 2.17 K (A-point) and temperatures below, the sample

compartment has to be evacuated by a powerful pump.

To achieve 2.17 K, it is necessary to start the pre-cool process by transferring
the LNz into the LN2 reservoir of cryostat and when the temperature is
approximately 100 K then filling the LHe reservoir with LNz to reach to 50 K. It
is necessary to evacuate the transfer line one day before starting the cooling
process to avoid the consumption of LHe during the transferring process from

LHe tank to the LHe reservoir of cryostat. The transfer line has to be inserted
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inside the LHe tank completely where the bottom of transfer line tube is

completely inside the LHe tank during the whole measurement.

By transferring the LHe through the LHe reservoir, LHe can pass through the
capillary via a Helium valve operator and reach the sample compartment. The
temperature of the sample compartment is then cooled to a minimum of 4.2 K
once the liquid helium covers it. However, to reach the superfluid and stable
state of liquid helium without any bubbles, the entire chamber, including the
sample area, must be evacuated to remove any evaporated helium within the

chamber.

It is crucial to find a balance between applying pressure to the LHe tank to
control the transfer rate of LHe into the reservoir and regulating the filling valve
related to the capillary part during the cooling process. If the rate of transferring
LHe inside the cryostat is less than the rate of LHe flowing into the sample area,
the LHe will vaporize quickly, causing the temperature to rise above the desired
2.17 K. Therefore, careful management of the LHe transfer rate is essential for

achieving accurate low-temperature measurements.

Although a manual with instructions for using the cryostat was available in the
laboratory, it is crucial to gain a comprehensive understanding of the cooling
process and acquire sufficient experience to effectively control the pressure
inside the cryostat and helium tank. Additionally, working with evacuation
valves and knowing when to insert or remove the helium transfer line inside the
cryostat and tank is of utmost importance for accurate low temperature

measurements.

3.3 Low Temperature Setup

A home-built confocal microscope head inside the bath cryostat is used to
perform spectroscopic measurements with samples at low temperature. The
detailed scheme of the low temperature setup is illustrated in Figure 12.
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Figure 12. Schematics of the home-built confocal microscope for low-
temperature fluorescence lifetime and spectroscopy measurements. Laser
light sources (488 nm, 532 nm, and 630 nm) are combined using beam splitter
and focused onto the sample situated inside a Fabry Pérot cavity consisting of
a fixed mirror and a tunable mirror within the cryostat. The sample is mounted
at the center of the cavity, maintained at cryogenic temperatures. The emitted
or transmitted light from the sample is collected and directed through optical
elements including lenses and beam splitters. The detection system comprises
an APD for time-resolved measurements and a spectrometer coupled with a
CCD for spectral analysis. This configuration enables precise low-temperature

optical measurements of the sample properties.

This setup uses diode laser light sources across three distinct wavelength
ranges. The first is a fiber-coupled CW diode laser at 630 nm (iBEAM-630-3v2,
TOPTICA Photonics) which is focused and collimated by an output coupler
(60SMS-1-4- A11-02, Schafter+Kirchhoff GmbH), The second is a CW and
pulsed laser at 520 nm (LDH-D-C-520, PicoQuant), and a pulsed/CW laser
A = 532 nm from room temperature setup. The third is a CW laser diode at
488 nm (OBIS LS ,Coherent Inc.), and a pulsed laser operating at 485 nm
(LDH-D-C-485, PicoQuant). To suppress the spectral side bands of the lasers,
three clean up band pass filters are placed in front of the lasers. Furthermore,
a beam expander is used to match the laser beam diameter to the back
aperture of the objective lens installed in the cryostat. The beam is transmitted
via a beam splitter 30:70 (BSS10R, Torlabs) to the cryostat windows. This
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beam splitter can enhance signal collection efficiency by directing a higher
proportion of the fluorescence emission to the detector, which facilitates the
detection of low fluorescence intensities. Additionally, it can help to reduce
background noise from the excitation source by minimizing the amount of
excitation light entering the detection path. The high numerical aperture
objective (60X, N.A. = 0.85, Edmund optics) is used to focus the laser beam on

the sample.

The low temperature setup is capable of functioning in two configurations. The
first configuration enables the alteration of the sample at varying temperatures,
especially at very low temperatures, via a removeable magnetic sample
holder.'? The second configuration involves a fixed sample holder within a
tunable microcavity, which does not change at different temperatures (see
section 3.5). In both configurations the objective and the sample are placed
inside the bath cryostat, the objective moves only in z direction along the optical
axis, and the sample is movable in X, y, and z direction. The coarse approach
(ANPx320 and ANPz101eXT, attocube Systems) and scanners (ANSxy100Ir
and ANSz100Ir, attocube Systems) offer the opportunity to scan the sample
inside the cryostat, providing the benefit of minimal alignment difficulties due to
the stationary objective. This feature reduces the risk of misalignment and drift,
in contrast to the laser scanning method, which is susceptible to even the
slightest misalignment of the objective lens, leading to significant image

distortion and loss of resolution.

The beam of fluorescence photons is collected by the objective, passed through
the beam splitter and focused on to an appropriate pinhole (50 ym diameter) in
front of the detector to eliminate the out of focus photons. The ideal pinhole size
is determined by several factors, including the numerical aperture of the
objective, the wavelength of light being used, and the thickness of the sample.
If the pinhole is too small, less light will reach the detector, resulting in a
decrease in image intensity and signal-to-noise ratio. Conversely, if the pinhole
is too large, more out-of-focus light will be detected, leading to a decrease in

image contrast and resolution.
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The fluorescence photons are filtered via short, band, or long pass filters (AHF
analysentechnik) and are directed to an APD (SPCM-AQR-14, Photon
Counting Module, PerkinElmer Optoelectronics) or a grating spectrograph
(Shamrock 500i, L.O.T. Oriel GmbH) with a CCD camera (SR-500i-B2-SIL,
CCD12126, Andor Technology). To provide the appropriate spectral resolutions
for different experimental requirements, the spectrograph is equipped with two

reflection gratings: one with 200 lines/mm and another with 400 lines/mm.

3.4 Tunable Coupled Cavities

Multiple cavity fabrication techniques are used to produce a coupled system of
cavities consisting of a fixed and tunable cavity.’®® To do this, an Electron Beam

Evaporation (EBE) system is used in this study.

EBE is a thin-film deposition process that involves the use of an electron beam
to vaporize a solid material in a vacuum chamber and then deposit it onto a
substrate. To prepare a coupled microcavity the following protocol was used:
an ultra-clean coverslip as substrates is placed inside the vacuum chamber.
The vacuum chamber is evacuated to a high vacuum pressure of 1.0 x
10 mbar to prevent any unwanted contamination during the deposition
process. A solid silver or gold source material is placed in a crucible inside the
vacuum chamber. An electron beam gun is used to generate an electron beam
that is focused onto the surface of the source material, causing the material to
be vaporized. The vaporized silver (Ag) or gold (Au) atoms then condense onto
the surface of the coverslip, forming a thin film. The thickness of the film can be
controlled by adjusting the deposition rate, which is controlled by the electron
beam current and the rate at which the source material is vaporized. A built-in
quartz crystal sensor was used to monitor the film thickness. Figure 13a shows
a schematic of two coupled microcavities consisting of a fixed (lower) and
tunable (upper) cavities. The mirror coatings were produced according to the
above protocol. The first mirror layer was fabricated by a deposition of a 50 nm
silver, a 10 nm gold layer and a 148 nm glass (SiOz2) layer onto an ultra-clean
glass coverslip. The thickness of the SiO2 layer used as a spacer layer is

specifically chosen to adjust the resonance frequency of the fixed resonator
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and to coincide with the maximum absorption peak of sample’s molecules. A
central shared mirror between fixed and tunable cavity was produced by
deposition of a 24 nm silver layer on top of glass spacer layer. Then, the shared
mirror was coated with a 10 nm gold and a SiO2 spacer layer. The thickness of
the second spacer layer can be different depending on the position of the thin
molecular film within the tunable cavity. The tunable cavity was formed using a
lens coated with an eighty-nanometer thick silver film. Additionally, a 10 nm
gold, and a 10 nm glass layer was also used to enhance the mirror's reflectivity,

and to prevent oxidation of the silver layer.
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Figure 13. Schematic showing two microcavities adjacent to each other for
room temperatures measurements. a) The coupled microcavities consist of
three mirror layers, the lower, the center shared mirror and upper lens mirror.
The lower and the center shared mirror form the fixed cavity while a tunable
upper cavity contains the molecules (represented in green) where placed
above the center mirror. The air spacing between the center mirror and the
upper mirror allows tunning the resonance of the upper cavity. A white light
source illuminates the coupled cavities from the top. The transmitted signal is

collected with an objective and directed on a CCD-camera or alternatively on a

47



spectrometer. b) Newton's ring fringe pattern recorded by the CCD camera
from a single cavity composed of a fixed mirror and a tunable silver coated
lens. The vivid coloration of the rings is indicative of the varying wavelengths
of light undergoing interference. (c) and (d) Transmission spectra of white light
through a single microcavity with different cavity lengths. A shorter cavity length
(c) supports a lower-order mode, typically resulting in only one resonant peak
as it restricts the cavity to a single dominant mode. A longer cavity length (d)
supports higher-order modes, permitting several wavelengths to resonate and

transmit through the cavity.

In the tunable cavity, the slightly curved mirror leads to a center-to-edge
variation of the path length in the cavity. This variation causes interference
between light beams reflecting from the two surfaces, producing a visually
striking fringe pattern known as Newton rings, as depicted for a single tunable
cavity in Figure 13b. By adjusting the optical path length d within a cavity
containing a medium with refractive index n, itis possible to achieve successive
transmission orders m for a specific wavelength. This relationship is described
by the equation m=2dn. The cavity mode order proceeds from low to high as
one moves from the center of the pattern to the outer rings. At the center, where
the cavity length is shortest, the fundamental mode is observed. The
transmission spectra of white light through a single microcavity from low to high
mode order are shown in Figure 13c and 13d. When the distance from the
center increases, higher-order transverse modes appear due to the increment
in the effective cavity length. These modes correspond to the multiple of half
wavelengths fitting into the cavity, providing valuable insights into the cavity's
resonant frequencies. The cavity length is adjusted using a piezo actuator
(8302 Picomotor Actuator, Newport), and the silver-coated lens is illuminated
with a white light source from the top of the cavity’s holder. The white light
transmission is collected by an oil objective lens (NA = 1,4) and detected with

a spectrometer.
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3.5 Single Tunable Microcavity in a Cryostat

The tunable microcavity structure is made up of two mirrors: one fixed and one
adjustable. These mirrors are separated by distance equivalent to a few

wavelengths in the visible light spectrum.

A home-built cavity was designed and implemented, consisting of a planar
mirror and a convex lens in this study. This design avoids the difficulties of
adjusting a Fabry-Pérot cavity with plane mirrors, which tend to produce parallel
fringes rather than the desired Newton ring pattern for optimal alignment. In
addition, the adjustment process is simplified, as varying the cavity length

allows different cavity modes to be easily created and tuned.'34

The adjustable mirror of the microcavity is fabricated by coating a clean glass
cover slide with a 50 nm layer of silver, followed by a 10 nm layer of gold, and
then an 80-120 nm dielectric SiO2 layer (depends on the size of different
emitters used in this thesis), which provides a surface for positioning the
sample. The fixed lens is coated with an 80 nm layer of silver, followed by a
10 nm gold layer, and topped with a 20 nm SiO2 layer for protection. The
microcavity design and the microscope head consists of objective, microcavity,

and piezo steppers are illustrated in Figure 14.
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Figure 14. (a) A schematic of the low temperature microscope head. The flat
mirror including the sample is moveable in x, y, and z directions. (b) Scheme
of the tunable microcavity with a temperature sensor very close to the sample

to control the temperature of the sample. Courtesy of Frank Wackenhut.

A home-built low temperature microscope head consists of stepper positioners,
scanners, an objective lens, a flat mirror including the sample, and silver coated
lens is shown in Figure 14. The flat mirror is movable in X, y, and z directions to
scan the target area on samples. The silver coated lens moves only in x and y
directions via coarse positioner. The sample can be scanned in x and y-axis
within a maximum scanning range of 30 x 30 um, depending on the
temperature. The objective lens can be moved in z-axis along the optical path
in front of the flat mirror to focus the excitation light on the sample. To make a
cavity with multiple of half a wavelength length, the flat mirror is moved toward
the silver coated lens where the cavity length is controlled with piezo coarse
positioner and scanner. The centers of the objective and mirror lens have to be
concentric on the optical axis. A white light source was placed outside of the
cryostat and was focused with a lens on the back side of the lens mirror which
was inside the cryostat. Transmission spectra were collected with the air
objective lens and detected with the spectrometer. To avoid any damage to the
system, it is imperative that any movements involving the flat mirror surface and
lens occur gradually. A collision between the two components may result in the
creation of microcavity scratches and the destruction of the low-order

resonance cavity.

3.6 Sample Preparation

Small quadratic fused silica coverslips with a side length of 12 mm and a
thickness of 0.2 mm and the lowest fluorescent background spectrum as
compared to the normal coverslips were used for preparing the samples for
cryogenic measurements (from Quartzglas Komponenten und Service QCS
GmbH, Germany). Larger glass coverslips (22 x 22 mm) used for fabrication of

coupled cavities were purchased from Menzel-Glaser (Germany).
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Before preparing the sample by spin-coating a polymer layer with embedded
dye molecules on top of the coverslip, it is essential to thoroughly clean the
coverslip. To clean the coverslips a 50:50 (v/v) mixture of hydrochloric acid
(HCl) and methanol (MeOH) was prepared by adding equal volumes of
concentrated HCI in MeOH. The coverslips were immersed for 1 hour in this
solution, then rinsed with double-distilled water to remove any detergent

residues from the coverslips and dried under a Nitrogen flow.

To investigate the effect of strong coupling between coupled cavities, a 30 nm
thick film of TDBC from FEW Chemicals was used. This was accomplished by
dissolving TDBC in a 1 wt % solution of a poly (vinyl alcohol) (PVA) in water
leading to the creation of J-aggregates. To create the TDBC J-aggregate
solution the TDBC was sonicated for 20 minutes at a concentration of 102
mol/L. The film thickness was measured about 30 nm using an atomic force
microscope (AFM) after spin-coating a 5 uL droplet of the TDBC J-
aggregate/PVA solution on top of the SiOz layer for 30 seconds at an angular

velocity of 1700 rpm.

Triple FRET experiment: To prepare samples for spectroscopy of single
TetraSpeck nanospheres with a nominal diameter of 100 nm, a TetraSpeck
ultraclean polystyrene nanosphere solution with a density of 1.8 x 10
particles/mL diluted in triply distiled water was used. The nanospheres
contained four fluorescent dyes with absorption maximum at 350 nm, 505 nm,
575 nm, and 655 nm. The nanospheres (Invitrogen TetraSpeck nanospheres
T7229 from Thermo Fisher Scientific, Germany) were used without any further
purification. To prepare the samples, a 5 uL droplet of the TetraSpeck solution
was placed on top of a clean coverslip for measurements in free space or on
top of the flat mirror of a disassembled microcavity. The droplet was then dried
for 20 minutes; this leads to an average distance of several micrometers
between dyes. The chemical structures and concentration of the dyes are

proprietary information of Invitrogen.

For single NV centers measurement, nanodiamonds with 1-2 NV per particle
are used. These nanodiamonds were purchased from Adamas
Nanotechnologies in the USA (ND-NV-10nm-MD-10ml). They were suspended
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in deionized water at a concentration of 1 mg/mL and were used without further
purification. Each particle of the fluorescent diamond contains a minimal
quantity of NV centers. To ensure that only one fluorescent molecule resided
within the diffraction limited detection volume, the concentration of the
nanodiamonds had to be reduced. This was achieved by sonication NVs in a
1 wt % solution of PVA in triple distilled water for 10 minutes and depositing a
droplet of 5 pyL of the 1073 mol/L solution by spin-coating onto an ultra-clean

fused silica coverslip.

4. Single Emitter in a Microcavity at Low Temperature

4.1 Optical Properties of NV Centers

The nitrogen-vacancy center in diamond is one of the most extensively studied
point defects in solid-state systems, particularly due to its remarkable optical
and spin properties. NV centers are defects formed in the diamond lattice where
a nitrogen atom (N) substitutes a carbon atom adjacent to a vacancy (V-
missing carbon atom). The NV center introduces localized electronic states
within the diamond’s band gap, which allows optical excitation and subsequent
emission of fluorescence. The NV center exists in two primary charge states:
neutral (NV°) and negatively charged (NV~), with the latter being the most
studied due to its favorable optical and spin properties. In its negatively charged
state NV-, the NVs consist of a spin-triplet ground state, 34, with spin sublevels
of mg = 0, mg = —1, and m; = +1. The fluorescence intensity of the NV~ center
depends on its spin state, the m, = 0 state is brighter than the m; = +1 states,
due to different pathways in the intersystem crossing between the excited and

ground states. '35

A structural representation of the nitrogen-vacancy center in nanodiamond?3¢
is shown in Figure 15a where the blue spheres represent carbon atoms and
orange sphere represents the nitrogen atom, and the gray sphere represents
the vacancy, respectively.
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Figure 15. (a) The atomic structure of the nitrogen-vacancy (NV) center in a
diamond (Inspired by'*). The NV center consists of a substitute nitrogen atom
(N) adjacent to a vacancy (V) within the diamond lattice. (b) Emission spectra
of NV centers in a nanodiamond at 275 K excited with a 488 nm laser,
comparing an ensemble of nanodiamonds (red curve) to a single nanodiamond
(black curve). Sharp peaks are ZPL of NV centers at 575 nm and 637 nm

respectively.

Experimental emission spectra of an ensemble of nanodiamonds (red curve)
and a single nanodiamond (black curve) containing NV centers at 275 K,
obtained from unpublished data are depicted in Figure 15b. When the NV
centers are excited by a laser 488 nm, their fluorescence is in the range of 570—
800 nm, particularly the ZPL of NV°® and NV~ occur at 575 nm and 638 nm,
respectively. The NV center has been extensively studied both at the ensemble
level, where many NV centers are present, and at the single-molecule level,
where the behavior of individual NV centers can be probed with high precision.
At the ensemble level, where multiple NV centers are present in the same
sample, the fluorescence spectrum becomes broader due to the collective
emission from many NV centers. This broadening is caused by the averaging
of many NV centers, each with slightly different environments (such as strain,
local electric fields, or nanodiamond size), leading to inhomogeneous
broadening of the optical transitions. This averaging effect results in a loss of
sharp spectral features that are observable at the single NV level. However,
ensemble NV centers are still useful, where the collective emission enhances

the signal-to-noise ratio, making it easier to detect weak signals. In contrast,
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the spectrum from a single nanodiamond with NV centers exhibits sharper
peaks and allows for the observation of the intrinsic properties of an individual
NV center, such as ZPL emissions and more defined vibronic sidebands. These

features are important for applications requiring single-photon emitters.

For single-molecule studies, it is preferable to use nanodiamonds that contain
only one or two NV centers to ensure that the optical and spin properties
observed originate from a single emitter. Characterization of individual particles
(from Adamas Nanotechnologies) revealed that, on average, for 20 nm
nanodiamond particles specifically, most contain one- or two-NV centers. The
brightness of these particles depends on the number of NV centers per particle.
The fluorescence intensity decreases noticeably in particles with fewer NV

centers.

In single-molecule spectroscopy, NV centers provide an excellent platform for
probing nanoscale environments. These particles are highly resistant to
photobleaching, ensuring consistent performance over time in experimental
settings. These properties make the particles particularly suitable for high-
precision applications such as quantum optics,'3”- 138 imaging of individual cells
and single-molecule tracking, and nanoscale sensing applications® 139 where

brightness plays a crucial role in the accuracy of detection.

To further investigate the optical properties of NV centers and to focus on the
spatial localization of individual ones, an imaging and spectral analysis of NV
centers are represented in Figure 16. Single-molecule level refers to the
detection and manipulation of individual NV centers, which behave as single
quantum emitters. This can be confirmed by measuring the second-order
correlation function g?(7). A dip below 0.5 in the correlation curve is indicative
of antibunching, which is a clear sign that only one photon is emitted at a time

from a single NV center.
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Figure 16. (a) Confocal fluorescence image of nanodiamonds on an ultra-clean
coverslip, showing isolated spots corresponding to single NV centers (white
box-labeled 1 and 2) and a brighter spot likely representing multiple NV centers
(red box-labeled 3). The color maps indicate relative fluorescence intensity,
brighter regions indicating higher emission intensity. (b, c¢) Second-order
photon correlation function g2(t) for the emitters in regions (1, 2) and (3). (b)
The dip at T = 0 for emitters in regions (1 and 2) indicates strong antibunching,
confirming single-photon emission from a single NV center. (c) The absence of
significant antibunching for region (3) proofs the presence of double or multiple
NV centers in a nanodiamond. (d) Normalized emission spectra two
nanodiamonds at 160 K in the region (1 and 2) including only a single NV° (blue
line) and a single NV~ (red line). Detailed comparison of the ZPLs for NV° and
NV~, highlighting the spectral differences between them. (e) Emission spectra

of a nanodiamond in region 3 with two NV centers at 160 K.
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Figure 16 provides a comprehensive analysis of single NV centers in
nanodiamonds, with spatial imaging, photon correlation (antibunching)
measurements, and spectroscopic comparison of the two charge states, NV°
and NV~. A thin film containing nanodiamonds in a 1% wt solution of PVA in
triple distilled water was deposited (a droplet of 5 yL of the 1072 mol/L solution)
by spin-coating onto an ultra-clean fused silica coverslip and is excited by a

pulsed laser at 488 nm.

Figure 16a shows a confocal PL-intensity map of the nanodiamond sample at
160 K, where individual fluorescent spots in white box labeled 1 and 2
correspond to single NV emitters while a red region marked 3 corresponds to a
brighter spot, potentially indicating a nanodiamond containing double or
multiple NV centers. Figure 16b and 16c¢ displays the second-order photon
correlation function, g?(t), which is used to determine single photon emitting.
In Figure 16b, the g2(7) curve for the emission from region 1 and 2 shows
suppression below 0.5 and a pronounced dip at T = 0. This confirms the
antibunching behavior and indicates that the emitter is a single NV center. In
contrast, Figure 16¢c shows the correlation measurement from a nanodiamond
in region 3, where the absence of a pronounced dip reflects the presence of
multiple NV centers, leading to bunching behavior indicative of a multi-emitter

system.

The spectra in Figure 16d shows the normalized emission spectra of two
individual single NV centers, NV° (blue curve) and NV~ (red curve), measured
from the nanodiamonds in region 1 and 2. The NV° center exhibits a broad
phonon side band with a sharp ZPL at 575 nm, while the NV~ center has a ZPL
at approximately 637 nm, followed by phonon sidebands. This clear distinction
between the two charge states is important for understanding the optical
transitions and electronic states associated with the NV center. The broader
spectra typically observed in nanodiamonds with multiple NV centers shown in

Figure 16e, when the nanodiamond in region 3 contains two NV centers.
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4.2 Single NV Centers in Free Space at Low Temperatures

To investigate the effect of temperature on the spectral behavior of NV centers,
the emission spectra of the nanodiamonds are measured in different

temperatures from 5 K to 250 K that is shown in Figure 17.
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Figure 17. Emission spectra of NV centers at different temperatures from 5 K
to 250 K. Broadening change of ZPL for NV° and NV~ at 575 and 637 nm,
respectively by varying temperatures from 5 K to 250 K. The dashed red lines

indicate the positions of ZPLs.

Emission spectra of NV centers in nanodiamonds measured at different
temperatures, ranging from 5 K (low temperature) to 250 K (high temperature),
as indicated by the color-coded lines in Figure 17. The ZPLs of NV centers are
shown with dashed red lines. The temperature dependence of the NV center
spectra can be explained by considering the interactions between the electronic
states of the NV centers and the phonons (quantized vibrations of the lattice)
in the diamond crystal.'3> At lower temperatures (e.g., 5 K), the ZPLs of both
NV°and NV~ are very sharp and well-defined. This is because reduced thermal
vibrations minimize electron-phonon interactions which allow the NV center to
emit most of its photons directly through the ZPL. At higher temperatures, the
phonon population in the diamond lattice grows due to increased thermal

energy. These phonons interact more strongly with the electronic states of the
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NV centers, causing spectral broadening, intensity reduction of ZPL and
increasing phonon sidebands. The slight shift in the ZPL position with
increasing temperature is a result of the changing lattice constant and strain
effects as the diamond crystal expands with heat. The thermal expansion alters
the local environment of the NV centers, which in turn slightly shifts the energy

levels associated with the NV° and NV~ charge states.

4.3 Single NV Centers in a Tunable Microcavity at Low Temperatures

To investigate the effects of light-matter interaction, spectral tuning, and the
optimization of photon emission efficiency of single particles, NV centers are
placed within a tunable microcavity integrated into a home-built microscope.
This setup allows for investigations at both room and cryogenic temperatures,

as discussed in section 3.5.

Figure 18. (a, b) Fluorescence images of single nanodiamonds embedded in 1
wt % PVA on top of the SiO; spacer layer of tunable mirror in a multiple of half

a wavelength microcavity.

Figure 18 shows two fluorescence imaging scans of a sample containing single
nanodiamonds, positioned inside a tunable microcavity. A film containing the
nanodiamonds spin-coated onto tunable mirror of the microcavity. The

microcavity is placed into a cryostat and the experiment was conducted at a
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temperature of 160 K. In Figure 18a, a single scan of the area is shown. Despite
the presence of nanodiamonds, the high background and scattered light
obscure the single emitters. In Figure 18b, after performing four sequential
scans in the same area, a single bright spot corresponding to a nanodiamond
emitter can be seen within the black box. Nanodiamonds show relatively weak
fluorescence in the microcavity environment due to the high background signal
and low signal-to-noise ratio, therefore detecting single emitters becomes
challenging. Imperfections in the mirror surfaces of the cavity can cause
scattering of the incident light, while impurities or contamination on the silver-
coated surfaces can lead to unwanted fluorescence. As a result, a background
signal within the cavity, potentially interferes with the emitted signal. To
minimize background effects and improve the SNR for detecting single emitters
in a microcavity, several techniques can be used, including repeated scans (as
shown in Figure 18) to bleach unwanted fluorescence, better filtering methods,

or use of a higher Q-factor cavity.

Next, the fluorescence emission spectra of NV centers within a tunable
microcavity are investigated to study the Purcell effect induced by the cavity.
This approach examines how the cavity modifies the radiative decay rate of the
NV centers, influencing their fluorescence properties. Two-dimensional plots in
Figure 19a and 19b depict sequential experimental white light transmission
spectra of the microcavity, and the emission spectra of NV centers as

influenced by the cavity modes, respectively.

59



Transmission Emission

Cavity length (um)

E
Z
£
&
Wo.
C]
>
£
>
@©
[S]

500 550 600 650 700 750 500 550 600 650 700 750
Cavity resonance (hm) d Cavity resonance (nm)
(c) Green arrow ( ) White arrow
701

Fluorescence freespace Fluorescence freespace)
Fluorescence cavity —— Fluorescence cavity

Transmission |— Transmission

-]
(-]

w - o
o =3 =]
h L L
'y @ @
S o o
f L

Intensity (counts)
8
f

Intensity (counts)

N
o
L
n
=)
s

-
=)
L

107
i

0 T T T T T T R — T
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm)

Wavelength (nm)

Figure 19. (a) Experimental white light transmission spectra of the microcavity
at 160 K were obtained consecutively while the distance between mirrors in the
cavity is decreased from third to second cavity mode. The emission of ZPL on
NV® and NV~ in free space are indicated by dashed black lines. The cavity
mode is marked with orders m = 2 and 3 (gray solid lines). (b) Corresponding
experimental emission spectra for a single nanodiamond within the microcavity.
The gray solid lines indicate the same cavity modes for emission and
transmission. The strongest Purcell effect for a cavity setting is marked by white
and green arrow in (a) and (b). Two individual spectra, transmission (red curve)
and emission (blue curve) at the positions marked with arrows are shown in (c)
and (d). These illustrate how different cavity settings affect the fluorescence
intensity of the ZPL of the NV centers. The gray background is the fluorescence

spectrum of a nanodiamond in free space.

Figure 19a and 19b illustrate transition from the third to the second cavity mode

as a function of the decreasing separation between the cavity mirrors. The black

dashed lines indicate the free space emission peaks of the ZPL of NVs. The

decrease in intensity of the transmission spectra at longer wavelengths, as

seen in Figure 19a, is due to the spectral emission profile of the LED used to
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acquire the data. The sharpness of the resonance frequencies reflects the

quality factor of the cavity modes.

Figures 19c and 19d show the individual spectra marked by the green and white
arrows. The red curve corresponds to the white light transmission through the
cavity, while the blue curve shows the emission of the NV centers in the
nanodiamond. The gray background shows the spectrum of a nanodiamond in
free space. As cavity separation between two mirrors decreases from the 3
mode in Figure 19c to the 2" mode in Figure 19d, the intensity of the NVs'
emission can be altered due to the Purcell effect. In both cases, the excitation
conditions remain constant, while the intensity ratios of the NV emissions are

highly dependent on the specific cavity mode settings.

In Figure 19c, the NV~ emission is in resonance with the 3™ cavity mode, while
the NV° emission is significantly reduced. In Figure 19d, where the mirror
spacing is reduced, the NV° emission is in resonance with the 2" cavity mode,
leading to a significant enhancement due to the Purcell effect while the NV~
emission is off resonance and is completely suppressed compared to its
behavior in Figure 19c. The Purcell effect enhances spontaneous emission at
the ZPL of the NV centers, indicating efficient coupling of the NV centers
emission with the cavity mode. By tuning the cavity to align with the NV ZPL,
efficient photon extraction can be achieved, which can be essential for the

development of quantum systems.'4°

4.4 Lifetime of Single NV Centers in Free Space and Cavity

The recorded lifetimes of 53 nanodiamonds including one or two NVs in free
space at a temperature of 160 K are shown in Figure 20a. Each dot
corresponds to a lifetime measurement taken from a single nanodiamond. The
neutral charge state NV° center has an average fluorescence lifetime of 14.9 ns
(blue boxplot) and the negatively charged state NV~ has an average lifetime of
17.5ns. The distribution reveals variations in lifetimes across different
nanodiamonds, likely due to differences in their local environments and crystal

quality. The lifetime differences also indicate that both charge states have
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distinct emission properties and responses to environmental factors such as

temperature and local electric fields.
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Figure 20. (a) An average-weighted lifetime diagram of NV° (blue), NV~ (red)
in free space. (b) Fluorescence lifetime decay curves of the NV~ at 160 K in
free space (blue curve) and in the cavity (red curve) when it is on resonance
with the NV~. The inset is the transmission spectra of the band-pass 580 nm
(green) and long pass 630 nm (orange) filters to measure the lifetime of NV°
and NV~ individually. Fits (gray dashed lines) are calculated by convolution of

a mono-exponential decay curve and the instrument response function (black
line).
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Fluorescent nanodiamonds were positioned between the two mirrors of the
tunable microcavity to explore how the optical microcavity affects the radiative
properties of the NVs. The optical path length of the microcavity was precisely
modified to adjust the position of the tunable mirror relative to the fixed mirror.
Fluorescence lifetime decay curves of a single NV center, comparing the results
in free space and within a microcavity at 160 K are shown in Figure 20b. The
fluorescence lifetime of the single NV~ center was acquired by TCSPC to
achieve high precision in measuring photon arrival time. The inset displays the
transmission spectra of the band-pass 580 nm (green) and long pass 630 nm
(orange) filters used in the experiment, emphasizing their transmission
windows near ZPL of NVs to measure the corresponding lifetime of NV center
individually. The measured lifetimes (the corresponding fit functions - gray
dashed lines) are based on convolution of the instrument response function
(IRF, black line) with the exponential decay functions. The lifetime of a single
NV~ in free space (t = 15 % 0.09 ns) shown with blue line is consistent with
the average lifetime values observed in Figure 20a. In contrast, the red curve
shows the lifetime of the NV~ center when placed inside a microcavity tuned to
A = 637 nm, which is close to the ZPL of NV~. When the ZPL of NV~ center is
in resonance with cavity mode, the measured lifetime is significantly shorter
(r = 5.6 +0.07 ns). This reduction in lifetime indicates the Purcell effect, where
the presence of the resonant cavity accelerates the spontaneous emission rate
of the NV~ center. This is nearly in accordance with the theoretical maximum
lifetime reduction of about 3, as indicated by the Purcell factor under these

specific conditions. 122
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Figure 21. (a, b) Experimental cavity-modified fluorescence lifetimes of
ensemble sample for NV° and NV~ at 140 K (blue dots) and 170 K (red dots)
as a function of cavity resonances overlaid with normalized intensity of cavity
in resonance (gray curve) with ZPL of NVs on the second y-axis. The blue and
red solid curves correspond to the theoretical model fits based on the Purcell
factor, used to determine how the cavity resonances affect the variation in
fluorescence lifetimes of NVs. The error-bars result from fitting the fluorescence
lifetime decay curve. The grey curve in the background indicates the cavity

resonance, which aligns with the ZPL of NVs.

In Figure 21a and 21b the effect of Purcell factor and temperatures on the
lifetime of ensemble NV° and NV~ are demonstrated as function of cavity
resonance at 140 K (blue dots) and 170 K (red dots), respectively. The cavity
mode (gray curve) is in resonance with the ZPL of NVs (black dashed line). The
microcavity resonance was tuned between 500 nm and 700 nm, and the
lifetime decay measurements were taken at different spectral positions. By
increasing the mirror spacing, the cavity resonance was shifted towards longer
wavelengths. A theoretical model used to fit the data points based on the
Purcell factor (are displayed as blue and red solid curve) is in good agreement
with the experimental data. The fluorescence lifetime of NV° and NV~
decreases as a dip due to the Purcell effect when the microcavity is on

resonance with the ZPL of NVs.
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In Figure 21a and 21b the effect of temperature on the fluorescence lifetime of
NV centers can be studied by comparing the behavior at two different
temperatures, 140 K (blue curve) and 170 K (red curve). At a temperature of
140 K, as represented by the blue curve, both NV° and NV~ lifetimes increase
slightly compared to their values at 170 K. This could be due to reduced phonon
interactions at lower temperatures, leading to less non-radiative decay and thus
longer lifetimes.'! However, this change is not substantial, indicating that a
30 K rise in temperature does not dramatically alter the overall fluorescence
lifetime of NV centers, especially within the observed wavelength range. This
suggests that while the 30 K increase results in a moderate decrease in
fluorescence lifetime, it is not drastic enough to alter the fundamental
characteristics of both NV° and NV-. Even at 170 K, the system retains its

essential properties, demonstrating only a slight loss in efficiency.
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5. Controlling Three-Color Forster Resonance Energy Transfer
in an Optical Fabry—Pérot Microcavity at Low Mode Order

This chapter is based on:

Nosrati, Saeed, et al. "Controlling three-color Férster resonance energy transfer
in an optical Fabry—Pérot microcavity at low mode order." The Journal of
Physical Chemistry C 127.25 (2023): 12152-12159.

This study focuses on the interactions between three spectrally distinct
fluorescent dyes—a donor and two acceptors—embedded within a single
polystyrene (TetraSpeck) nanosphere. The presence of triple FRET energy
transfer is confirmed through selective acceptor photobleaching, demonstrating
that the fluorescence lifetimes of the dyes can be controlled using the Purcell
effect when the nanospheres are embedded in an optical Fabry-Pérot
microcavity. This effect modulates the radiative rates and relative fluorescence
intensities, leading to a significant enhancement in the fluorescence intensity of
the second acceptor when the microcavity mode is tuned to suppress the
intermediate dye emission and transfer more energy from the donor to the
second acceptor. Single nanospheres with a nominal diameter of 100 nm
containing fluorescent dyes with excitation maxima at 505 nm, 575 nm, and
655 nm were embedded at low concentration between the adjacent mirrors of
a low mode order of a Fabry—-Pérot microcavity. By varying the mirror
separation, the cavity resonance can be precisely tuned over the spectral
region of the excitation or emission spectra to modulate the absorption rate and
the spontaneous emission rates of the embedded dyes.

The microcavity's influence on the radiative rated of the dyes is evident, with
the strongest fluorescence intensity enhancement observed for the second
acceptor, signifying efficient energy transfer from the donor to the second
acceptor. The study successfully demonstrates the ability to control a three-

color FRET system within a Fabry—Pérot microcavity.

Results and Discussion

The triple FRET process was validated through photobleaching experiments,
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where donor fluorescence lifetime increased progressively from 5.7 ns to
6.8ns, and to 7.2ns after sequentially photobleaching acceptor2 and
acceptor1, demonstrating energy transfer interactions among the dyes. This
confirms energy transfer pathways between the donor and two acceptors in
single TetraSpeck nanospheres, as well as the intermediate role of acceptor1

in transferring energy to acceptor2.

To study how the optical microcavity affects the radiative properties of the dye
molecules, single nanospheres were embedded within a Fabry-Pérot
microcavity, allowing precise control over the optical path length of the cavity
and to modulate the spontaneous emission rates of dyes. Resonance tuning of
the microcavity altered the radiative decay rates of the donor and acceptor
molecules. This resulted in significantly reduced lifetimes for both donor and
acceptor1, from approximately 7.0 ns and 8.1 ns in free space to around 2.7 ns
and 2.8 ns within the cavity, respectively. These observations align closely with
theoretical predictions derived from the Purcell factor, which estimates a
maximum lifetime reduction factor of about 3.

Further investigation at cryogenic temperatures (130 K) allowed a detailed
evaluation of how fluorescence lifetimes depend on changes in cavity
resonance. The fluorescence lifetimes of the dyes within a single nanosphere
decrease due to the Purcell effect when the cavity resonance approaches their
fluorescence peak. Theoretical modeling, including the Purcell factor,
successfully matched the experimental data, confirming that spectral control

can influence the radiative properties of dyes within the cavity.

The interplay between cavity resonance and the FRET process was further
analyzed by varying the microcavity mode to selectively enhance or suppress
specific dye emissions. Three distinct cavity settings are presented with the
signatures of the FRET process between donor and acceptors. When the cavity
resonance suppressed the donor's emission, energy was transferred to
acceptor1. Tuning the cavity to suppress the intermediate acceptor1 while
resonating with acceptor2 resulted in energy transfer to acceptor2, which
clearly demonstrates controlled FRET modulation through microcavity

resonance. The experimental results were supported by a theoretical model
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using six coupled rate equations, which included the Purcell effect on the
radiative rates and triple energy transfer between the donor and acceptors.

This study focused on the impact of microcavity on the fluorescence emission
of the dyes, without considering potential effects on the energy transfer rate

constant resulting from the tuning of the microcavity or excitation rates.

Overall, this study advances the understanding of multi-FRET systems within
the tunable microcavity. This novel approach enables precise manipulation of
energy transfer pathways, offering significant potential for advanced
applications in complex molecular sensing, light-harvesting systems, and
nanoscale photonics devices. The findings contribute to a deeper
understanding of how photonic environments can influence the FRET
processes, paving the way for future research and technological advancements

in energy transfer mechanisms.
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6. Combining Optical Strong Mode Coupling with Polaritonic
Coupling in a 4/2 Fabry—Pérot Microresonator

This chapter is based on:

Nosrati, Saeed, et al. "Combining Optical Strong Mode Coupling with
Polaritonic Coupling in a A/2 Fabry—Pérot Microresonator." The Journal of
Physical Chemistry C 125.23 (2021): 13024-13032.

An optical microcavity is an interesting tool to study light-matter interaction, e.g.
the coupling of a quantum emitter to the optical field in a microcavity. The
coupling rate is a measure of the interaction strength between the quantum
emitter and cavity mode and can be used to differentiate between weak or
strong coupling. This chapter focuses on a hybrid system consisting of a thin
TDBC J-aggregate film inside an optical microresonator coupled to another
microresonator. This setup combines a strong coupling of purely optical modes

with strong light-matter interaction.

The experimental setup includes two adjacent A/2 Fabry-Pérot
microresonators and a thin film of TDBC J-aggregate placed on top of a SiO2
spacer layer, which is deposited on the shared central mirror of one of the
microresonators. The design of the coupled system allows tuning the
resonance of one microcavity across the other, which enables to study the
dispersion of the strongly coupled system without tilting of the sample. The
coupling rate between the spatially separated microcavities can be adjusted by

the thickness of a shared central silver mirror.

Results and Discussion

A hybrid system was investigated that combines two types of strong coupling:
coupling between optical modes in adjacent microresonators and coupling
between optical modes and TDBC J-aggregates.

The experiments demonstrated that coupling between purely optical modes in
the two microresonators results in the formation of supermodes, characterized

by a Rabi splitting of approximately 23 nm and an anticrossing dispersion at
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600 nm. This splitting, visible in the transmission spectra, confirmed the strong
coupling regime, as the coupling constant exceeded the damping rates of the

individual microresonators.

Introducing the TDBC J-aggregate film added a second layer of interaction,
where light—-matter coupling further split the hybrid system modes into distinct
polaritonic states. The position of the TDBC film within the tunable resonator
was varied systematically by adjusting the thickness of a dielectric spacer layer
on shared central mirror between two microresonators from 70 nm to 185 nm.
The coupling constants of the hybrid system demonstrated a unique interplay.
For instance, as the resonator-resonator coupling constant decreased due to
the presence of the TDBC film in the tunable microresonator, the resonator—
molecule coupling constant exhibited an opposite trend, reaching its maximum
when the film was centrally positioned. Conversely, moving the film closer to
the central shared mirror reduced this interaction and increased strongly
damping constant of the tunable microresonator due to the TDBC molecular
absorption. Interestingly, the combined coupling strength of the system
remained relatively constant over a range of spacer thicknesses, reflecting the
complementary nature of the two coupling mechanisms. These observations
underscore the critical role of spatial positioning in achieving optimal coupling
in a system.

The coupling and damping constants of the system can be determined using a
coupled harmonic oscillator model. This theoretical modeling approach
effectively reproduced the experimental results. The model revealed that the
hybrid system must be treated as a whole, where changes in one component
invariably affect the entire system. As an example, detuning the resonance of
the fixed microresonator directly influenced the coupling of the molecules within
the tunable resonator, even without altering its physical configuration.

To verify that the Rabi splitting energy depends on the number of coherently
coupled molecules, an experiment using the photobleaching of TDBC
molecules in the coupled system was performed. By reducing the number of
coupled TDBC molecules, a gradual decrease from 14 nm to 5 nm in Rabi

splitting before and after photobleaching was observed. This finding is
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particularly relevant for applications requiring controlled coupling, as it

highlights the importance of precisely managing molecular concentration.

Overall, this work demonstrates that combining optical mode coupling with
light—-matter interaction in a hybrid system offers unprecedented control over
coupling dynamics. By carefully tuning geometric and molecular parameters, it
is possible to optimize these interactions for various advanced applications,
including long-range energy transfer and chemical reaction control. These
findings open the way for more sophisticated designs in optical and polaritonic
devices, emphasizing the need for integrated approaches in system

engineering.
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7. Periodic Fluorescence Variations of CdSe Quantum Dots
Coupled to Aryleneethynylenes with Aggregation Induced
Emission

This chapter is based on:

Kumar, Krishan, et al. "Periodic Fluorescence Variations of CdSe Quantum
Dots Coupled to Aryleneethynylenes with Aggregation-Induced Emission."”
ACS nano 15.1 (2021): 480-488.

This chapter explores the interaction between CdSe nanocrystals (NCs) and
aryleneethynylene derivatives exhibiting aggregation-induced emission. The
primary focus is on understanding the emergent optical properties arising from
this combination, especially the dual fluorescence and its oscillating intensity
fluctuations in a hybrid thin film. Aggregation-induced emission (AIE) is a
phenomenon where certain luminophores exhibit enhanced and red-shifted
fluorescence upon forming aggregates. This happens because of the restriction
of intramolecular motion in the solid-state blocks non-radiative pathways that
would otherwise suppress fluorescence in solution. The aryleneethynylene

derivative AE 1 demonstrates pronounced AIE characteristics.

The fluorescence intensity fluctuations are attributed to a feedback loop
involving excitation energy transfer (EET) and photothermal heating. EET from
the NCs to AE 1 aggregates induces photothermal heating, causing an order-
disorder transition in the aggregates, which affects their fluorescence intensity.
This transition reduces the fluorescence intensity of the aggregates and
subsequently decreases the EET rate, resulting in increased fluorescence from
the NCs. As the system cools, the aggregates gradually return to their initial

structure, restoring their fluorescence and restarting the cycle.

Results and Discussion

The assembly of NCs with AE 1 into a hybrid thin film makes a system to explore
AIE and its interactions with semiconductor nanocrystals. The hybrid thin film

demonstrated dual fluorescence, with both fluorophores contributing to emerge
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optical properties. Notably, periodic fluorescence intensity variations were
observed under continuous laser excitation that highlights a dynamic feedback
mechanism driven by energy transfer and structural changes.

The aryleneethynylene derivative displayed distinct absorption and
fluorescence behaviors depending on its environment. In solution, AE 1 showed
a broad absorption peak at 350 nm and weak fluorescence at 480 nm. While
in the solid state, its fluorescence shifted significantly to 650 nm. At low
temperatures, these emissions shifted further to 750 nm due to enhanced
structural planarization, confirming the influence of temperature on AIE

properties.

Continuous excitation at 488 nm in a nitrogen atmosphere led to fluorescence
intensity fluctuations in AE 1. These variations were attributed to the
photothermal effects, which altered the structural order of the aggregates and
led to reduced restriction of intramolecular motion and faster nonradiative
recombination. The transitions between ordered and disordered states
modulated the degree of AIE and reduced fluorescence quantum yield during

the disordered state.

At room temperature, when AE 1 aggregates coupled to the surface of iodide-
capped CdSe nanocrystals (CdSe/l~ NCs), the hybrid system (CdSe/I”/AE 1)
exhibited dual fluorescence bands, with the NCs emitting at 636 nm and the
AE 1 aggregates at 734 nm. These bands displayed anticorrelated fluctuations
over time where an increase in the fluorescence intensity of the NCs coincided
with a decrease in the fluorescence intensity of AE 1. Initially, EET from the
NCs to the AE 1 aggregates occurred efficiently, which is due to the spectral
overlap between NC emission and AE 1 absorption. The energy transfer
induced photothermal heating, causing the AE 1 aggregates to undergo a
transition to a disordered state. This structural disruption reduced their
fluorescence intensity and weakened the EET efficiency, allowing the NC
fluorescence to recover. Over time, as photothermal heating diminished, the
AE 1 aggregates reassembled into their ordered state, restoring efficient EET
and restarting the cycle. At 160 K, the fluorescence fluctuations became

periodic, with the cycle duration inversely correlated with excitation power.
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higher laser power increases the heat transfer and leads to reduce period of
oscillations, highlighting the role of photothermal effects in regulating the
feedback loop. These findings provide insights into the design and application
of hybrid materials with emergent optical properties. The system’s periodic
fluorescence dynamics have potential applications in nanothermometry, and
other temperature-sensitive technologies. Moreover, this work demonstrates
the capabilities of combining AE 1 with inorganic nanocrystals to create hybrid

systems.
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ABSTRACT: We study three-color Forster resonance energy transfer (triple FRET) between
three spectrally distinct fluorescent dyes, a donor and two acceptors, which are embedded in a
single polystyrene nanosphere. The presence of triple FRET energy transfer is confirmed by
selective acceptor photobleaching. We show that the fluorescence lifetimes of the three dyes

“‘_‘
are selectively controlled using the Purcell effect by modulating the radiative rates and relative

fluorescence intensities when the nanospheres are embedded in an optical Fabry—Perot ! ;L ‘! _* ‘

microcavity. The strongest fluorescence intensity enhancement for the second acceptor can be

observed as a signature of the FRET process by tuning the microcavity mode to suppress the

intermediate dye emission and transfer more energy from donor to the second acceptor.

Additionally, we show that the triple FRET process can be modeled by coupled rate equations, |

which allow to estimate the energy transfer rates between donor and acceptors. This ' :
fundamental study has the potential to extend the classical FRET approach for investigating

complex systems, e.g., optical energy switching, photovoltaic devices, light-harvesting systems,
or in general interactions between more than two constituents.

Bl INTRODUCTION

Forster resonance energy transfer (FRET) plays an eminent
role in light harvesting, the initial step in photosynthesis,' ™
and plays a key role in photovoltaic devices,”® organic lighting
sources, ~ and molecular biosensing. Furthermore, it is a

many challenges that limit the quantitative analysis of triple
FRET data, e.g., severe photobleaching, small absorption/
emission spectral overlap, and large distances between
multicolor fluorescent dyes.

Optical microcavities allow to modify the optical mode

Downloaded via UNIV TUEBINGEN on May 2. 2024 at 09:21:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

prominent method to measure molecular distances or to detect
molecular interactions in the angstrom range (10—100
A)."""* In FRET, an excited fluorophore (donor) transfers
its energy nonradiatively to a neighboring fluorophore
(acceptor) via induced dipole—dipole interaction."*™'® The
rate of energy transfer is strongly dependent on the spatial
distance between donor and acceptor (r~°), the overlap
between the emission spectrum of the donor and the
absorption spectrum of the acceptor, and the relative
orientation of the transition dipoles.'”'" FRET manifests itself
in a decrease of the donor lifetime, quenching of donor
fluorescence, and an increase of the acceptor fluorescence
intensity.”'®'**" Hence, FRET is often detected by acceptor
photobleaching, in which the donor fluorescence lifetime is
recorded before and after acceptor phc;toblezu:hin.g.2l’32

In the past decade, multicolor FRET approaches have
become increasingly attractive to study complex molecular
systems. Compared to the conventional FRET, triple FRET™*
occurs between an excited donor and two spectrally different
acceptors. In addition, there can also be an energy transfer
from the donor to the lowest-energy acceptor via the
intermediate acceptor. Several recent studies have successfully
demonstrated the development of single-molecule triple FRET
techniques.l“_‘r However, the extension of FRET to triple
FRET is not as straightforward as it appears, and there are

© 2023 American Chemical Society

<7 ACS Publications

density compared to free space. A simple example of such a
system is a Fabry—Perot resonator, which allows to modify the
radiative properties of an emitter placed inside: In the so-called
weak coupling regime, the Purcell effect’*™*" can occur, which
describes a modification of the spontaneous emission rate
which is enhanced if the emission frequency of the emitter is
resonant with a cavity mode (and suppressed if not). This is
quantified by the Purcell factor Fp, which is the ratio of the
spontaneous emission rate of the emitter inside the cavity and
in free space.

In the past, people attempted to manipulate the ener
transfer by placing FRET pairs in a photonic cavi'cy,fl_"S
photonic bandgap material,” plasmonic nanoantennas,””
and photonic crystals.”” The results show that the energy
transfer can be enhanced,""***' 7" suppressed,”””" or stay the
same.”'~"* Spontaneous emission modification at resonant
modes of a cavity can be described by the aforementioned
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Purcell effect, which was shown to have an impact on the
energy transfer between closely spaced dipole emitters.”’

Here, we present a novel approach for the study of the
mechanism of a multiple FRET system that relies on
controlling the energy transfer between the acceptors and
the donors by spatially confined electromagnetic fields within a
photonic environment in a tunable Fabry—Pérot microcavity.
Our triple FRET system consists of three spectrally distinct
fluorescent dyes, which are embedded in 100 nm diameter
polymer nanospheres (which are commercially available under
the trademark TetraSpeck microspheres). The optical
measurements were performed on single nanospheres dis-
persed in a microcavity with an average intersphere distance >1
p#m at cryogenic temperatures to increase the photostability of
the fluorescent dyes.

B EXPERIMENTAL SECTION

Preparation of Single TetraSpeck Nanosphere Sam-
ples. Four fluorescent dyes with excitation maxima at 350,
505, 575, and 655 nm are embedded in a TetraSpeck
ultraclean polystyrene nanosphere with a nominal diameter
of 100 nm and a density of 1.8 X 10"! particles/mL. Three of
these dyes are excited by a laser at 488 nm with green (515
nm), orange (580 nm), and red (680 nm) fluorescence
maxima and are termed donor, acceptorl, and acceptor2,
respectively. The nanospheres were purchased from Thermo
Fisher Scientific, Germany (Invitrogen TetraSpeck nano-
spheres T7229) and used without further purification. A 5
pL droplet of the TetraSpeck solution was placed on top of the
flat mirror of the disassembled microcavity (or on top of a
clean coverslip for measurements in free space) and dried for
20 min. This resulted in an average separation of several
micrometers between individual nanospheres. The chemical
structures and the concentration of the dyes used in
TetraSpeck nanospheres are proprietary information of
Invitrogen. Therefore, we have estimated the number of
molecules in a single TetraSpeck sphere and obtained about
5600 fluorophores (details in the Supporting Information).

Microcavity Preparation. The microcavity consists of a
fixed and a tunable silver mirror spatially separated by few
wavelengths in the visible spectral region. The tunable flat
mirror is created by evaporating a 50 nm thick silver layer on a
clean glass cover slide, followed by a 10 nm gold and a
dielectric SiO, layer of 100 nm to position the nanospheres. In
this way, we avoid fluorescence quenching by the silver
mirror > ® and make sure that the fluorophores are located in
the first spatial intensity maximum of the cavity modes and
experience a high field strength. The fixed mirror is a lens with
a curvature radius of 18.6 mm, coated with an 80 nm silver
layer, a 10 nm thick gold layer, and 20 nm SiO, as a protection
layer.

Experimental Setup. A schematic drawing of the
experimental setup consisting of a home-built confocal
microscope and an optical cryostat (SVT-200, Janis) is
shown in Figure S1. A graphic sketch of the microscope
head and a tunable Fabry—Pérot microcavity installed in the
sample compartment are illustrated in Figure lab. The
objective lens and the mirror separation of the microcavity
can be controlled precisely by four piezoelectric actuators
(ANPx311/RES stepper positioner, Attocube). In this
geometry, the flat mirror can be approached towards the
fixed mirror to reach the 4/2 region in the visible spectral
range. A lens and a white light LED mounted outside of the
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Figure 1. (a) Graphic sketch of the microscope head suitable for
cryogenic temperatures with the objective lens and the translator
stages. (b) Sketch of the tunable Fabry—Pérot microcavity with
nanospheres to investigate the influence of cavity on the radiative
properties of the dyes of a single TetraSpeck nanosphere. (c)
Experimental emission and absorption spectrum of a single
TetraSpeck nanosphere in free space, containing a green, orange,
and red dye. (d) Schematic energy-level scheme of a triple FRET
system containing donor, acceptorl, and acceptor2.

cryostat are used to acquire transmission spectra (see details in
the Supporting Information). The transmitted light is collected
via an air objective lens (NA = 0.85), and the detected signal is
guided to a spectrometer with a thermoelectrically cooled
CCD camera (Shamrock, Andor Technology, UK). These
transmission spectra are used to determine the spectral
position of the cavity resonances. A sensitive temperature
sensor (DT-670-SD, Diode sensor, Lake Shore Cryotronics) is
located next to the sample position (indicated in Figure 1a).
To measure fluorescence spectra and lifetimes of the dyes
embedded in fluorescent nanospheres, three pulsed lasers are
used at 4 = 488, 532, and 630 nm, with pulse lengths <100 ps
at a repetition rate of 40 MHz. The excitation lasers are
focused by the objective lens on the microcavity, and the same
objective is used for fluorescence signal collection. The signal is
detected with a sensitive avalanche photodiode (APD)
followed by a time-correlated single photon counting system
(SPCM-AQR-14, Photon Counting Module, PerkinElmer
Optoelectronics).

B RESULTS AND DISCUSSION

Experimental absorption and emission spectra of a single
nanosphere in free space (no cavity) are shown in Figure lc. It
has to be noted that the direct excitation of acceptorl and
acceptor2 by the 488 nm laser is weak. The green, orange, and
red areas in Figure 1c represent the transmission range of the
filters (<550 nm short pass, 548—612 nm band-pass, and >630
nm long pass) installed in front of the APD to separately detect
the emission of the three dyes and to measure the
corresponding lifetimes individually.

https://doi.org/10.1021/acs.jpcc.3c02566
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Figure 1d shows an energy-level diagram of the triple FRET
process in a TetraSpeck nanosphere consisting of the donor,
acceptorl, and acceptor2. The donor molecules are excited by
a pulsed laser at 488 nm from the electronic ground state
(Sp,p) to an intermediate vibronic level of the first electroni-
cally excited state and relax quickly to the vibronic ground state
of the first excited state (S;p), from where the donor
molecules can relax to Sy either by emitting fluorescence
photons or via a nonradiative decay channel. FRET opens up
an additional deexcitation channel for the donor, by which the
excitation energy can be transferred to the acceptorl (T u) or
the acceptor2 (T};). Additionally, in a triple FRET process,
acceptorl can also play the role of a donor to transter energy to
acceptor2 (Th3). Ty, T3, and T are illustrated as black solid
arrows in Figure 1d. The excited acceptors can relax back to
their electronic ground state either by nonradiative decay or by
emitting fluorescence photons. The energy transfer depends on
the spectral overlap of the donor emission spectrum and the
absorption spectrum of acceptorl and acceptor2, respectively.
For TetraSpeck nanospheres, the spectral overlap”’ of donor—
acceptorl is much higher than donor—acceptor2, and direct
excitation by the 488 nm laser is rather weak for acceptorl and
acceptor2.

One possibility to detect the FRET process is based on
photobleaching the acceptor because the donor lifetime
increases in the absence of the acceptor.”” To confirm the
triple FRET process, the fluorescence lifetime of the bare
donor and the donor with acceptors was acquired by time-
correlated single-photon counting (TCSPC) at room temper-
ature and is shown in Figure 2a,b.
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Figure 2. (a) Fluorescence lifetime decay curves of the donor before
(red curve) and after photobleaching the acceptor2 (blue curve) and
subsequently acceptorl (green curve) for a single nanosphere at room
temperature. (b) Fluorescence lifetime decay curves of acceptorl
before and after photobleaching of acceptor2 for a single nanosphere.
Fits (gray dashed lines) are obtained by convolution of the instrument
response function (black line) and a double-exponential decay curve.
The shown lifetime values are the average lifetime values of the
respective fit,

Fluorescence decay curves are shown in Figure 2a,b for two
different scenarios, and the corresponding fit functions (gray
dashed lines) are based on convolution of exponential decay
functions with the instrument response function (IRF, black
line). The donor fluorescence decay (red curve in Figure 2a) is
acquired before photobleaching of the acceptors at room
temperature and yields a fluorescence lifetime of 5.7 + 0.15 ns
for this particular fluorescence nanosphere. The blue line
shows a fluorescence decay curve of the donor in the same

nanosphere after photobleaching of acceptor2 with a 630 nm
laser, and the fluorescence lifetime of the donor increases to
6.8 & 0.12 ns. A further increase to 7.2 + 0.14 ns of the donor
fluorescence lifetime is observed after additional photo-
bleaching of acceptorl by irradiation with the 532 nm laser.
It has to be noted that determining the donor fluorescence
lifetime in the presence of only acceptor2 was not successful
due to coincident photobleaching of acceptorl and acceptor2
by the 532 nm excitation. In addition, the fluorescence decay
curves of the acceptorl (blue solid line) are shown in Figure
2b, where the fluorescence lifetime increases from 6.9 + 0.15
to 8.2 + 0.18 ns after photobleaching of acceptor2 by a 630 nm
laser. We note that the lifetimes of the donor measured in
different nanospheres can vary slightly as shown in Figure S2.
These results show that triple FRET occurs between the three
dyes inside single TetraSpeck nanospheres.

To investigate the influence of the optical microcavity on the
radiative properties of the Clyes, fluorescent nanospheres were
embedded between the two mirrors of the tunable microcavity,
as schematically presented in Figure 1b. Single nanospheres
were deposited with an average separation of several
micrometers on top of a 100 nm thick SiO, spacer layer on
the tunable mirror.”” The optical path length of the
microcavity can be tuned by precisely approaching the tunable
mirror toward the fixed mirror by piezoelectric actuators.

Exemplary fluorescence decay curves of the donor and
acceptorl of a single nanosphere at room temperature in free
space (blue curve) and inside a resonant microcavity (red
curve) are shown in Figures 3a and 3b. The cavity mode can be
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Figure 3. Fluorescence lifetime decay curves of the donor (a) and the
acceptorl (b) at room temperature in free space (blue curve) and in
the microcavity (red curve) when it is on resonance with the donor or
acceptorl, respectively,

tuned to be on resonance with maximum emission of the
donor (a) and acceptorl (b). Because of the Purcell effect, the
fluorescence lifetimes of both dyes are remarkably reduced
from Three space—donor = 7.0 ns and Three space—acceptor] 8.1 ns to
Tc;u:it}'—donor = 27 ns and rcavity—acceptorl = 2.8 ns when the
microcavity is on-resonance. This is close to the theoretical
maximum lifetime reduction given by the Purcell factor of
about 3 for such conditions.”"”

Furthermore, we investigated the effect of tuning the cavity
resonance on the fluorescence lifetimes of the donor,
acceptorl, and acceptor2 for a particular single nanosphere.
To avoid photobleaching of the single nanosphere, the
measurement was performed at 130 K. The temperature was
controlled by a sensor mounted close to the microcavity.
Figure 4 shows how the fluorescence lifetimes of the donor,
acceptorl, and acceptor2 of a single nanosphere are influenced

https://dol.org/10.1021/acs jpcc.3c02566
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mirror separation between sixth and third cavity mode. Respective experimental emission spectra of a single TetraSpeck nanosphere in the
microcavity as a function of decreasing mirror separation are shown in (b). The emission maxima of the donor and the two acceptors in free space
are marked by dashed green, orange, and red lines, respectively. The energy transfer for different cavity settings is marked by white, green, and
orange arrows in (a) and (b). The excitation laser at 488 nm (blue solid line) and cavity mode orders m = 3, 4, §, and 6 (gray solid lines) as well as
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to acceptor2 (T}, Tys) in (h). Calculated white light transmission maxima are indicated by white dashed lines in (f) to (h).
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by the Purcell effect when the microcavity resonance is tuned
from 500 to 700 nm. The measured lifetime decays are
acquired for seven spectral positions as the cavity resonance is
shifted to the red by increasing the mirror spacing, A
theoretical model (details in the Supporting Information)
based on the Purcell factor is fitted to the experimental data,
and the results are shown as black lines in Figure 4. The
fluorescence lifetime of each dye decreases due to the Purcell
effect, when the cavity resonance is spectrally close to its
fluorescence maximum. The acquired data for different
nanospheres in different cavity resonances are shown in
Figures S3—S85.

Next, we investigate the fluorescence emission spectra of the
triple FRET system to study the interplay of energy transfer
and the cavity-induced Purcell effect. Figure 5 represents two-
dimensional plots of successive experimental white light
transmission spectra of the microcavity and emission spectra
of one and the same single TetraSpeck nanosphere as a
tunction of decreasing cavity mirror separation from sixth to
third cavity mode. The intensity reduction of the transmission
spectra toward longer wavelengths in Figure Sa is caused by
the spectral emission profile of LED used to acquire spectra
(see the Supporting Information). The free space emission
maxima of the individual dyes are indicated by the green,
orange, and red dashed lines. The cavity settings in which the
laser excitation at 488 nm (blue vertical line on the left of the
spectral maps) intersect with cavity resonances (gray lines) are
shown by horizontal red lines in Figures 5a,b. The signatures of
the FRET process appear in the emission spectra marked by
the orange, red, and white arrows in Figure 5b. Figures Sc—e
show the individual spectra marked by the arrows.

For the spectrum marked by the orange arrow, the 6th mode
is resonant with the excitation laser at 488 nm, the acceptorl
emission is resonant with the 5th cavity mode, acceptor? is
resonant with the 4th mode, and the donor emission is
suppressed. When the mirror spacing is reduced in the
spectrum marked by the red arrow, the excitation laser is again
resonant with the cavity in the 5th mode; for this cavity setting
acceptorl emission is resonant with the 4th mode, and
acceptor2 emission lies about halfway between the 4th and the
3rd mode and is reduced by about 50% with respect to the
previous spectrum, This shows that although the donor
fluorescence is suppressed, energy can be transferred to
acceptorl. Finally, for the emission spectrum marked by the
white arrow, the 4th order mode is close to resonance with the
excitation laser, acceptor2 emission is resonant with the 3rd
order mode and is largely enhanced while acceptorl is
spectrally located halfway between the 4th and the 3rd mode
and largely suppressed, and donor emission is near resonance
with the 4th order and weak. Hence, the white marked
spectrum clearly shows that energy is transferred to acceptor2
although acceptorl is suppressed. In all three cases the
excitation of the donor should be the same, and the intensity
ratios between the donor, acceptorl, and acceptor2 emission
depend critically on the respective cavity mode setting.
Obviously, the interplay between the Purcell effect and
FRET can lead to complex cavity-dependent behavior of the
fluorophores.

To complement these measurements, we have performed
theoretical simulations of the fluorescence spectra to fit the
experimental data. The model is based on six coupled rate
equations for the donor, acceptorl, and acceptor2 populations
(eqs 1—6), which allows us to calculate the ground and excited

state populations of the donor and the two acceptors as a
function of cavity resonance. The six coupled differential rate
equations include all the processes indicated in Figure 1d and
can be written as follows:

dS.p
% —BSop + mS;p + sp,S1p + TSy p + TisSip
(1)
s, p :
o = BSop — m1iS1,p — sp,Sup — TiSip — TisSip
(2)
dSo a1 : ;
? = =BSoa + 108 4 + 59,5 0 — TixSip
+ T3Sy a1 (3)
dS, 4
d_; = pzsn,m - ”"zsl,m - spgsl,m +H Tizsl.n - ZSSI,AI
4
dSy 12
_dt_ = =BSq 1, + 1S 4 + SP;,Si,Az = T3S 1
- T3S p (5)
dS, 42
3 PSoa2 = 1138142 = P8 a0 + TaSi a0 + TisSip

(6)

Here, eqs 1 and 2 describe the temporal evolution of the donor
populations in the ground and excited state; Sy, and S, 1, are
the respective probabilities. Equations 3—6 are related to
acceptorl and acceptor2. The excitation of each fluorophore
occurs via the pumping rates P;_;. Nonradiative rates and
spontaneous emission rates are described by nr,_; and sp,_3,
respectively. The energy transfer pathways in the equations can
occur from donor to acceptorl (T,), to acceptor2 (T;;), and
from acceptorl to acceptor2 (T,;) with the respective rate
constants in parentheses. The nonradiative rate constant is
kept constant. Hence, to fit this model to the experimental
data, only parameters describing the pumping rate and energy
transfer rate are varied. To calculate the equations, the energy
transfer rate is considered 1 in free space, and all others are
relative to it. The influence of the microcavity is included by
the parameters sp,_; as a reduction or an increase of the
spontaneous emission rate due to the Purcell effect. Solving
these equations numerically gives the ground and excited state
populations of the involved dyes, which are subsequently used
to calculate fluorescence emission spectra of the nanospheres.
Results for these calculations are shown in Figures Sf—h.
The white dashed lines represent the resonance wavelengths of
the microcavity, which are fitted to the experimental data in
Figure 5a. Energy transfer and excitation rates are varied in this
model to reproduce the experimental data in Figure Sb. All
parameters used in the calculations as well as additional
simulations without energy transfer are presented in the
Supporting Information. In Figure 5f—h the donor experiences
the highest relative excitation rate (P, = 1). Furthermore, to
account for the small spectral overlap between the excitation
laser and the absorption spectrum of acceptorl and acceptor2,
the excitation rate of acceptorl and acceptor2 is set to 10% of
the donor excitation rate. Figure 5f shows the case when there
is only energy transfer between the donor and acceptor2, and
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the spectral feature marked by the green arrow (emission of
acceptor2) in Figure 5b is missing. However, as soon as energy
transfer from acceptorl to acceptor2 (Figure Sg) is included,
this emission can be weakly observed. This feature is further
enhanced in Figure 5h, where the energy transfer occurs from
donor to acceptorl and from acceptorl to acceptor2. This
theoretical result gives the best agreement with the
experimental data in Figure Sb, also reproducing the intensity
ratios for the different dyes. In these simulations, we only
consider the influence of microcavity on the fluorescence
emission of the donor, aceptorl, and acceptor2 and did not
include a possible influence on the excitation rates (p,_,) or
the energy transfer rate constants due to the microcavity
tuning. Nevertheless, we achieve good agreement between the
experiment and the simulation. This allows us to directly
compare the fluorescence emission ratios of acceptorl and
acceptor2 for the three conditions: (1) when both are in
resonance with a cavity mode, (2) only acceptorl is in
resonance with a cavity mode while acceptor2 is suppressed,
and (3) finally acceptorl is suppressed and only acceptor2 is in
resonance. To keep the transfer rate constants constant, seems
intuitively reasonable in terms of Forster’s model for energy
transfer because the coupling between donor and acceptor
occurs in the optical near field and scales as the inverse of the
sixth power of the donor—acceptor distance, whereas the
optical mode density is determined by the boundary
conditions dictated by the resonator, for which the mirror
spacing is on the order of a micrometer. Therefore, it seems to
be justified to expect no significant influence from a change of
the microcavity length on the optical near fields of the excited
fluorophores and hence on the energy transfer rate constant,
In Figure 3b we only observe the intense aceptorl or
acceptor2 emission at those cavity lengths where the excitation
laser wavelength (488 nm) is in resonance with the cavity,
while for this condition the donor emission is always off-
resonance due to the Stocks shift. Hence, the radiative
relaxation of the donor molecules is suppressed, and FRET
occurs efficiently to the acceptor molecules. In other words,
although the excitation rates of the donor (P;) and the
acceptors (P,;) depend on the optical mode density and
influence on the absolute fluorescence intensities of the donor,
acceptorl, and acceptor2, the excitation rates are equal for the
spectra marked by the orange, green, and white arrows.

B CONCLUSIONS

In summary, we have presented a study and detailed analysis of
the triple FRET process using three different fluorescent dyes
embedded into a single nanosphere in a tunable microcavity at
cryogenic temperature of 130 K. We have demonstrated the
detection of the triple FRET process between the dyes in a
single TetraSpeck nanosphere using acceptor photobleaching.
We have shown that the Purcell effect from a tunable
microcavity leads to strong reduction of the lifetime of
fluorophores compared to free space, especially when the
microcavity mode is close to resonance with emission of dyes.
Furthermore, we have demonstrated that the energy transfer
rate can be controlled by the position of the microcavity
resonance; for example, we observed that energy is efficiently
transferred from donor to the acceptor molecules when the
donor emission is suppressed by the resonator. Both acceptors
can then emit if they are in resonance cavity (orange spectrum
in Figure 5b), or their emission can selectively be suppressed
by the cavity. For the situation when acceptorl is off-

resonance, energy transfer from donor or acceptor 1 to
acceptor2 occurs, and acceptor emission is enhanced (white
spectrum in Figure 5b). In addition, we have shown that the
triple FRET system can be modeled by six coupled rate
equations, considering two energy transfer channels from
donor to acceptorl and from acceptor] to acceptor2 as well as
the influence of the Purcell effect on the radiative rates. As a
consequence, the single TetraSpeck nanospheres can serve as
an excellent model system to study the influence of the optical
mode density on the multi-FRET process. Multi-FRET
techniques could have broad applications in detecting DNA
sequences’” and development of DNA biosensors’® or for
studying the dynamics of complex biomolecular systems with
more than two interaction partners""~ and harvesting
systems™ and for revealing new insight into the flexibility of
molecules’ structures.””"”
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Figure S1. Sketch of the optical setup for low-temperature fluorescence lifetime and
spectroscopy measurements.

Figure S1 shows a home-built confocal microscope in a bath cryostat (SVT-200, Janis). A
temperature sensor (DT-670-SD, Diode sensor, Lake Shore Cryotronics) close to the sample is
used to control the temperature at 130 K. Three diode lasers at 488 nm, 532 nm, and 630 nm
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are aligned into the cryostat using a 30:70 plate beam splitter (BSS10R, Torlabs) and can be
focused on the sample through an objective (Newport, 60X NA = 0.85). The emitted light is
passed through a 50 um pinhole, and a 488 nm long pass filter (AHF Analysentechnik), and it
can be detected by a spectrometer (Shamrock 500, Andor Technology) and an APD with a
subsequent time correlated single photon counting system (SPCM-AQR-14, Photon Counting
Module, PerkinElmer Optoelectronics). To separately measure the fluorescence lifetime of the
three dyes, three different filters (550 short pass, 580/65 band pass, and 630 long pass) are
installed in front of the APD. White light can be generated by a LED outside of the cryostat to
acquire transmission spectra. A self-developed LabVIEW software is used to control the
motorized flip mirrors on the optical setup and the piezoelectric actuators inside the cryostat.

Lifetime measurements
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Figure S2. An average-weighted lifetime diagram of the donor (green), donor with
acceptorl (blue) and donor with acceptorl and acceptor2 (red) in free space.

The recorded lifetimes of the green dye without acceptors (green dots) and with acceptors
(blue and red dots) are summarized in Figure S2. Every dot represents a lifetime measurement
from an individual nanosphere. For the green dye (in the absence of the orange and red dyes),
an average value of t=7.3 + 0.3ns is recorded, while the average lifetime before
photobleaching of the red and orange dye was 6.9 + 0.35 nsand 5.5 + 0.33 ns, respectively.
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Figure S3. (a)-(f) Experimental lifetimes and the respective amplitudes of the
fluorescence decay curve of the donor, acceptorl, and acceptor2 for the different single
nanospheres as a function of cavity resonance at low temperature accomplished by
tuning the mirror spacing with piezo actuators.

Measured lifetimes and amplitudes of the decay curves of the donor, acceptorl, and
acceptor2 of 41 nanospheres are shown in Figure S3 for multiple independent cavity tunings
at 130 Kelvin. For every nanoparticle the microcavity mode was tuned step by step in the
visible spectral range and the lifetime of individual dyes was measured with 550 nm short
pass, 580 nm bandpass and 630 nm long pass filters in front of the APD. Measurements are
binned in 15 nm increments to improve the statistics. The average values together with the
error bars are shown in Figure S4.
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Figure S4. (a) Two-dimensional false color map showing the shift of white light
transmission maximum as a function of increasing the mirror spacing from 2" to 3™
cavity mode. The emission spectrum of the white light LED is shown in Figure S9. The
gray-scaled dots at 515 nm, 580 nm and 680 nm represent the lifetime of the donor,
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acceptorl and acceptor2, respectively. (b) Waterfall plot of (a) for better visibility of
the cavity resonance. (c) to (e) Ensemble average of the measured cavity-modified
lifetimes of the donor, acceptorl and acceptor2 as a function of cavity resonance. (f)
to (h) The amplitudes of the respective fluorescence decay curves of the three dyes as
a function of the cavity resonance. The measured data are binned in 15-nm increments
and are the average of 220 data points. The error bars originate from the fit of the
fluorescence lifetime decay curves and possibly from the variation of the particles in
the local environment of the dyes in each sphere which can vary from one sphere to
the others. The free space emission maxima of the individual dyes are shown as blue
dashed lines in (c) to (h).

Figure S4(a) represents a 2D plot of white light microcavity transmission spectra, where the
microcavity resonance is tuned across the visible spectral range by increasing the mirror
separation (vertical axis). Low transmission intensity is represented by blue color and high
transmission is presented in red. The emission spectrum of the white light LED is shown in
Figure S9. A waterfall plot of these white light transmission spectra is presented in Figure S4(b)
for better visibility. In these spectra we clearly see the appearance of the next higher mode as
the mirror spacing increases and the initial mode shifts to the red. The gray-scaled dots in
Figure S4(a) illustrate the corresponding fluorescence lifetimes of the three dyes. Dark gray
dots represent a short lifetime, whereas light gray represents long lifetimes. Figures S4(c) to
(e) show the influence of the cavity resonance on the fluorescence lifetime of the three dyes
measured independently for 41 particles. The error bar shows that the lifetime of individual
dyes in different nanospheres varies considerably from one sphere to the other possibly due
to a variation of particles in the local environment of the dyes from particle to particle and /
or from the uncertainties in determining the cavity resonance for a specific mirror separation.
The fluorescence lifetimes of the donor, accpetorl, and acceptor2 for three different single
nanospheres are shown in Figure S5 as a function of cavity resonances.
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Figure S5. (a)-(l) Fluorescence lifetimes of donor, acceptorl and acceptor2 for three
different nanospheres represented as grey, blue and green dots as a function of the
cavity resonance wavelength. The error bars are from the fits of the time dependent
fluorescence intensity decay curves. The red lines represent fits of Lorentzian shaped
functions to the data points with the spectral widths, dip position and amplitudes as
fit parameters.

The fluorescence lifetimes of three different single nanospheres as a function of cavity
resonance are shown in Figure S5. A theoretical model for the Purcell factor!2 shown by red
lines is fitted to the experimental data to study the effect of cavity resonance on the lifetimes
of donor, accpetorl, and acceptor2. Spectral dependence of the resonator and molecules are
modeled by a Lorentzian line shape function with a full width at half maximum Aw centered
at the maximum emission frequency wq of the molecules. Spectral dependence of the Purcell
factor Fp as a function of the cavity resonance w. can be expressed as

Wcav T ree ( c )3Q , Aw?
we) Vo 4(wy— wc)z + Aw?l

where Fp is the Purcell factor, W™ (W/7¢€) is the radiative transition rate of the emitter
inside the cavity (in free space), t3*" (rﬁ’"ee) is the radiative lifetime of the dye inside the cavity
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(in free space), ¢ is the vacuum speed of light, Q is the quality factor of the cavity, V is the
mode volume of the cavity, EZ is the dipole orientation factor of the molecule, Aw is the sum
of the FWHMs of the cavity mode and the emission profile of the molecules.

The following equation is used to fit the data for the lifetime (where we assumed that the
lifetime converges to 7 far away from the cavity resonance).

To

cav __

KT+ 1)

The experimental lifetimes from different nanospheres and the curve fit function from the
Python module SciPy (scipy.optimize.curve_fit) are used to fit the data. Fit parameters are
defined as the lifetime of the nanosphere far away from cavity resonance, the amplitude of
the Purcell effect (which consists of Q, V, and £2), FWHM, and the maximum emission
frequency of the dyes.

Triple FRET model
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Figure S6. Simplified energy-level scheme of a triple FRET system consisting of one
donor and two acceptors.

Figure 56 shows a simplified energy-level scheme of the triple FRET system illustrating the
different excitation/deexcitation/transfer routes. The donor is excited from the ground state
So,0 to a higher vibronic level of the first excited state with a pumping rate P, and relaxes very
fast to the lowest vibronic level of the first excited state S; p. The donor may relax to its ground
state either with a non-radiative nr; or the spontaneous emission sp; rate. Energy transfer
occurs from the donor by the rates T, and T3 to excite the acceptorl or acceptor2 to a higher
vibronic level of their excited state. Acceptorl and acceptor2 can relax from their
electronically excited state (S; a1, S1.42) by non-radiative (nr,, nr3) or radiative decay channel
(spa, sp3) to its ground state (Sga1 Soa2). In addition, acceptorl can be a donor to excite
acceptor2. Finally, acceptor2 can relax to the ground state by the spontaneous emission sp;
or by the non-radiative rate nr3.

The equations to model the energy exchange between donor and acceptors in a triple FRET
system shown in the main text were solved numerically using the ODE solvers included in
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Matlab. All simulated spectra presented in the main text are the results from differential rate
equations and the corresponding parameters used for the calculations in the main text are
given in Table S1. All rate constants are relative to the free space radiative rate, whose

radiative rate constant is set to 1.

Simulated parameter | Figure Figure Figure Figure Figure Figure
S7(a) S7(b) S7(c) 5(f) 5(g) 5(h)

Pump rate Donor 1 1 1 1 1 1

(P4)

Pump rate Acceptor1 | 0 0.1 0.1 0.1 0.1 0.1

(P2)

Pump rate Acceptor2 | 0 0 0.1 0.1 0.1 0.1

(P3)

Transfer rate (T;2) 0 0 0 0 0 1

Donor-Acceptor1

Transfer rate (Tq3) 0 0 0 1 0 0

Donor-Acceptor2

Transfer rate (T,3) 0 0 0 0 1 0.25

Acceptor1-Acceptor2

Non-radiative 0.1 0.1 0.1 0.1 0.1 0.1

emission rate (nr)

Spontaneous 1 1 1 1 1 1

emission rate (sp)

Table S1. Simulation parameters used for the six coupled differential rate equations
given in the main manuscript to model the emission spectra of a single TetraSpeck
nanosphere located in the tunable cavity.

Theoretical emission spectra of a TetraSpeck nanosphere are shown in Figure S7 for exclusive
excitation of the donor only (P4) in (a), for excitation of donor and acceptorl (P4, P;) in (b), and
for excitation of the donor and both acceptors (P4, P3, P3) in (c) with neglecting energy transfer.
Calculated white light transmission maxima are indicated by white dashed lines in (a) to (c).
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Figure S7. Emission spectra modeled based on six-coupled rate equations in the main
manuscript for the situation where there is no energy transfer (T = 0) between dyes.
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Estimation of the number of molecules in a single TetraSpeck sphere

We estimate the number of molecules in a single TetraSpeck sphere using the Beer-Lambert’s

law, by assuming that the donor molecules have a similar absorption cross-section as dye
molecules with a similar absorption spectrum:

I=Ilyexp (—o-L- N/V)

where [ is the transmitted intensity, I is incident intensity, o is the absorption cross-section,
Nis the number of absorbers (molecules), L is the absorption path length, and V is the particle
volume. The figure below shows the transmission spectrum of the excitation laser line at 531
nm measured for a single sphere (blue line) and from the same sample with no sphere in the
focal volume (red line). The transmitted beam is decreased in presence of a single sphere due
to the light absorption, while the transmitted intensity (red peak) is higher for the sample
without a sphere.

To calculate the number of donor molecules in the TetraSpeck sphere we use the known
absorption cross-section of Rhodamine 6G (o =4 - 1016 cm?)34 which has a nearly similar
absorption spectrum.
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Figure S8. Transmission spectrum of excitation laser line at 531 nm with (blue)
and without (red) a single nanosphere.
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With the above numbers we calculated the number of donor fluorophores in a single
TetraSpeck sphere to be about 5600 molecules probed by the linear polarized excitation with
amean distance of 4.5 nm between them. Of course, for an isotropic sample, the total number
of molecules is three times higher.

Spectral emission profile of the LED

Spectral emission profile of LED in free space is measured and shown in Figure S9.
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Figure S9. Spectral emission profile of LED used to acquire transmission
spectra
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reactions. Strong coupling leads to the formation of new hybrid modes and is caused by :
coherent energy exchange between the individual constituents. Such a coherent energy
exchange occurs when the coupling rate exceeds the damping rate of the individual
components and has been observed for highly diverse systems. Here, we present a strongly *
coupled hybrid system consisting of a thin TDBC J-aggregate film inside an optical
subwavelength microresonator coupled to a second microresonator. This hybrid structure
combines strong coupling of purely optical modes with strong light—matter interaction. The
coupling strength and damping sensitively depend on the position and concentration of the
coupled molecules in the microresonator structure. Such a coupled system can be modeled by
coupled damped oscillators, which allows to determine the coupling and damping constants.
We show that the individual components making up the coupled hybrid system cannot be
treated individually, but the coupled system needs to be considered as a whole. As a
consequence, altering one parameter does influence the whole coupled system, and the individual components need to be carefully
adapted to each other to achieve efficient coupling. These results can have important consequences for the field of optoelectronics or
polaritonic chemistry.
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B INTRODUCTION

The ability of optical microresonators to confine light to
subwavelength dimensions and to control light—matter
interaction has drawn considerable research attention during
the past decades. The interaction between an emitter and a
confined optical field can be classified into weak and strong
coupling,l' which is defined by the ratio of the damping and

coupling rates of the emitter and the microresonator. The

Strong coupling of purely optical modes, leading to the
formation of supermodes, has been observed in phase-locked
semiconductor laser arrays,”® coupled optical or photonic
fibers,”*" or photonic crystal cavities,” ™ just to mention a
few. On the other hand, strong light—matter coupling has been
studied extensively and was realized for microresonators,”**~*’
photonic crystals,"' ~** micropillars,"*** microdisks,"* micro-
tubes,”” and plasmonic systems.**™>* Especially /2 Fabry—

coupled system is in the weak coupling regime when the
individual damping rates are larger than the coupling rate. In
this case, the emission properties of the emitter are exclusively
altered by the Purcell effect,”® which has been reported in
plasmonic antennas,” microcavities,"’™"* or photonic crys-
tals'*'* and can be used to control Forster resonant energy
transfer and photobleaching in optical environments."”™*° In
contrast, strong coupling occurs when the coupling rate
exceeds the individual damping rates, and the individual modes
are hybridized into new polaritonic modes”' or supermodes.””
The hybridized modes are spectrally separated by the Rabi
splitting, and strong coupling manifests itself by anticrossing of
the coupled modes in the dispersion of the coupled hybrid
system.”** This is a very attractive aspect of strong coupling
because it enables to tune the energy levels of the hybrid
system and to modify and control chemical reactivity.”>~*" In
general, strong coupling can be achieved in a variety of diverse
systems, which can be subdivided into coupling of purely
optical modes and coupling of an optical mode with matter.

© 2021 American Chemical Society

A4 ACS Publications

Pérot microresonators are attractive to achieve strong coupling
due to their ease of fabrication, flexible geometry, and
accessibility; hence, many examples have been reported in
the literature, for example, microresonators containing
photonic molecules, > ** polymers,sq'm inorganic quantum
wells,®" ~** quantum dots,"** or organic semiconductors.”*~ %
More recently, studies of organic materials have been focused
on J-aggregates of cyanine dye molecules due to the fact that
they possess narrow and sharp peaks in their absorption and
photoluminescence spectra, making them ideal to achieve
strong light—matter coupling,*’~"*
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In this paper, we focus on strong coupling between a thin
TDBC J-aggregate film and a pair of optically coupled 1/2
Fabry—Pérot microresonators. We demonstrate that two types
of strong coupling occur simultaneously in the coupled system.
The first type is strong coupling of two purely optical modes of
the adjacent microresonators, in which the coupling strength
can be tuned by varying the thickness of the central shared
mirror and is described in detail in our previous work.” The
second type is strong coupling between matter, that is, the
TDBC J-aggregate molecules and the optical modes of the
coupled microresonators. We demonstrate that the coupling
strength and damping of the hybrid system can be tuned by the
optical microresonator modes, the lateral position of the
TDBC film, and the TDBC concentration in the film.
Additionally, we show that the hybrid system can be modeled
by a coupled harmonic oscillator approach, which allows to
determine all important parameters, that is, the coupling and
damping constants. These results prove that such a coupled
system is well suited to investigate the basic concepts of strong
coupling between optical modes and electronically excited
molecules because it enables to have full control over all
parameters. Finally, we point out the importance to precisely
control the systems’ geometry, which needs to be taken
carefully into account in the fields of polaritonic chemistry or
long-range coupling of two emitters.

B EXPERIMENTAL SECTION

Preparation of TDBC—PVA Film. A thin film of §,6-
dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-
benzimidazol-2-ylidene]propenyl]-1-ethyl-3-(4-sulfobutyl)-
benzimidazolium hydroxide, inner salt, sodium salt (TDBC;
purchased from FEW Chemicals, Germany, and used without
further purification), in a poly(vinyl alcohol) (PVA) matrix
was deposited by spin-coating on the SiO, spacer layer
covering the central mirror. TDBC molecules are dissolved in a
solution of PVA (1 wt %) in water, where they are forming J-
aggregan:es.75 The TDBC J-aggregate solution was prepared at
a concentration of 1072 mol/L, if no other concentration is
explicitly mentioned. The solution was sonicated for 20 min,
and a § uL droplet of the TDBC J-aggregate/PVA solution was
spin-coated on top of the SiO, layer for 30 s at 1700 rpm
angular velocity. This procedure has been precisely repeated
for all microresonators. The average thickness of obtained film
is 30 nm as measured with an atomic force microscope (AFM).

Coupled Microresonator Preparation. The layers
forming the microresonator structure are deposited by electron
beam evaporation. The lower microresonator with a fixed
optical path length consists of two silver mirrors, where a
50 nm thick silver layer is evaporated on a clean glass cover
slide, followed by a 10 nm gold and a dielectric SiO, layer of
148 nm. The thickness of this SiO, layer is chosen to tune the
resonance of the fixed resonator and to spectrally overlap it
with the maximum absorption peak of TDBC J-aggregate
molecules at 590 nm (Figure 1a). Afterward, the central shared
mirror is created by evaporating a 24 nm silver layer on top of
this SiO, layer. In addition, the central mirror is coated with a
10 nm gold layer and a SiO, spacer layer with variable
thicknesses ranging from 50 to 185 nm. This dielectric SiO,
spacer layer allows to control the spatial position of a thin
TDBC-PVA film inside the upper microresonator. The
topmost mirror is a lens coated with an 80 nm silver layer, a
10 nm thick gold layer, and a 10 nm SiO, layer and forms,
together with the central mirror, the tunable microresonator.
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Figure 1. (a) Absorption and emission spectra of a TDBC J-aggregate
film including the chemical structure of TDBC. (b) Graphic sketch of
two adjacent Fabry—Pérot microresonators, where the upper
resonator is tunable and the lower one is fixed. The two resonators
are separated by a shared central silver mirror. A white light LED is
used to record the transmission spectrum of the coupled micro-
resonators. (c) Experimental transmission spectra of the strongly
coupled microresonators with an anticrossing dispersion of the two
resonator modes. The horizontal axis is the wavelength of the
transmitted light as recorded by the spectrometer, and the vertical axis
indicates the resonance of the tunable resonator. (d) Corresponding
simulation using coupled harmonic oscillators, where the resonance
frequencies are fitted to the experimental data. In (c) two additional
resonator modes are visible, which have not been considered in the
simulations. The color map illustrates the intensity of the transmission
spectra.

Experimental Setup. A home-built holder and a piezo
actuator (8302 Picomotor Actuator, Newport) are used to
assemble the coupled microresonators.” The two coupled
microresonators consist of three silver mirrors, where the
central silver mirror is shared between the two micro-
resonators. In this geometry, the topmost mirror (a silver-
coated lens) can be moved toward the shared mirror to reach
the 1/2 region of the visible spectral range. A white light LED
is mounted on top of the microresonator holder to acquire
transmission spectra. The transmitted light is collected via an
oil immersion objective lens (NA = 1.4) from below, and the
detected signal is guided to a spectrometer with a thermo-
electrically cooled CCD camera (PIXIS 100, Princeton
Instruments, USA).

B RESULTS AND DISCUSSION

The molecular structure of TDBC is shown in Figure la,
together with the experimental absorption and emission
spectra of TDBC J-aggregate film that have a small Stokes
shift between the absorption and emission maximum. A
schematic drawing of the experimental setup consisting of two
adjacent Fabry—Pérot microresonators and a home-built
confocal microscope is shown in Figure 1b. It consists of
two adjacent microresonators with an additional thin TDBC
film on top of a SiO, spacer layer deposited on the central
mirror. The optical path length of the upper resonator can be

https://doi.org/10.1021/acs.jpcc.1c03004
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Figure 2. (a—e) Schematic drawings of five different experimental situations showing two coupled microresonators, where a thin TDBC J-aggregate
film is deposited on a SiO, spacer layer inside the upper resonator. The thickness of the spacer layer is indicated on top of the respective scheme.
(f—j) Experimental white light transmission spectra of coupled microresonators with the enclosed TDBC J-aggregate film. (k—o0) Corresponding
simulated transmission spectra. (p) Two exemplary experimental transmission spectra of the coupled system (marked by the white dashed line in
(g, h)) with a spacer thickness 100 nm (black line) and 130 nm (red line). (q) Coupling constants between two microresonators (K, ., black
squares) and between the tunable resonator and the molecules (K,.,_,0, red dots) as a function of the TDBC film position. Sum of both coupling
constants (blue triangles) to show the maximum coupling strength of the whole system. (r) Damping constants of the coupled system for different
positions of the TDBC film. The individual components are TDBC molecules (},,,;, blue triangles), fixed microresonator (yg,, black squares), and

tunable microresonator (¥, red dots).

tuned by piezo actuators, while it is fixed for the lower one. In
the following, we will refer to the upper and lower
microresonator as the tunable and fixed microresonator. The
transmission spectra of the empty coupled microresonator are
shown in Figure lc.

Strong coupling between the purely optical microresonator
modes results in the formation of supermodes and frequency
splitting,”” which can be seen in Figure lc at ~600 nm. The
vertical axis in Figure 1c represents the resonance wavelengths
of the tunable microresonator. The two transmitted peaks
show an anticrossing dispersion at ~600 nm and are separated
by the Rabi splitting when the resonances of the fixed and
tunable microresonator coincide. The Rabi splitting obtained
from the experimental data is ~23 nm. Figure 1d shows the
corresponding calculations based on two coupled harmonic
oscillators, which are described in detail in ref 2 and in the
Supporting Information. An additional higher and lower order
mode is observed in the experimental spectra, which are not
considered in the calculations. This model enables to
reproduce the experimental data in Figure Ic and allows to
determine the resonator—resonator coupling constant

Tes—res

13026

and the corresponding damping constants of the fixed y, and
tunable y,,.. microresonator. The respective damping and
coupling constants of the coupled microresonator shown in
Figure 1c are yg, = 100 meV, ¥y, = 17 meV, and K¢ = 530
meV. The coupling constant is larger than the individual
damping constants; hence, the two microresonators are within
the strong coupling regime. The next step is to investigate
coupling between a thin TDBC film with such a coupled
microresonator structure. In this case, there are two types of
strong coupling mechanisms: first, strong coupling of the two
purely optical modes of the microresonators and, second,
strong light—matter coupling between the optical micro-
resonator modes and the TDBC J-aggregates. As we have
shown in ref 2, strong coupling between the two micro-
resonators can be tuned by varying the thickness of the central
mirror, which is kept constant for all experiments presented
here. First, we want to show that coupling between the TDBC
film and the optical modes sensitively depends on the spatial
position of the film within the tunable microresonator. This
can be achieved by varying the thickness of the dielectric SiO,

https://doi.org/10.1021/acs.jpcc.1c03004
J. Phys. Chem. C 2021, 125, 13024-13032



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

spacer layer deposited on the central mirror, as schematically
illustrated in Figures 2a—e.

The transmission spectra of these five microresonators are
shown in Figures 2f—j for dielectric layer thicknesses ranging
from 70 nm in (f) to 185 nm in (j). The resonance frequency
of the lower microresonator is fixed and is adjusted to be close
to the absorption maximum of the TDBC J-aggregate film at
590 nm, as marked by the white dashed line in Figure 2i. Each
line along the vertical axis in Figure 2 represents a transmission
spectrum recorded for a distinct optical path length of the
tunable microresonator, and the respective resonance wave-
length is shown exemplarily by the black dashed line in Figure
2i and on the vertical axis. Clear anticrossing can be observed
when the resonance of the tunable microresonator is spectrally
overlapping with the resonance of the fixed one or the
absorption of the TDBC J-aggregate film. Two experimental
transmission spectra of the coupled system marked by the
white dashed line in Figures 2g and 2h are presented in Figure
2p. The red line shows a transmission spectrum, where the
TDBC J-aggregate film is placed close to the center of the
tunable microresonator (130 nm SiO, spacer layer), and
clearly three modes due to strong coupling of the two
microresonators with the TDBC J-aggregate molecules can be
resolved. On the contrary, light—matter coupling is weaker
when the film is moved away from the center of the tunable
microresonator (100 nm SiO, spacer layer, black line) and is
only observable as a shoulder at ~600 nm. Apart from the
coupling strength, the damping of the coupled system is
obviously altered by the position of the TDBC J-aggregate film,
which can directly be seen by the larger/smaller line widths in
Figures 2fh as compared to the empty microresonator shown
in Figure lc. A parameter influencing the spectral dispersion of
the modes is the ratio of the damping constants of the
individual modes, which is illustrated in Figure S1 of the
Supporting Information. Figure S1 shows that the maximum
intensity of the transmission spectra follows more closely the
mode with lower damping, while it becomes symmetric when
the damping constants of both modes are the same. This
dispersion behavior allows to draw the conclusion that the
damping of the fixed and tunable microresonators in Figure 2f
is similar, while damping of the tunable microresonator is
smaller in Figure 2h. Three damped coupled harmonic
oscillators are used to model the two coupled microresonators
and the TDBC J-aggregate molecules. The corresponding
calculations are presented in Figures 2k—o, where the
resonance frequency, damping, and coupling constant of the
fixed and tunable resonators are varied to reproduce the
experimental data. The resonance frequency and the damping
constant of the oscillator used to model the TDBC J-aggregate
molecules are determined from the absorption spectrum
acquired outside of the microresonator and are kept constant
for all calculations. All parameters used in the calculations are
summarized in Table SI. The coupling constants obtained
from the calculations are presented in Figure 2q as a function
of the spacer layer thickness. The data points are connected by
lines as a guide to the eye. The resonator—resonator coupling
constant K, .., for an empty microresonator with a 50 nm
S$i0, spacer layer is K¢ = 530 meV (indicated by the black
dashed line in Figure 2q), and there is a small reduction to 520
meV by the presence of the TDBC J-aggregate film inside the
tunable microresonator. Moving the TDBC J-aggregate film
closer to the center leads to a decrease of the resonator—
resonator coupling constant with a minimum of k.., = 450

meV, when the film is in the center of the tunable
microresonator. A further increase of the spacer layer thickness
is accompanied by an increase of k., .. In contrast, the
resonator—molecule coupling constant (K. ) increases
rapidly from 250 meV at 50 nm to 450 meV at 130 nm.
Interestingly, both coupling constants, K. and K mop are
the same when the TDBC J-aggregate film is in the center of
the tunable microresonator. Afterward, the resonator—
molecule coupling constant steadily decreases to 100 meV
for a 185 nm thick Si0, layer. Maximum strong coupling of the
whole system (blue triangles) is shown by the sum of the
molecule—molecule and molecule—resonator coupling con-
stant, which is nearly constant for spacer layer thicknesses
ranging from 70 to 160 nm. The corresponding damping
constants obtained from the coupled harmonic oscillator
approach for different positions of TDBC J-aggregate film in
the tunable microresonator are illustrated in Figure 2r. The
damping constant y,, attributed to the TDBC J-aggregate
molecules (blue triangles), is kept constant at 60 meV and is
determined from the line width of the absorption spectrum of
the TDBC J-aggregate molecules outside of the micro-
resonator. The damping constants of the empty coupled
microresonators are ¥z, = 100 meV for the fixed resonator
(black dashed line) and ¥, = 17 meV for the tunable
resonator (red dashed line). An increase of the damping of the
tunable resonator by the SiO, spacer layer is expected due to
scattering at the SiO, surface, which can be assumed to be
constant for the different SiO, spacer layer thicknesses.
However, introducing a SiO, spacer layer of 70 nm with a
TDBC J-aggregate film on top leads to strong increase of the
damping constant of the tunable microresonator from y,,,. =
17 meV to ¥yne = 40 meV. This increase can be understood
because the TDBC molecules mainly increase damping due to
absorption and experience weaker coupling to the optical
modes when they are located closer to the central mirror.
Moving the film toward the center of the tunable micro-
resonator leads to a reduction of the damping constant of the
tunable resonator from .. = 42 to 20 meV, which is quite
close to the damping constant of the empty microresonator. At
130 nm the TDBC J-aggregate film is approximately located at
the center of the tunable resonator, leading to the strongest
coupling between the molecules and the microresonator, and
results in the lowest damping. Interestingly, introducing the
TDBC J-aggregate film into the tunable resonator significantly
reduces the damping of the fixed resonator from y;, = 100 to
60 meV (black dots in Figure 2r), and a further increase of the
810, layer thickness increases the damping constant back to 98
meV, which is close to the value obtained from the empty
resonator. Hence, introducing a thin TDBC J-aggregate film in
the coupled resonator structure close to the central mirror
reduces the damping of the fixed resonator, while it increases
the damping of the tunable one. On the other hand, there is
nearly no influence on the damping of the tunable resonator
when the film is in its center. This result shows that the
coupled system needs to be considered as a whole, and
influencing one parameter does have an impact on all other
parameters.

One advantage of such a coupled microresonator structure is
that all parameters can be easily and precisely adjusted by
choosing different layer and mirror thicknesses. For instance,
the fixed resonator can either be on or off resonance with the
TDBC J-aggregate film, which is shown in Figure 3.
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Figure 3. Experimental transmission spectra of two coupled
microresonators with an additional TDBC J-aggregate film on top
of a 160 nm SiO, spacer layer in the tunable resonator. The
absorption maximum of the film is illustrated by the red dashed line.
The white dashed line indicates the resonance wavelength of the fixed
resonator at 607 nm in (a) and at 630 nm in (b). (c) and (d) show
respective simulations for (a) and (b).

Figures 3a and 3b show experimental transmission spectra of
two coupled microresonators, where the resonances of the
fixed one are indicated by the white dashed line at 607 nm (a)
and 630 nm (b). Hence, in the first case the resonance is closer
to the absorption maximum of the TDBC molecules at 590 nm
(red dashed line), while it is off resonant in the second case.
The corresponding calculations based on three coupled
oscillators are shown in Figures 3¢,d are in good agreement
with the experimental data. Similar to Figure 2, there is strong
coupling between the two microresonators, which can be seen
by the anticrossing at 607 and 630 nm in (a) and (b),
respectively. The corresponding resonator—resonator coupling
constants are K, ., = 490 meV (a) and k,.,_,., = 430 meV (b).
A second anticrossing dispersion can be observed close to the
red dashed line, which is caused by coupling between the
tunable microresonator and the TDBC J-aggregate film.
Interestingly, detuning the resonance of the fixed micro-
resonator from the TDBC J-aggregate film absorption
maximum reduces coupling of the molecules to the tunable
resonator from Ky_mo = 380 to 140 meV. This again shows
that the coupled system needs to be considered as a whole, and
strong coupling of the TDBC film to the tunable resonator can
be influenced by detuning the fixed resonator.

According to the Jaynes—Cummings model, the Rabi
splitting energy AE is proportional to the square root of the
number of coherently coupled molecules n:”

AE = Zﬁﬁgo (1)

where g, is the coupling constant. To investigate this influence,
TDBC ]J-aggregate films with different concentrations were
deposited on the SiO, spacer layer. The results are presented
in Figure 4.

In Figures 4a—c, thin TDBC J-aggregate films with
concentrations of 107% 107°, and 107" mol L™ were spin-
coated on top of a 160 nm SiO, spacer layer. For this
experiment, the resonance of the fixed resonator (white dashed
line) was slightly detuned from the absorption maximum of the
TDBC J-aggregate film (red dashed line) to clearly distinguish
anticrossing caused by coupling of the two resonators at
630 nm from coupling of the molecules with the resonators.
The Rabi splitting caused by strong coupling of the TDBC J-
aggregate molecules with the tunable resonator can be clearly
observed in Figures 4a,b at 590 nm, while it is not visible
anymore for the lowest concentration in Figure 4c.
Corresponding simulations of the coupled systems are shown
in Figures 4d—f. The damping constant of the fixed resonator
is Yo, = 99 meV, and the damping constants of tunable
resonators ¥, are 16, 17, and 17 meV in Figures 4d—f. The
resonator—resonator coupling constant is k., = 430, 400,
and 370 meV in Figures 4d—f, respectively. As suggested by eq
1, reducing the number of coupled molecules reduces the Rabi
splitting, and consequently the observed coupling of the
molecules to the tunable resonator decreases from K, _,q =
140 meV to 130 meV and 30 meV in Figures 4d—f. Figure 4g
shows a similar experiment, where the resonance of the tunable
resonator is kept constant (indicated by a gray dashed line in
(a)) and the number of TDBC J-aggregate molecules is
decreased by photobleaching. Rabi splitting due to coupling of
the TDBC J-aggregate molecules with the tunable resonator
can be clearly observed before photobleaching (black solid
line) and decreases from 14 to 5 nm after photobleaching
(black dashed line). After photobleaching, the upper polariton
peak of the coupled system is hardly visible. The emission
spectra before (red solid line) and after (red dashed line)
photobleaching clearly show that the number of emitters was
strongly reduced. The last emission spectrum is multiplied by a
factor of 20 for better visibility. The whole bleaching series is
shown in Figures 4h,i, where each spectrum is obtained after a
2 min bleaching interval, and in total 10 transmission and
emission spectra were recorded. The emission spectra in
Figure 4i are obtained directly after the acquisition of the
transmission spectra in Figure 4h but before the next bleaching
interval. To ensure that the spectral shift in Figure 4h is not
due to a drift of the piezo actuators, transmission spectra of the
coupled resonators are measured before irradiating the sample
with the high-power laser, which is shown in Figure $2. These
results show how the observed strong light—matter interaction
can be influenced by the number of coupled molecules and
illustrate the importance to control both the concentration and
the spatial position of the coupled molecules to achieve
efficient strong coupling.

B CONCLUSIONS

In summary, we have presented the existence of two types of
strong coupling existing in the same coupled system, that is,
strong coupling between the optical modes of two micro-
resonators combined with strong light—matter interaction
between the coupled microresonator and TDBC J-aggregates.
We have shown that the number and the spatial position of the
coupled molecules have a strong impact on the coupling and
damping of the coupled hybrid system. Furthermore, coupling
can be tuned by adjusting the resonance of either the fixed or
tunable resonator. Additionally, we have shown that the
coupled system can be modeled by three damped coupled
harmonic oscillators allowing to determine all important
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Figure 4. Experimental transmission spectra of two coupled microresonators with a thin film of TDBC J-aggregate molecules on a 160 nm SiO,
spacer layer. The absorption maximum of the film is illustrated by the red dashed line and the white dashed line indicates the resonance wavelength
of the fixed resonator at 630 nm in (a). The concentration of the TDBC J-aggregate molecules in the film is 107> mol L™" in (a), 10 mol L™ in
(b), and 10* mol L™" in (c). The Rabi splitting at 590 nm caused by strong coupling of the TDBC J-aggregate film and the tunable resonator
decreases from (a) to (c). Corresponding simulations based on three coupled harmonic oscillators are shown in (d) to (f). (g) Transmission and
emission spectra before (solid line) and after (dashed line) photobleaching cycles, where the resonance of the tunable resonator is kept constant
(indicated by a gray dashed line in (a)). The emission spectrum after photobleaching is multiplied by a factor of 20 for better visibility. (h)
Reduction of the Rabi splitting by photobleaching of the TDBC J-aggregate molecules using a laser at 470 nm. (i) Experimental emission spectra of
the TDBC J-aggregate molecules corresponding to the transmission spectra shown in (h).

parameters. We find that the optimal coupling scenario is
achieved with a thin film located in the center of one
microresonator and when the resonance of the other resonator
is matching the resonance of the coupled emitter. Interestingly,
the results clearly show that the individual components of the
hybrid system cannot be treated individually, but the system
needs to be considered as a whole. For example, detuning the
resonance of the fixed resonator reduces the coupling strength
of the molecules located in the tunable resonator without a
physical change of this resonator. Consequently, the system
presented here is an excellent example where strong coupling
between optical modes and strong light—matter coupling is
combined in a single hybrid system.

These results could have important consequences for
applications in optoelectronics; for example, let us assume
that coupling of an emitter and a receiver over a large spatial
separation shall be achieved via the optical modes of several
intermediate resonators. We have shown that already a very
thin film in the center of the first resonator is sufficient to
achieve efficient coupling of the emitter to the optical
resonator mode. However, not only efficient coupling to the
resonator is needed, but also the geometry of the intermediate
resonators needs to be carefully adapted to the optical

properties of the emitter to achieve efficient transfer to the
receiver. Additionally, the results presented here could also be
exploited in the field of polaritonic chemistry, where one
resonator could be a fixed and robust reaction resonator, and
the optical mode density, and hence the coupling strength of
the reactant, could be adjusted by an adjacent tuning
resonator.
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Coupled harmonic oscillator model

The calculations presented in the main text are based on three coupled harmonic oscillators. The
motion x(t) of these oscillators can be described by three coupled differential equations, which can be
written as:

5.(itune (t) + Ytunei(tune (t) + w%unextune (t) + Kres—resxfix (t) + Kres—molxmal(t) =0 (1)
ifix ® + Vfix)'(fix L+ UL)jr%ixxfisvz (1) + Kres—resXtune(t) = 0 (2)
Xmot (1) + YmorXmot (1) + wrznoixmol(t) + Kres—motXtune (t) = 0 (3)

These equations are used to model three coupled harmonic oscillators and allow energy exchange,
and thus coupling, between them. Here, equation (1) describes the motion of the oscillator X, (1) in
the time domain and represents the tunable microresonator. Similarly, the temporal behavior of the
fixed resonator xs;y (t) described by equation (2) and equation (3) is used to model the TDBC molecules
Xmot (£). The properties of the tunable/fixed microresonators and the molecules are described by the
damping constants Yiyne, Yrix @nd Yo and the respective resonance frequencies are wype, Wrix and
Wimet- TUNing of the microresonator can then be achieved by varying its resonance frequency. Coupling
between these oscillators is included by terms proportional to k, which allow energy exchange
between the individual oscillators. K;.g5—es is the constant describing the coupling of the tunable and
the fixed microresonator, while K,pc_mo; 2allows to couple the TDBC molecules to the tunable
resonator. In this scenario, we assume that the molecules directly couple to the microresonator in
which they are located, i.e. the tunable one, and can only indirectly couple to the fixed microresonator
vig the tunable one. Hence, energy is only directly exchanged between the tunable and the fixed
microresonator and between the molecules and the tunable resonator. The damping constant Y,;,0;
and resonance frequency w,,; of the TDBC molecules are determined from their absorption spectrum
outside of the resonator and are kept constant for all simulations. Hence, to fit this model to the
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experimental data only parameters describing the microresonator, i.e. their damping and resonance
frequency, and the two coupling constants are varied. Solving these equations numerically gives the
temporal response of all three oscillators Xyyne(t), Xfix(t) and xp,(t) and the power spectral
density, which is the corresponding spectrum, is calculated by Fourier transformation of x(t). The
experimental configuration dictates the excitation of the coupled system, since it is excited with a
white light LED from top. This leads to the situation, where mainly the tunable microresonator is
directly excited with an incoherent light source, which can be taken into account by modifying the
starting condition of the tunable resonator and setting it to X;yn(0) = 1. Additionally, the
experimental configuration only allows to observe the transmission of the whole system and the
detected signal is collected from below. In this configuration, the transmission spectra can be
modeled by the response of the fixed resonator x;, (t), which we have already shown in.*

All transmission spectra presented in the main text are the Fourier transform of xg;,(t) and
corresponding parameters used for the calculations in the main text are given in Table S1.

Figure. 1 Figure. 2

TDBCon | Empty | Si0::50 | SiOx70 | Si02:100 | Si02:130 | Si0;:160 | SiO::185
Simulated

parameters

Aixoa (nm) 600 592 592 600 605 607 590
Mune (nm) | 695510 | 670-520 | 665-525 | 665-520 | 665520 | 665520 | 665-520
Ul

Y |(nm)' 50 | 590 | 590 | 5980 | 590 | 590
mol

Yrxod {mew' 100 @ 60 | 70 | 8 | 93 | 93 | 98
11X 8

Yunemevy | V| 4 | 4 [0z 120 20
letmev)' 60 | 60 | 60 | e | 60 | 60
Kreares 530 | 520 | 500 | 470 | 450 | 490 | 490
(meV)

Kresenol 250 | 380 | 410 | 450 | 380 | 100
(meV)

Figure. 3 [ “Figure. 4

TDBC on | Si0::160 | Si02:160 | Si0;:160 | Si0z:160 | Si02:160 |
Axed: | Ammeq: | TDBC: | TDBC: | TDBC:

Simulated 607 630 107 10° 10+
parameters | | | | |
Ainod (nM) 607 630 630 617 613
Atune (nm) | 665-536 | 665-535 | 690-545 | 690-545 690-545 |
une
Aot (nm) | s80 | 890 | 690 | 690 | 590
Yixed (meV) 7 e3 | 89 | e | 99 | 99
1
Yeune (meV) [ R R - T I O A A ¥ 4
une
Yenot (meV) 80 | &0 | e | 80 | 60
mol
K, 490 | 430 | 430 | 400 | 370
res-res
(meV) 1 | 1 |
Kool 380 140 140 130 30
(meV)

Table. S1. Three damped coupled harmonic oscillators parameters to model the two coupled
microresonators and the molecules located in the tunable resonator.

As mentioned in the main text, the change of the damping constants Yy ne and yr;, can be directly
seen in Figure 2. This influence of the damping constants on the anticrossing dispersion is illustrated
in Figure S1.
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Figure S1. (a)-(e) Transmission spectra modeled by two damped coupled harmonic oscillators with
variable damping constants for the fixed and tunable resonator.

Figure S1(a) to S1(e) show the transmission spectra modeled by two damped coupled harmonic
oscillators, where the damping constants for the fixed and tunable resonator are changed between
10 meV and 90 meV, while keeping the total damping of the system (their sum) constant. For these
calculations the coupling constant between the two oscillators and the resonance of the fixed
resonator are kept constant. It can be seen, that if the damping of the tunable microresonator is
smaller than the one of the fixed resonator, see Figure S1 (a), the energy is preferably stored in the
tunable resonator and is dissipated fast in the fixed one. The situation is reversed in Figure S1(e)
when the damping constant of the fixed resonator is smaller. Figure S1(c) illustrates the scenario,
where the damping of both resonators is the same and the energy is equally shared between them.
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Figure S2. Experimental transmission spectra of two coupled microresonators consisting of a thin
TDBC J-aggregate film before illuminating high laser power to the sample in (a) and after illuminating
in (b)

Figure S2 presents the transmission spectra of the coupled microresonators with a thin TDBC J-
aggregate film, where the resonance of the tunable microresonator is fixed at 590 nm. The
transmission spectra in Figure 4(a) are acquired before starting photobleaching experiment to ensure
that there is no drift of the piezo actuator. The spectral shift in Figure 4(b) is caused by
photobleaching of the TDBC J-aggregate molecules with high power laser.
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ABSTRACT: CdSe nanocrystals and aggregates of an aryle-
neethynylene derivative are assembled into a hybrid thin film
with dual fluorescence from both fluorophores. Under
continuous excitation, the nanocrystals and the molecules
exhibit anticorrelated fluorescence intensity variations, which
become periodic at low temperature. We attribute this to a
structure-dependent aggregation-induced emission of the
aryleneethynylene derivative, which impacts the rate of
excitation energy transfer between the molecules and nano-
crystals. This work highlights that combining semiconductor
nanocrystals with molecular aggregates, which exhibit aggrega-
tion-induced emission, can result in emerging optical proper-
ties.

i
Energy Transfer

KEYWORDS: quantum dots, organic m-systems, aggregation-induced emission, energy transfer, fluorophores

g ggregation-induced emission (AIE) refers to enhanced sensitizer," " Inorganic semiconductor nanocrystals (NCs)

and often red-shifted fluorescence of luminophores are ideal as sensitizers, as they exhibit much larger extinction

upon formation of aggregates from solution.' The coefficients than most organic dyes and strong absorption at
prototypical example are organic 7-systems with a large degree above-band gap photon energies.'* EET between NCs and
of structural twisting in the ground state, for example, organic z-systems has been extensively investigated in both
tetraphe11ylethylene:s2 or a.ryleneethynyle:nes,3 which exhibit solution and solid state. However, to the best of our
high torsion angles between the central C=C or C=C bond knowledge, no research has been committed specifically
and the sterically demanding phenyl substituents. Photo- toward involving AIE molecules.”*™""
excitation weakens the double or triple bond and reduces the Here, we combine aggregates of the aryleneethynylene
torsion angles with the phenyl rings.4_6 Relaxation from this derivative AE 1 (Figure la) with pronounced AIE together
state occurs via three pathways: (1) radiative recombination, with CdSe NCs into a hybrid nanocomposite. We show that

EET between the NCs and the molecular aggregates in
combination with photothermally-induced structural changes
lead to temporal fluctuations of the NC fluorescence and the
degree of AIE in the aggregates, which are anticorrelated to

(2) intramolecular motion (mostly detwisting of the C=C or
C=C bond), or (3) photochemical reaction to an
intermediate. AIE occurs if pathways (2) and (3) are
significantly inhibited in the aggregates due to restriction of
intramolecular motion.” The degree of this restriction depends
on the solid-state structure and, thus, on temperature-induced Received:  June 19, 2020
structural transitions.”’ These transitions may be triggered Accepted:  December 31, 2020
photothermally via sufficiently strong photoexcitation and the Published: January 13, 2021
concomitant rise in temperature.'”'" The photoexcitation can

occur either directly via resonant excitation of the aggregates or

indirectly by excitation energy transfer (EET) via a

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c05121
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Figure 1. (a) Structural formula of the arylenephenylene derivative AE 1. (b) Optical properties of AE 1. Absorption in methanol (red
dashed line), thin-film absorption (red solid line), fluorescence in methanol (blue dashed line, excitation at 350 nm), thin-film fluorescence
(blue solid line, 488 nm excitation), and thin-film fluorescence at 160 K (blue dotted line, 488 nm excitation). (¢) Thin-film fluorescence
during 1000 s of continuous excitation at 488 nm with a binning time of 1 s. (d) Line profile (orange solid) and wavelength maxima position
(purple) of (c) extracted by fitting Gaussian functions. (e} Raman spectra taken during “bright” periods (at 10, 460, and 1000 s) and “dark”
periods (at 140, 450, and 860 s). Bands attributed to the phenyl-C=C breathing and the C=C stretching mode are indicated. (f) Thin-film
fluorescence at 160 K during 100 s of continuous excitation at 488 nm.

each other. At low temperature, these intensity fluctuations
become periodic, and the periodicity correlates with the laser
power. Hybrid materials with these properties may be
interesting for application in nanothermometry.

RESULTS AND DISCUSSION

In methanolic solution, AE 1 shows a broad absorption with a
maximum at 350 nm, including a small low-energy tail as well
as a narrow, weak emission at 480 nm (Figure 1b, red and blue
dashed lines, respectively). In the solid state, aggregates of AE
1 exhibit pronounced low-energy tailing of the absorption as
well as broad, enhanced emission with a maximum at 650 nm
(Figure 1b, red and blue solid lines). At 160 K, the
fluorescence maximum is further red-shifted to 750 nm
(Figure 1b, dotted line). These optical properties are typical
for molecules with AIE and are consistent with other similar
aryleneethynylenes.”**>** Absorption and fluorescence of AE
1 are strongly dependent on the extent of conjugation of the -
electron cloud, for which the torsion angles of the five phenyl
rings are an important measure.”* For torsion angles close to
0°, the molecule is fully planarized, the degree of z-conjugation
is maximized, and the energy of this rotamer is minimized.”® In
the ground state, the energy difference between rotamers of
different torsion angles is low (<4 kJ/mol), and a wide range of
rotational states are populatecl.26 This leads to the broad
absorption feature in Figure 1b. In the excited state, the
torsion-angle-dependent energy profile of the rotamers
becomes much steeper (AE ~ 30 kJ/mol)”” and, an
unhindered rotation provided, radiative emission will occur
from a narrow range of rotational states with relatively small
torsion angles.”® This narrows and red-shifts the fluorescence
compared to the absorption. In the solid state, structural
rigidity favors rotamers with small torsion angles and enforces
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a higher degree of planarization. This invokes the low-energy
tailing of the absorption and the red-shift of the fluorescence in
Figure 1b. Kinetic arrest of high-energy rotamers due to the
structural rigidity prevents the fluorescence line narrowing
observed in solution and leads to a broad fluorescence feature.
At low temperature, structural order and, thus, the degree of
planarization are enhanced further, which shifts the fluo-
rescence to even lower energies.””””

Continuous excitation at 488 nm under nitrogen atmosphere
leads to substantial fluctuations (+20%) in the fluorescence
intensity emitted by the AE 1 aggregates (Figure lc,d). The
time scale of seconds for the transition between an intensity
maximum and minimum suggests that a macroscopic process,
and not an electronic transition, is responsible for the
fluctuations. Within the theory of AIE, this process needs to
affect either the restriction of intramolecular motion or the rate
of formation of a photochemical intermediate to result in
fluorescence intensity fluctuations.” Photothermally-induced
local structural changes are a likely cause for less restricted
intramolecular motion and faster nonradiative recombination.
Indeed, we observe significant local changes in the optical
scattering and luminescence images of AE 1 aggregates after
laser excitation, indicating an altered morphology (see Figure
S1). Furthermore, we find a strong correlation between the
intensity and the peak wavelength of the fluorescence, in that a
lower intensity coincides with a blue-shifted fluorescence peak
(Figure 1d). This is consistent with a transformation from a
more planarized structure with high fluorescence quantum
yield to a less planarized structure with fast nonradiative
recombination. To test for the formation of a photochemical
intermediate as an alternative cause for the intensity
fluctuations, we compare the Raman bands of AE 1 appearing
together with the fluorescence signals of different intensities

https://dx.doi.org/10.1021/acsnan0.0c05121
ACS Nano 2021, 15, 480-488



ACS Nano WWW.acsnano.org
Experimental
1 C) —— Calculated e) s 3o e
= ) 3
-
o
[ =
8. -
.
300 350 400 450 500 550 24 -17eV :
Wavelength / nm : W
Experimental | d ) —=— S0 all Phenyls f ) 34 :
——Caloulated { 4] $1all Phenyl LUy 3:3 eV
\ —e—S1 all Phenyls > i LUMO
5 Y —o— 80 one Phenyl v, :
© - 0.3 \ —o- 81 one Phenyl = :
:5-; _93 o\ % HOMO E
i 1110.21 s 1 .54 -48eV!
Q 7]
..5 @ vl
£ W :
0.1 -D‘m_.ﬂ o\ 1 . :
ool e of i Homo 4V
500 1000 1500 2000 2500 3000 3500 80 60 40 -20 0 20 40 60 80 7 :
Wavenumber / cm™ Angle / ° AE2 ' B8H-AE1

Figure 2. (a) Model compound AE 2 used for quantum chemical calculations and relevant phenyl torsion angles (red). (b) Calculated Raman
spectrum of AE 2 with individual vibrations (black), the envelope spectrum (blue), and the experimental Raman spectrum of AE 1 (red). (c)
Calculated absorption spectrum of AE 2 with individual transitions (black), the envelope spectrum (blue), and the experimental UV—vis
spectrum of AE 1 in methanol (red). (d) Energy difference relative to the energetic minimum of the ground state (S, blue squares) and the
first singlet state (S,, red spheres) of AE 2 with respect to the out-of-plane torsion of one phenyl ring (open symbols, left) and of all four
phenyl rings (closed symbols, right). (e) Geometry of AE 2 and indication of the most stable out-of-plane torsion of the phenyl groups for
the Sy and S, states. (f) HOMO and LUMO energies relative to the vacuum level of AE 2 (left) and the neutral, protonated derivative of AE 1
(right, “8H-AE 1”). For 8H-AE 1, we also show the corresponding isosurfaces.

(Figure le). We find a strong band at 1590 cm™" and a weak
signal at 2230 cm™’, which we assign to the phenyl-C=C
breathing and the C=C stretching mode in agreement with
earlier reports.””*” There are no substantial differences
between Raman spectra taken during periods of fluorescence
intensity minima vs maxima, suggesting that chemical trans-
formations of AE 1 are not responsible for the fluorescence
intensity fluctuations. Over the course of 1000 s of continuous
excitation, the intensity of the phenyl-C—=C breathing mode
decreases in comparison with that of the C=C stretching
mode. However, this evolution progresses within periods of
low and high fluorescence intensity alike.

We conclude that the fluorescence intensity fluctuations of
AE 1 under continuous 488 nm laser excitation are probably
caused by a photothermally-induced order/disorder transition.
This transition locally increases the nonradiative recombina-
tion rate due to bond rotation and decreases the fluorescence
quantum yield. In the disordered, less planarized state, the
absorption of AE 1 at 488 nm is weakened (Figure 1b), which
now decreases the rate of photothermal heating and allows for
a recovery of the initial optical properties of the AE 1
aggregates. At 160 K, the fluorescence fluctuations disappear
(Figure 1f). We suspect that photothermal heating may not be
sufficient at this temperature to invoke the same structural
changes that lead to the random fluorescence fluctuations in
Figure lc.

In Figure 2, we display the results of quantum chemical
calculations of the simplified arylethynylene AE 2 (Figure 2a),
which we choose as a model compound to resemble AE 1 but
at reduced computational costs. The calculations are carried
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out using B3LYP-D3B]J level of theory with a def2-TZVP basis
set. Our choice of the model compound AE 2 is justified by a
comparison of the calculated Raman (Figure 2b) and
absorption spectra (Figure 2¢), which are in good agreement
with the experimental data of AE 1 (taken from Figure 1b,e).
Figure 2d details the energy difference arising from varying the
out-of-plane torsion of the phenyl moieties in AE 2 for the §
(blue) and S, state (red). Figure 2e shows the most stable
geometry of the S, state with a phenyl torsion of 19.9° and of
the S, state with a reduced torsion angle of 16.1°. The HOMO
and LUMO energy levels relative to the vacuum level of AE 2
in the ground state are provided in Figure 2f (—4.8 eV and
—1.7 eV). In view of the potentially large effect of the eight
carboxylic acid substituents of AE 1 on the position of the
frontier orbitals, we also calculate the HOMO and LUMO
energies of the neutral, protonated derivative (8H-AE 1) and
display the energies as well as the isosurfaces on the left side of
Figure 2f. We find that the HOMO/LUMO levels in 8H-AE 1
are substantially depressed compared to AE 2 with energies of
—6.4 eV/-3.3 eV vs vacuum, while the HOMO-LUMO gap
(—3.1 eV) is unaffected by the substitution.

From these calculations, we conclude the following: (1) The
excited state of AE 1 is more planar than the ground state, and
(2) the torsion-angle-dependent energy landscape of the S,
state is steeper than that of the S, state. This is particularly
pronounced if the out-of-plane torsion of only one phenyl
moiety is considered (Figure 2d, left), but also holds true (to a
lesser extent) if all four phenyl substituents are taken into
account (Figure 2d, right). These properties favor the

https://dx.doi.org/10.1021/acsnan0.0c05121
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Figure 3. (a) Thin-film absorption (purple dashed line) and thin-film fluorescence (purple solid line) of CdSe/I”/AE 1. Excitation at 488
nm. For comparison, the fluorescence of the CdSe/I” NCs (blue solid line) and the absorption of pure AE 1 (red dashed line) are also
displayed. (b) Fluorescence lifetime measurements of the native CdSe NCs (blue), their fit (black), and the same NCs after functionalization
with AE 1 (purple). The IRF is displayed in green. (c) Thin-film fluorescence of CdSe/I”/AE 1 during 1000 s of continuous excitation at 488
nm with a binning time of 1 s. (d) Line profile of (c) cut at 636 and 734 nm. (&) Raman spectra taken during “bright” and “dark” periods. (f)
Peak position of the low-energy band in (c) (green) compared with the intensity of the same band (red).
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Figure 4. Thin-film fluorescence at 160 K of CdSe/I" /AE 1 during 200 s of continuous excitation at 488 nm with a binning time of 1 s and
varying laser power. (a) 45 kW/cm? (b) 360 kW/cm?, and (c) 615 kW/cm?®. (d) Peak position of the low-energy band in (c) (purple)
compared with the intensity of the same band (blue). (e) Line profile of (c) cut at 625 and 736 nm. (f) Correlation between the laser power
and the period of one complete oscillation in (e) for the fluorescence bands at 620 nm (blue) and 725 nm (orange). A concomitant redshift

of the AE 1 emission peak is also displayed on the right axis.

occurrence of AIE and are consistent with the optical data in
Figure 1.

In Figure 3, we analyze the solid-state fluorescence of AE 1
aggregates coupled to the surface of iodide-capped CdSe
nanocrystals (CdSe/I” NCs) at room temperature. The NCs
were chosen based on the large spectral overlap between their
fluorescence (Figure 3a, blue solid line) with the absorption of
AE 1 aggregates (Figure 3a, red dashed line) to enable efficient
EET. The absorption spectrum of the hybrid material (CdSe/
I"/AE 1) is dominated by the absorption of the CdSe NCs
(purple dashed line), while the fluorescence spectrum bears
two well-resolved, narrow bands at 636 and 734 nm (purple

solid line). We assign the band at 636 nm to the CdSe/I” NCs
and the band at 734 nm to AE 1. Fluorescence lifetime
measurements reveal that the fluorescence decay of the same
CdSe NCs shortens upon functionalization with AE 1 from a
biexponential decay (7, = 2.3 ns and 7, = 9.1 ns) to a decay
kinetics, which is too fast to be distinguished from the
resolution function (instrument response function (IRF), ~1
ns) of the instrument (Figure 3b).

Continuous excitation at 488 nm with 1—-10 MW/cm?, a
diffraction-limited focus (few 100 nm diameter) and nitrogen
atmosphere of CdSe/I"/AE 1 results in the temporal
fluctuations in the fluorescence spectrum depicted in Figure
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Figure 5. (a,b) Idealized schematic of the two structural scenarios proposed for CdSe/I"/AE 1 composites with different energy transfer
efficiency. (c) Qualitative description of the proposed order/disorder transition. (d) Spectral overlap between NC emission (green) and AE

1 absorption in the ordered (blue) and disordered (red) state.

3c. We stress that these fluctuations occur only in highly
selected places (roughly 1% of the total sample area). The
fluctuations occur gradually over a time scale of 10—30 s with
ON/OFF periods of similar duration. Most notably, the ON/
OFF periods of the bands at 636 and 734 nm are mostly
anticorrelated, that is, an increase of the NC fluorescence
occurs together with a decrease of the AE 1 emission and vice
versa (Figure 3d). We verify that CdSe/I” NCs without AE 1
do not exhibit similar fluorescence fluctuations (Figure S2).
Similar to pure AE 1, we find the same Raman signals at 1590
and 2230 cm™’, which do not change significantly during
relative ON or OFF periods (Figure 3e). Here, however, the
intensity of the phenyl-C=C breathing mode remains
constant, indicating a higher photostability of the hybrid
composite compared to pure AE 1. Another similarity between
CdSe/I"/AE 1 and the pure molecule is the strong correlation
of the intensity (red) and peak wavelength position (green) of
the fluorescence of AE 1 (Figure 3f). In contrast, the peak
wavelength position of the CdSe/I” fluorescence remains
constant throughout the fluctuations.

At 160 K and helium atmosphere, the temporal fluorescence
fluctuations of CdSe/I”/AE 1 become periodic (Figure 4). At
45 kW/cm® excitation power density, the two fluorescence
bands of the CdSe/I” NCs and the AE 1 aggregates are quasi-
continuous over a time scale of 200 s (Figure 4a). Increasing
the excitation power density to 615 kW/cm® induces periodic
oscillations of the intensity of both fluorescence bands by
+20%, which remain exactly anticorrelated (Figure 4b—e).
The peak wavelength position of AE 1 (Figure 4d, purple)
follows the intensity fluctuations (Figure 4d, blue) almost
perfectly, however, the variations are significantly smaller
compared to room temperature (Figure 3f). The periodicity of
the fluctuations depends on the excitation power density and
varies with a period of 127 s at 75.6 kW/cm? to 53 s at 620
kW/cm? (Figure 4f), as determined from the sine fits shown in
Figure 4e. In addition, the peak wavelength of the AE 1
emission exhibits a redshift from 725 to 736 nm during this
increase in laser power.
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We suggest that changes in the EET efficiency from excited
CdSe/I” NCs to aggregates of AE 1 are responsible for the
anticorrelated fluctuations in the CdSe/I"/AE 1 nano-
composite (Figure Sa,b). Under 488 nm excitation, most of
the light is absorbed by the inorganic NCs, as reflected by the
absorption spectrum in Figure 3a, which mimics that of the
pure NCs. The NC fluorescence overlaps with the absorption
of AE 1, resulting in efficient EET, which weakens the CdSe
fluorescence signal and strengthens the molecular fluorescence.
In Figure 4e, this scenario applies when the fluorescence band
at 736 nm is at a maximum and the band at 625 nm is at a
minimum, for example, after 25 s. Simultaneously, this EET
invokes photothermal heating of the AE 1 aggregates,
eventually triggering an order/disorder transition to break up
the aggregates. The result of this transition is a reduced degree
of planarization (Figure Sc), which blueshifts the absorption
spectrum, decreases the overlap with the NC fluorescence
(Figure 5d), weakens the efficiency of EET, diminishes the
molecular fluorescence, and brightens the emission of the NCs.
In Figure 4e, this scenario applies when the fluorescence band
at 736 nm is at a minimum and the band at 625 nm is at a
maximum, for example, after 55 s. In the disordered state, EET
is slow, and photothermal heating is weak, such that new
aggregates of AE 1 may form and the initial state with efficient
EET from the NCs to the aggregates is restored. An illustration
of the different absorption and emission pathways underlying
this picture is provided in Scheme S2 in the Supporting
Information. It is supported by the quantum chemical
calculations of the angle-dependent energies of the excited
and the ground states (Figure 2d), which are crucial for the
occurrence of AIE.

The overall interpretation in Figure 5 is consistent with the
laser power-dependent period for one complete cycle (Figure
4f) as increasing the number of photons will increase the rate
of heat transfer, which should shorten the cycle period. It is
furthermore supported by the fluorescence fluctuations of pure
AE 1 in Figure 1, which are likely due to a similar order/
disorder transition of the aggregates. The fact that the
fluctuations are only observed in spatially confined, highly

https://dx.doi.org/10.1021/acsnano.0c05121
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selective places on the sample suggests that a certain structure/
geometry of the molecular stacks in the vicinity of the NCs is
required. This is consistent with the often complex correlation
between the efficiency of energy transfer and molecular
orientation, distance, or structure.

Relaxing the structural rigidity in molecular emitters with
AlIE increases the rate of nonradiative recombination and
decreases the fluorescence intensity." The higher stability of
the phenyl-C=C moiety in the nanocomposite (Figure 3e)
compared to the pure molecule (Figure le) is consistent with a
mostly indirect excitation of AE 1 in the nanocomposite by
EET vs direct excitation of the pure molecule leading to
photodegradation. EET as the main electronic interaction
between the CdSe NCs and AE 1 is also in line with the
fluorescence lifetime data in Figure 3b. Alternatively, one may
consider charge transfer and the formation of an interfacial
exciton between AE 1 and CdSe. Based on the calculated
HOMO/LUMO positions of the molecule (Figure 2f), a type
IT energy alignment scenario where the hole resides on the NC
and the electron is located partially on the molecule appears
energetically plausible.’’ However, the short fluorescence
lifetime of the CdSe/I"/AE 1 nanocomposite (Figure 3b) is
uncharacteristic for the formation of such an interfacial exciton,
as one would expect much longer lifetimes similar to those in
type II core/shell NCs.*

CONCLUSION

Coupling organic 7-systems that exhibit aggregation-induced
emission to a second fluorophore can result in emergent
optical properties, such as dual fluorescence with oscillating
intensity fluctuations. This is realized in a hybrid thin film
consisting of CdSe NCs coupled to aggregates of an
aryleneethynylene derivative with fluorescence from both
fluorophores, which establish a feedback loop: Excitation
energy transfer from the NCs to the aggregates leads to
photothermal heating and an order/disorder transition in the
aggregates. This transition weakens the fluorescence intensity
of the organic z-system and the rate of energy transfer, which
strengthens the NC fluorescence. Simultaneously, the slower
energy-transfer rate reduces photothermal heating, which
gradually restores the initial structure and optical properties
of the molecular aggregates. This closes the feedback loop and
initiates the next cycle. The resulting optical oscillations and
their temperature dependence may be of interest for
application in nanothermometry.

EXPERIMENTAL SECTION

-+
ONa
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Sodium 2,2°,2",2""', 2", 270,20 20 A (((benzene-
1,2,4,5-tetrayltetrakis(ethyne-2,1-diyl))tetrakis(benzene-4,1-
diyl))tetrakis(azanetriyl))octaacetate (AE 1). AE 1-COOET (316
mg, 257 mmol) was dissolved in MeOH/H,0O (1:1, 10 mL/10 mL),
and NaOH (515 mg, 12.9 mmol) was added. The resulting mixture
was stirred at 70 °C for 2 d. The solvent was evaporated in vacuo. The
residue was dissolved in H,O and filtered. The resulting solution was
adjusted to pH 7 and dialyzed against DI H,O for 5 d. After filtration
and freeze-drying, the title compound AE 1 was afforded as a brown
fluffy solid (250 mg, 97%). 'H NMR (600 MHz, D,0): § = 7.71—
7.69 (m, 2 H), 7.48—7.44 (m, 8 H), 6.58—6.54 (m, 8 H), 3.93 (m,
16H) ppm. Due to low solubility, a *C NMR spectrum could not be
obtained. IR (ecm™): v 3589, 3327, 3171, 3037, 2928, 2650, 2193,
1577, 1516, 1457, 1381, 1298, 1232, 1176, 1134, 972, 906, 817, 695,
610, 515, 456, 435.

The experimental procedures of precursors of compound AE 1
have been reported in the Supporting Information.

CdSe NCs Synthesis. Chemicals Used. Chemicals used were
cadmium oxide (CdO, 99.99%, Aldrich), oleicacid (OA, 90%,
Aldrich), trioctylphosphine (TOP, 97%, Abcr), trioctylphosphine
oxide (TOPO, 99%, Aldrich), hexadecylamine(HDA, 90%, Aldrich),
l-octadecene (ODE, 90%, Acros Organics), selenium pellets (Se,
99.999%, Aldrich), ammonium iodide (99.999%,Aldrich), N-methyl-
formamide (NMF, 99%, Aldrich), hexane (extra dry, 96%, Acros
Organics), ethanol (extra dry, 99.5%, AcrosOrganics), acetone (extra
dry, 99.8%, Acros Organics), dimethyl sulfoxide (DMSO, 99.7%,
Acros Organics), and acetonitrile (extra dry, 99.9%, Acros Organics).

All chemicals, except those used in the CdSe NC synthesis, were
stored and used inside a nitrogen-filled glovebox. All sample
preparations for electrical or fluorescence measurements were carried
out in a nitrogen-filled glovebox. The samples were inserted into a
probe station for low-temperature photocurrent measurements using
an airtight arm sealed inside the glovebox. Samples were kept under
low pressure for at least 2 h before starting any measurements.

CdSe NCs and Device Preparation. Wurtzite CdSe NCs havin
~5 nm size were synthesized using a literature reported synthesis.”*
As synthesized, NCs were dispersed in hexane. CdSe NCs 5§ mL, ~10
mg/mL were taken for ligand exchange with 300 uL of a 1 M solution
of NH,I in NMF further diluted using 2.7 mL acetone. This biphasic
mixture was stirred until the NCs changed their phase, then
centrifuged and washed using excess of acetone. CdSe/I” thus
obtained was dispersed in NMF with a 60—100 mg/mL
concentration. For device preparation, we used commercially available
gold patterned Si/SiO, with 230 nm-thick dielectric layer and 2.5 ym
X 1 cm channel provided by the Fraunhofer Institute for Photonic
Microsystems, Dresden, Germany. In a typical device preparation, 70
#uL of CdSe/I” NCs was dropped on an FET substrate, mixed with 30
UL of AE 1 solution in NMF with a concentration of roughly 1 mg/
mL, and kept undisturbed for 6 h. The still wet mixture of CdSe/I"/
AE 1 was then spun off at 30 rps for 1 min. Then the substrate was
washed with acetonitrile multiple times and annealed at 190 °C for 35
min. A similar procedure was followed for preparing fluorescence
samples on glass coverslips using a ligand-to-NC ratio of roughly 20:1,
as determined by absorption spectroscopy and Lambert—Beer’s law.

Electrical and Optical Measurements. Electrical measurements
were carried out under nitrogen by using a Keithley 2634B source
meter. The charge-carrier mobility was extracted using the gradual
channel approximation in the linear regime. The error in the mobility
(S) was calculated using the standard deviation error in the slope of I,
vs V, curve at § V source—drain voltage:

_ IN
al; A=~§§A

where A is the slope from N measurements with the mean value A.

Absorption measurements were acquired using a Carry 5000 UV—
vis-NIR spectrophotometer on a thin glass coverslip or in methanol as
stated in the text. Photocurrent low-temperature measurements were
recorded using a CRX-6.5K (Lake Shore Desert) probe station
operated under low pressure 5 X 10° mbar and a Keithley 2634B

N
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source meter. Samples were illuminated using a 408 nm LP405-SF10
laser diode manufactured by Thorlabs with a theoretical maximum
output power of 11.5—30 mW. This output power decreases orders of
magnitude due to beam decollimation, scattering, and inefficient
coupling of optical fiber when calibrated using a test sample that
comes out to be 10—18 uW.

Room-Temperature Fluorescence and Resonance Raman
Measurements. The 12 X12 mm glass coverslips were cleaned by
submerging in a chromosulfuric acid cleaning solution for several
hours, followed by three subsequent washing steps with triple distilled
water and spectroscopy grade methanol. Fluorescence samples were
then prepared on these coverslips using the drop casting method
described above. The film was washed with acetonitrile and annealed
at 190 °C before any measurements were taken.

The room-temperature steady-state photoluminescence and
resonance stokes Raman spectral measurements as well as photo-
luminescence and scattering image acquisition were carried out using
a home-built inverted confocal laser scanning microscope.®® A 488 nm
TOPTICA Photonics iBeam smart diode laser with a Gaussian
intensity profile, operated in continuous wave mode, was employed as
the light source. The laser intensity in the diffraction limited focus at
maximum laser power is estimated to be 10° W/cm® operating at
roughly 30—60% of maximum power. This focusing is crucial as the
observed intensity fluctuations in Figures lc, 3¢, and 4a,c occur only
in highly selective places and length scales of a few 100 nm. Focusing
of the laser on the sample and the subsequent collection of reflected
as well as scattered and emitted light was achieved through an oil
immersion objective (NA = 1.25). The spectral data was recorded
using an Acton SpectraPro 2300i spectrometer with a grating of 300/
mm and a detector temperature of —45 °C. Extraction of Raman
spectra from kinetic series spectra enables the study of correlations
between vibrational and luminescence features from the same spot.
Photoluminescence and scattering images were acquired by scanning
the area of interest while utilizing two separate avalanche photodiodes
(APDs) as detectors. The exclusion of atmospheric oxygen was
achieved by nearly completely enclosing the upper part of the sample
holder and passing a constant flow of nitrogen through this apparatus.

Low Temperature Fluorescence Measurements. Low temper-
ature fluorescence was measured using a home-built confocal
microscope mounted on a damped optical table and a standard
microscope objective (60X DIN Achromatic objective, NA = 0.85,
Edmund Optics) located inside a cryostat (SVT-200, Janis). A Cernox
temperature sensor (CX-1030-SD-HT 0.3L) was positioned close to
the sample to measure the temperature by a LakeShore Model 336
temperature controller. The sample holder was mounted on the scan
stage. Attocube systems linear stages (ANPx320 and ANPz101eXT)
and scanners (ANSxyl0Olr and ANSz100lr) were used to scan and
position the sample.

A continuous wave 488 nm laser diode (OBIS LS 20 mW,
Coherent Inc.) was used to excite the sample. The excitation intensity
of the laser was measured between 0.35 mW and 4.80 mW before
entering into the cryostat. The excitation light was then aligned into
the objective (60X DIN Achromatic air objective, Edmund Optics) to
get an optimal focus. The excitation intensity in the focus was
between 5.5 X 10* and 7.52 X 10° W/cm2.*

The collected fluorescence signal was passed through a dichroic
mirror and a long-pass filter (488 LP Edge Basic, AHF
Analysentechnik). It was detected by a single-photon counting
avalanche photodiode (APD, COUNT-100C, Laser Components).
Fluorescence spectra were also acquired with integration times of one
second by a Shamrock 500 spectrograph in combination with an
Andor Newton back illuminated deep depleted CCD camera
(DU920PPR-DD). Further details for low temperature confocal
imaging and spectroscopy setup can be found elsewhere.’’

Time-resolved photoluminescence decay measurements.
Time-resolved photoluminescence spectra were measured with a
home-built scanning confocal microscope.®® The sample was fixed on
a piezo stage (Physik Instrumente) via magnets to avoid movement. A
constant nitrogen flow was applied to maintain an inert atmosphere

and avoid oxidation of the sample. To avoid bleaching, the lifetime
was always measured before a fluorescence measurement.

A linearly polarized continuous wave laser (488 nm,0.33 mW
measured before objective lens) was focused on the sample by a high
numerical aperture (NA = 1.46) oil objective, the fluorescence was
collected by the same objective and sent to a spectrometer (Acton SP-
2500i, Princeton Instruments). For lifetime measurement, the laser
was operated in the pulsed mode (5.3 X 10* W/cm?20 MHz). The
signal was sent to a single photon avalanche photodiode (APD),
connected to a time-correlated single photon counting module
(HydraHarp 400). Decay curves were fitted and analyzed by
SymPhoTime 64. See Scheme S1 for schematic of the time-resolved
photoluminescence instrument.

Quantum Chemical Calculations. The computations of AE 2
were carried out with Turbomole 7.4.1. A selection of DFT
functionals was considered, including M06-2X, wB97x, CAM-
B3LYP, and B3LYP-D3B]. Minimum geometries are confirmed by
frequency analysis and agreed with results from RI-MP2. All values
reported are obtained with the def2-TZVP basis set. We found
B3LYP-D3BJ/def2-TZVP and its time-dependent variant to be
superior, particularly in correctly simulating the Raman and
absorption spectra. Calculations of the neutral, protonated derivative
of AE 1 (8H-AE 1) were performed by using Gaussian 16. The gas-
phase ground-state equilibrium geometry of the molecules was
optimized at the B3LYP/def2-SVP level of theory. Afterward, the
phenylethinyl substituents were forced into specific torsion angles,
and the resulting dihedral was fixed. Another geometry optimization
was performed using B3LYP/def2-SVP level of theory. Fragment
molecular orbital calculations were performed starting from the
optimized geometries on the B3LYP/def2-SVP level of theory.
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AE 1 Synthesis

General Remarks

All reactions requiring exclusion of oxygen and moisture were carried out in dry glassware under a dry
and oxygen free nitrogen atmosphere. The addition of solvents or reagents was carried out using
nitrogen flushed stainless steel cannulas and plastic syringes. For spectroscopic and analytic

characterizations, the following devices were used:

Analytical thin layer chromatography (TLC) was performed on Macherey & Nagel Polygram® SIL
G/UV254 precoated plastic sheets. Components were visualized by observation under UV light (254 nm
or 365 nm) or in the case of UV-inactive substances by using the suitably coloring solutions. The

following coloring solutions were used for the visualization of UV-inactive substances:

KMnO, solution: 2.0 g KMnQy4, 10.0 g K»CO3, 0.3 g NaOH, 200 mL distilled water. Cer solution:
10.0 g Ce(504)2, 25 g phosphomolybdic acid hydrate, 1 L distilled water, 50 mL conc. H2SO..

Flash column chromatography was carried out using silica gel S (32 pm-62 pm), purchased from
Sigma Aldrich, according to G. Nill, unless otherwise stated.' As noted, Celite® 545, coarse, (Fluka)

was used for filtration.

Dialysis was carried out using an appropriate length of the commercially available regenerated cellulose

tubular membranes: Spectra/Por® Biotech Cellulose Ester (CE) Dialysis Membranes with the following

specifications:
Molecular weight cut off: 500-1000 D
Flat width: 31 mm
Vol/em: 3.1 mL/cm
Diameter in dry state: 20 mm

Unless stated otherwise the equipped tubular membranes were put into excess (~ 10 L) of deionized
water and stirred for 5 d by changing the surrounding solvent once every day. The dialysed solution

was freeze-dried afterwards.

Melting points (m.p.) were determined in open glass capillaries on a Melting Point Apparatus MEL-

TEMP (Electrothermal, Rochford, UK) and are not corrected.

"H NMR NMR spectra were recorded in CDCl5 at room temperature on a Bruker DRX 300 (300 MHz),
Bruker Avance III 300 (300 MHz), Bruker Avance III 400 (400 MHz), Bruker Avance III 500
(500 MHz) or Bruker Avance III 600 (600 MHz) spectrometer. The data were interpreted in first order
spectra. All spectra were recorded in CDCl; or D>O. Chemical shifts are reported in & units relative to

the solvent residual peak (CHCl; in CDCls at 8y = 7.27 ppm, HDO in D;O at 6y = 4.75 ppm or TMS

2



(6u = 0.00 ppm).> The following abbreviations are used to indicate the signal multiplicity: s (singlet), d
(doublet), t (triplet), q (quartet), quin (quintet), sext (sextet), dd (doublet of doublet), dt (doublet of
triplet), ddd (doublet of doublet of doublet), etc., br. s (broad signal), m (multiplet), m. (centered
multiplet). Coupling constants (J) are given in Hz and refer to H,H-couplings. All NMR spectra were

integrated and processed using ACD/Spectrus Processor.

13C NMR spectra were recorded at room temperature on the following spectrometers: Bruker Avance
[T 400 (100 MHz) or Bruker Avance II1 600 (150 MHz). The spectra were recorded in CDCls. Chemical
shifts are reported in & units relative to the solvent signal: CDCls [8¢ = 77.00 ppm (central line of the
triplet)] or TMS (8. = 0.00 ppm).

High resolution mass spectra (HR-MS) were either recorded on the JEOL JMS-700 (EI"), Bruker
ApexQehybrid 9.4 T FT-ICR-MS (ESI*) or a Finnigan LCQ (ESI*) mass spectrometer at the Organisch-

Chemisches Institut der Universitidt Heidelberg.
Elemental Analyses were carried out at the Organisch-Chemisches Institut der Universitit Heidelberg.

IR spectra were recorded on a JASCO FT/IR-4100. Substances were applied as a film, solid or in

solution. Processing of data was done using the software JASCO Spectra Manager™ II.

Reagents and Solvents

Unless recorded otherwise, solvents were purchased from the chemical store of the Organisch-
Chemisches Institut der Universitiit Heidelberg and distilled prior to use. Absolute solvents were
prepared according to standard procedures and stored under argon over appropriately sized molecular
sieve.” Absolute THF, Et:0, toluene, CH>Cl, and MeCN were purchased from Sigma-Aldrich and
purified by a solvent purification system (MBraun, MB SPS-800, filter material: MB-KOL-A, MB-
KOL-M:; catalyst: MB-KOL-C). Chemicals other than solvents were either purchased from the chemical
store of the Organisch-Chemisches Institut Universitit Heidelberg or from commercial laboratory

suppliers unless reported otherwise.

Compounds

O

EtOJ\/ N \)LO Et

1

Diethyl 2,2'-((4-iodophenyl)azanediyl)diacetate (1): Ethylbromoacetate (15.2 mL, 22.9 g, 137 mmol)
was added to a solution of 4-Iodoanilline (10.0 g, 45.7 mmol) and N-ethyl-N-isopropylpropan-2-amine

(40 mL) and was stirred at 120 °C for 4 h. The crude reaction mixture was quenched with H»O, extracted



with ethyl acetate, dried over MgSO, and evaporated in vacuo. The crude product was purified by flash
chromatography on silica gel [petroleum ether/ethyl acetate (4/1)] to afford 1 (17.8 g, 99%) as an orange
oil. 'HNMR (400 MHz, CDCl5): & = 6.48-6.38 (m, 4 H), 4.22 (q, J = 7.2 Hz, 4 H), 4.10 (s, 4H), 1.28
(t,J=7.2 Hz, 6 H) ppm. *C NMR (100 MHz, CDCls): 6 = 170.4, 147.6, 137.8, 114.8,79.8, 61.2, 53.5,
14.2 ppm ppm. IR (cm™): v 2979, 2935, 2905, 1730, 1588, 1561, 1495, 1445, 1430, 1370, 1343, 1316,
1294, 1255, 1175, 1113, 1095, 1076, 1053, 1022, 993, 968, 922, 855, 803, 727, 692, 631, 611, 550,
505, 441, 431. HR-MS (ESI*): m/z caled. for CisHioINO4* 392.0353 [M+H]*; found. 392.0355.
C14H13INO4 (391.03): caled. C 42.98, H 4.64, N 3.58; found C 43.80, H 4.64, N 3.67.

TMS

I
0 o}
EtOJ\/ N \)J\OEl
2

Diethyl 2,2'-((4-((trimethylsilyl)ethynyl)phenyl)azanediyl)diacetate (2): 1 (12.0 g, 30.7 mmol) was
dissolved in THF/NEt; (2:1, 60 mL/30 mL) and degassed for 30 min with a stream of nitrogen. TMS-
acetylene (5.68 mL, 3.92 g, 39.9 mmol), Pd(PPh;).Cl> (393 mg, 613 pmol) and Cul (234 mg,
1.23 mmol) were added and the mixture was stirred under nitrogen at 50 °C for 48 h until TLC
monitoring showed complete conversion. The reaction mixture was filtered over a pad of silica gel and
evaporated in vacuo. The crude product was purified by flash chromatography on silica gel [petroleum
ether/ethyl acetate (6/1)] to afford 2 (6.05 g, 68%) as a yellow solid (m. p. 53-55 °C). 'H NMR
(300 MHz, CDCl3): & = 7.36-7.30 (m, 2 H), 6.55-6.50 (m, 2 H), 4.22 (q, /= 7.14 Hz, 4 H), 4.13 (s, 4 H),
1.28 (t, J=7.14 Hz, 6 H), 0.23 (s, 9 H) ppm. *C NMR (75 MHz, CDCl3): & = 170.4, 147.9, 133.3,
112.4,112.0, 105.8,91.9, 61.3, 53.4, 14.2, 0.1 ppm. IR (cm™): v 2979, 2913, 2148, 1745, 1725, 1605,
1516, 1476, 1444, 1416, 1371, 1349, 1302, 1280, 1247, 1220, 1180, 1117, 1063, 1030, 968, 936, 858,
839, 820, 762, 737,703, 650, 637, 599, 580, 534, 471, 449. HR-MS (ESI*): m/z calcd. for C1oH2sNO4Sit
362.1782 [M+H]"; found 362.1784. CisH37NO4S1 (391.03): caled. C 63.13, H 7.53, N 3.87; found C
63.24, H7.62, N 3.76.

|
0 0
EtOJk/ N \)LOEl
3

Ethyl 2-(2,5-diethynyl-4-methoxyphenoxy)acetate (3): 2 (6.00 g, 16.6 mmol) was dissolved in THF
(50 mL), placed in an ice bath and degassed for 15 min with a stream of nitrogen. TBAF (IM in THF,
18.4 mL) was added and the mixture was stirred for 10 min. The reaction mixture was quenched with

Si0;, filtered and evaporated in vacuo. The crude product was purified by flash chromatography on



silica gel [(petroleum ether/ethyl acetate (6/1 — 1/1)] to afford 3 (2.54 g, 52%) as a light yellow/green
oil. 'TH NMR (300 MHz, CDCl5): & = 7.39-7.33 (m, 2 H), 6.58-6.51 (m, 2 H), 4.23 (q,J = 7.14 Hz, 4 H),
4.14 (s, 4 H), 2.97 (s, 1 H), 1.28 (t, J=7.14 Hz, 6 H) ppm. *C NMR (75 MHz, CDCl;): & = 170.4,
148.0,133.4,112.1, 111.3,84.2,75.3,61.3, 53.4, 14.2 ppm. IR (cm™): v 3280, 2981, 2937, 2101, 1731,
1607, 1557, 1515, 1446, 1388, 1371, 1343, 1324, 1298, 1257, 1175, 1114, 1095, 1056, 1022, 968, 932,
856, 816, 715, 646, 591, 533, 454, 438, 405. HR-MS (ESI*): m/z calcd. For CisH20NO4* 290.1387
[M+H]*; found 290.1388. CisHi1oNO4(289.13): caled. C 66.42, H 6.62, N 4.84; found C 66.23, H 6.78,
N 4.68.

OEt OEt

AE 1-COOET
OEt OEt

Octaethyl 2,202 2maannmn g amntt_(((benzene-1,2,4,5-tetrayltetrakis(ethyne-2,1-di-
yD))tetrakis(benzene-4,1-diyl))tetrakis(azanetriyl))octaacetate (AE 1-COOET): 1,2,4,5-
Tetraiodobenzene® (320 mg, 550 pmol) and 3 (686 mg, 2.31 mmol) were dissolved in degassed
THF/NEt; (1:1, 1.5 mL/1.5 mL). Pd(PPh3),Cl: (39 mg, 55 pmol) and Cul (11 mg, 55 pmol) was added
and the mixture was stirred under nitrogen at 60 °C for 24 h. The reaction mixture was filtered over a
pad of silica gel and evaporated in vacuo. The crude product was purified by flash chromatography on
silica gel [petroleum ether/ethyl acetate (1/1)] to afford AE 1-COOET (398 mg, 59%) as a red film.
'HNMR (600 MHz, CDCl3): 6 =7.64 (s, 2 H), 7.44-7.41 (m, 8 H), 6.61-6.58 (m, 8 H), 4.22 (q,
J=7.15Hz, 18 H), 4.17 (s, 16 H), 1.30 (t, J=7.15Hz, 24 H) ppm. *C NMR (150 MHz, CDCl5):
8=170.5,147.9, 134.4, 133.0, 124.8, 112.5, 112.3, 95.6, 86.6, 61.3, 53.4, 14.2 ppm. IR (cm™): v 2979,
2935, 2197, 1730, 1604, 1556, 1520, 1444, 1386, 1370, 1343, 1296, 1257, 1174, 1135, 1094, 1057,
1020, 967, 855, 813,727,647, 531,467, 441. HR-MS (EST*): m/z calcd. for C7oH7N4NaO6* 1249.4992
[M+Na]*; found 1249.5004. C70H74N4O16 (1227.37): caled. C, 68.50; H, 6.08; N, 4.56; found C 67.85,
H6.51,N4.11.
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Supplementary Figures
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Scheme S1. Sketch of optical setup for fluorescence lifetime measurement. Abbreviations FM: Flip
mirror, LP: Long-pass filter, M: Mirror, BPE: Band pass filter, ND: neutral-density filter, BS: Beam
split.
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Figure S1 a&c) Luminescence and b&d) scattering images of pure linker (upper panel) & CdSe/I-/AE
1. Pure linker films show laser tracing after continuous exposure to 488 nm laser indicating some
changes in the film.
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Figure S2. Thin film fluorescence of CdSe/I- NCs during 500 s of continuous excitation at 488 nm.
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Scheme S2. Simplified energy level diagram of CdSe/I/AE 1 NC thin films in the ordered state (right)
as well as in the disordered state (left). Blue arrows indicate absorption, yellow arrows indicate
emission pathways. Upon resonant excitation of the 1S3, - 1Sc transition of the NCs, the electron in the
NC can either relax to the ground-state by radiative recombination or by transfer of its energy to AE 1
(orange arrows). For energy transfer, the emission energy in the NCs needs to match the absorption
energy in AE 1. This absorption energy exhibits a broad distribution due to the large number of rotamers
with different energies (green parabolas), especially in the excited state, which are locked-in in the
solid state. For ordered stacks of AE 1 molecules (right), there are several transitions between rotamers,
which can be excited via energy transfer from the NCs. Thus, energy transfer is relatively efficient,
resulting in bright fluorescence of AE 1. In the disordered state (left), the average transition energy
between rotamers is larger by AE compared to the ordered state. This is a consequence of the smaller
degree of planarization of the molecules. In effect, the transferred energy from the NCs is not sufficient
to excite most of the transitions between different rotamers in the disordered state, which leads to poor
energy transfer and weak emission.
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Figure S3 Typical gate-sweep curve at 5 V source-drain voltage measured at 200 K with channel
dimension 2.5 ym X 1 cm a) under no illumination b) under 408 nm laser illumination. Solid curve
represents the drain current and dotted curve represent the respective leakage current; negative data

have been ignored for the logarithmic plot.
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Figure S4 Raman scattering profile of pure AE 1 (blue, 633 nm excitation and red, 532 nm excitation)
and CdSe/T'/AE 1 (orange) thin films at 633 nm laser excitation.
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Figure S5 Scanning electron micrograph of CdSe/I'/AE 1 thin films shown at two different

resolutions. Scale bars are a) 3 um and b) 100 nm.
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Figure S6. Temperature-dependent electric conductivity in the dark (a) and under 408 nm excitation
(b) of thin films of CdSe/I' NCs (blue) and CdSe/I-/AE 1 (orange). (¢) Temperature dependence under
408 nm excitation of the field-effect mobility of the same thin films. (d) Comparison of the dark (blue)
and excited-state field-effect mobility (orange) of CdSe/I-/AE 1 thin films.
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Figure S6a compares the electric conductivity (o) in the dark of CdSe/I" NCs before (blue) and after
(orange) functionalization with AE 1 between 8 — 300 K. The dark conductivities are mostly identical
apart from a window of intermediate temperatures (100-200 K), where the presence of AE 1 invokes
an increase in . Under optical excitation with A =408 nm, the conductivities with AE 1 are much higher
than for the bare CdSe/I NCs at all temperatures (Figure S6b). However, the corresponding field-effect
mobilities under optical excitation (Figure S6c & Figure S3) are the same for both materials. Thus, the
effect of AE 1 is mainly an increase of the free carrier concentration () in the NC ensemble under
optical excitation, since ¢ = g - e - n, with the elemental charge e. Comparing the field-effect mobilities
for CdSe/I/AE 1 NCs in the dark (Figure S6d, blue) vs. the excited state (orange) reveals that transport
under optical excitation becomes exceedingly more efficient than in the dark as the temperature
decreases. This indicates the importance of the population of trap states: At low temperature, these
states may only be populated through photoexcitation as thermalization is not sufficient anymore.
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