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Abstract 

 The resonance interaction between a confined optical mode within a microcavity and a 

molecular transition result in either enhancement of spontaneous emission rate in the weak 

coupling light-matter regime (the so-called Purcell effect) or alteration of energy levels of 

molecules through the formation of polaritonic states in the strong coupling regime. Due to 

these effects, light-matter interaction phenomena inside a microcavity can be used as a 

‘‘physical’’ method to control the physical and chemical properties of molecules. Thus, this 

work aims to tailor the spectral, photophysical, and tautomeric properties of molecules by the 

confined optical fields of the microcavity. 

  A voltage tunable open IR-microcavity was prepared and characterized to study the 

influence of the confined field of the microcavity on the IR-absorption properties of molecules 

in a liquid phase. This cavity is a versatile tool to hybridize essentially any vibrational transition 

in the mid-IR regime with a cavity mode. Multimode vibrational strong coupling was 

demonstrated in methyl salicylate using this cavity. A coupled damped harmonic oscillator 

model was employed as a theoretical tool to describe the multimode vibrational strong 

coupling. The theoretical results revealed that absorption of uncoupled molecules and 

spectrally close off-resonance molecular vibrations, in addition to the resonance vibrations, 

must be simultaneously considered to describe the behaviour of the multimode vibrational 

strong coupling adequately. The same cavity was used to investigate the effect of vibrational 

strong coupling on the Raman scattering properties of selected systems. It has been found that 

vibrational polaritonic states are insensitive to Raman detection. Further investigations 

employing various configurations of polymer spaced microcavities confirmed that the 

previously reported Raman study contains artefacts from surface-enhanced Raman scattering. 

 The photophysical properties of individual phthalocyanine molecules embedded in 

PVA film were studied under the Purcell effect, using λ/2-microcavity, confocal laser scanning 

microscopy, and a time-resolved fluorescence technique. The photophysical studies show that 

the occurrence of blinking and photobleaching of individual molecules inside a resonant cavity 

becomes less probable than for molecules embedded in PVA in free space. The change in 

transition dipole moment orientation due to tautomerization in single phthalocyanine molecules 

embedded in PVA in free space and inside a λ/2-microcavity were probed employing confocal 

microscopy coupled with higher-order laser beams. The rate of tautomerization was slowed 

down in the case of the cavity samples. The reason for the modifications in photophysical and 

photoinduced tautomerization properties of single molecules inside a resonant cavity is 
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identified as the reduction of the transfer of molecules into the triplet state due to the Purcell 

effect. Interestingly, these findings show that the weak light-matter coupling phenomenon can 

be used to steer photophysical and photochemical processes that occur in the triplet states to 

the desired direction. 
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Abstrakt 

Oddziaływanie rezonansowe pomiędzy modem optycznym w mikrownęce prowadzić 

może do zwiększenia stałej szybkości emisji w reżimie słabego sprzężenia (tzw. efekt Purcella) 

bądź też – w reżimie silnego sprzężenia -  do przesunięcie poziomów energetycznych poprzez 

tworzenie polarytonów. Dzięki tym efektom, oddziaływanie światło-materia wewnątrz 

mikrownęki może być zastosowane jako „fizyczna” metoda kontroli fizycznych i chemicznych 

właściwości cząsteczek. Niniejsza praca ma na celu modyfikację spektralnych, fotofizycznych 

i tautomerycznych parametrów cząsteczek przez pola optyczne mikrownęki. 

Zbudowano i scharakteryzowano otwartą, sterowaną napięciem mikrownękę działającą 

w podczerwieni, w celu zbadania wpływu pola wnęki na właściwości absorpcyjne cząsteczek 

w roztworze. Wnęka stanowi uniwersalne narzędzie pozwalające na dostrojenie się do 

dowolnego przejścia oscylacyjnego w obszarze średniej podczerwieni. Pokazano silne 

sprzężenie angażujące kilka oscylacji w cząsteczce salicylanu metylu. Do teoretycznego opisu 

tego zjawiska użyto modelu sprzężonych tłumionych drgań harmonicznych. Wykazano, że 

poprawna symulacja widm wymaga, oprócz uwzględnienia drgania będącego w rezonansie, 

także przejść bliskoleżących oraz absorpcji pochodzącej od niesprzężonych cząsteczek. 

Następnie użyto tej samej  mikrownęki do badania wpływu silnego sprzężenia na widma 

ramanowskie wybranych układów. Nie wykryto wpływu tworzenia oscylacyjnych 

polarytonów na widmo Ramana. Dalsze badania, z użyciem rozmaitych konfiguracji wnęki 

polimerowej wykazały, że opisany wcześniej literaturze efekt był spowodowany przez 

powierzchniowe wzmocnienie widma Ramana (SERS). 

Zbadano fotofizykę pojedynczych cząsteczek ftalocyjaniny w warstwie alkoholu 

poliwinylowego (PVA) w λ/2-mikrownęce w reżimie efektu Purcella. Zastosowano w tym celu 

konfokalną mikroskopię fluorescencyjną oraz techniki czasowo-rozdzielcze. Badania 

fotofizyczne wykazały spadek częstości migotania i fotowybielania pojedynczych cząsteczek 

we wnęce w porównaniu z cząsteczkami  w PVA umieszczonymi poza wnęką. Następnie, 

używając modów laserowych wyższego rzędu, dla obu tych konfiguracji przebadano zmiany 

orientacji momentu przejścia w pojedynczych cząsteczkach, będące konsekwencją 

tautomeryzacji.. Zaobserwowano spowolnienie tautomeryzacji dla cząsteczek we wnęce. 

Wytłumaczono powyższe efekty zmniejszeniem prawdopodobieństwa przejścia do stanu 

trypletowego w konsekwencji efektu Purcella. Istotne jest, że uzyskane wyniki pokazują 

możliwość wykorzystania słabego sprzężenia do kontroli wydajności fotofizycznych i 

fotochemicznych procesów zachodzących w stanie trypletowym. 
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Fabry−Pérot Microcavity, J. Phys. Chem. B 2020, 124, 5709−5716. 

2. Wassie Mersha Takele, Frank Wackenhut, Quan Liu, Lukasz Piatkowski, Jacek 

Waluk, and Alfred J. Meixner; Tailoring Tautomerization of Single Phthalocyanine 

Molecules Through Modification of Chromophore Photophysics by the Purcell Effect 

of an Optical Microcavity, (December 2020), Submitted.  

3. Wassie Mersha Takele, Lukasz Piatkowski, Frank Wackenhut, Sylwester 

Gawinkowski, Alfred J. Meixner, and Jacek Waluk; Scouting for Strong Light-Matter 

Coupling Signatures in Raman Spectra (December 2020), Ready for Submission.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://rcin.org.pl



vii | P a g e  
 

Posters and Oral Presentation  

Oral Presentation:  

1. Wassie Mersha Takele, Frank Wackenhut, Lukasz Piatkowski, Alfred J. Meixner, and 

Jacek Waluk; Controlling the Optical Properties of Molecules by the Vacuum 

Electromagnetic Fields of a Microcavity (Contributed Talk), Single-Molecule Sensors 

and NanoSystems International Conference – S3IC 2020, November 09-11, 2020.  

Poster Presentations:  

1. Wassie Mersha Takele, Lukasz Piatkowski, and Jacek Waluk; Controlling the optical 

properties of methyl salicylate by strong light-matter coupling, Polish Photoscience 

Seminar 2018, Krutyń, June11-14, 2018.  

2. Lukasz Piatkowski, Wassie Mersha Takele, and Jacek Waluk; Optical Properties of 

Methyl Salicylate in the regime of the Strong Light-Matter Coupling, Strong Coupling 

with Organic Molecules SCOM 2018, Eindhoven, April 16-18, 2018. 

3. Wassie Mersha Takele, Lukasz Piatkowski, and Jacek Waluk; Optical properties of 

Porphycenes in the Regime of Strong Light-Matter Coupling, Nanophotonics and 

Micro/Nano Optics International Conference, Barcelona, March 13-15, 2017. 

 

 

 

 

 

 

 

 

 

 

 

 

https://rcin.org.pl



viii | P a g e  
 

Table of Contents 
Acknowledgments ..................................................................................................................... i 

Abstract ................................................................................................................................... iii 

Abstrakt .................................................................................................................................... v 

List of Publications ................................................................................................................. vi 

Posters and Oral Presentation .............................................................................................. vii 

1. Introduction ...................................................................................................................... 1 

1.1. Background and Motivation ........................................................................................ 1 

1.2. Thesis Outline ............................................................................................................. 7 

2. Theoretical Foundation .................................................................................................... 8 

2.1. The Nature of Electromagnetic Radiation and its Interaction with Molecules ........... 8 

2.1.1. The Nature of Electromagnetic Radiation ........................................................... 8 

2.1.2. Energy Levels of Molecules ................................................................................ 9 

2.1.3. The Basic Ideas of Molecular Spectroscopy ...................................................... 10 

2.2. Molecular Vibrations ................................................................................................. 11 

2.2.1. Vibrational Energy Levels and IR Absorption of Molecules ............................ 12 

2.2.2. Raman Scattering ............................................................................................... 16 

2.3. Molecular Electronic Transitions .............................................................................. 18 

2.3.1. The Franck-Condon principle ............................................................................ 18 

2.3.2. The Fates of the Excited States .......................................................................... 19 

2.4. Weak Light-Matter Coupling .................................................................................... 21 

2.4.1. Fermi’s Golden Rule .......................................................................................... 21 

2.4.2. The Purcell Effect .............................................................................................. 22 

2.5. Theory of Strong Light-Matter Coupling .................................................................. 24 

2.5.1. Classical Description of Strong Light-Matter Coupling .................................... 24 

2.5.2. Quantum Description of Strong Coupling ......................................................... 26 

3. Materials and Methods .................................................................................................. 31 

3.1. Chemicals and Materials ........................................................................................... 31 

3.2. Sample Preparations .................................................................................................. 31 

3.2.1. Optical Microcavity Mirrors Preparation ........................................................... 31 

3.2.2. Spin Coating....................................................................................................... 33 

3.3. Optical Setups and Measurements ............................................................................ 34 

3.3.1. FTIR Spectrometer ............................................................................................. 34 

3.3.2. Raman Scattering Measurements ....................................................................... 35 

3.3.3. Single-Molecule Imaging and Time Trace Measurements ................................ 36 

https://rcin.org.pl



ix | P a g e  
 

3.3.4. Photon Antibunching Measurements ................................................................. 38 

3.3.5. Fluorescence Decay Measurements ................................................................... 39 

3.3.6. Imaging Single-Molecule Tautomerization Reactions ...................................... 39 

4. Multimode Vibrational Strong Coupling Using a Tunable Microcavity................... 41 

4.1. Introduction ............................................................................................................... 41 

4.2. Open Microcavity Design and Characterization ....................................................... 42 

4.3. Vibrational Strong Coupling in Methyl Salicylate .................................................... 44 

4.4. Theoretical Description of Multimode VSC ............................................................. 48 

4.5. Conclusions ............................................................................................................... 53 

5. Raman Scattering Under Vibrational Strong Coupling ............................................. 54 

5.1. Introduction ............................................................................................................... 54 

5.2. Microcavity Preparations .......................................................................................... 55 

5.3. Raman Scattering Properties of Liquid Phase Samples Under Vibrational Strong 

Coupling ............................................................................................................................... 57 

5.4. Raman Scattering Characteristics of a Polymer Film Under Vibrational Strong 

Coupling ............................................................................................................................... 58 

5.5. Conclusions ............................................................................................................... 63 

6. Controlling the Photophysical Properties of Single Molecules by the Purcell Effect 

of an Optical Microcavity ...................................................................................................... 64 

6.1. Introduction ............................................................................................................... 64 

6.2. λ/2-Microcavity Preparation and Characterization ................................................... 66 

6.3. Single-Molecule Detection in the Free Space and Inside a λ/2-Microcavity ............ 68 

6.4. Photophysical Properties Under the Purcell Effect ................................................... 69 

6.5. Conclusions ............................................................................................................... 73 

7. Tailoring the Tautomerization Properties of Single Phthalocyanine Molecules by 

the Vacuum Electromagnetic Field of an Optical Microcavity ......................................... 74 

7.1. Introduction ............................................................................................................... 74 

7.2. Methods of Probing and Controlling NH Tautomerization ...................................... 75 

7.3. Modulating Tautomerization by the Purcell Effect ................................................... 78 

7.4. Conclusions ............................................................................................................... 82 

8. Summary and Outlook ................................................................................................... 84 

References ............................................................................................................................... 88 

 

https://rcin.org.pl



1 | P a g e  
 

1. Introduction 

1.1. Background and Motivation  

 At the beginning of the last century, one of the central concepts of quantum mechanics, 

i.e., the statement that electromagnetic radiation can only be absorbed or emitted in quantized 

amounts has been formulated,1 and commercial spectrometers began to be widely available.2 

Since then, enormous theoretical and practical advances have occurred in the study of 

molecules through their interaction with photons.3 Indeed, much of what we know about the 

structure and dynamics of molecules comes from this interaction. The main optical effects that 

arise due to light-matter interaction are absorption, emission, and scattering of photons. 

Spectroscopic techniques based on these optical processes have been widely employed to 

characterize materials and detect an analyte of interest. Nowadays, photons are not only used 

to probe molecular properties, but also they can be employed to modify the optical and 

chemical properties of molecules.4 Especially, advances in laser technology5 and microcavity 

photonics6–9 have dramatically revolutionized our ability to probe and manipulate molecular 

phenomena with quantum light. 

 Lasers have many striking characteristics, such as monochromatic and coherent nature, 

collimated beams, and an ability to produce pulses. Each of these features (sometimes in 

combination with the others) opens up novel opportunities to study and manipulate molecular 

properties with photons.5 For instance, the stable and coherent nature of lasers has opened the 

door for the development of high-resolution spectroscopy,10 whereas the ability to produce 

laser pulses of very short duration is useful in the investigation of photophysical phenomena 

and chemical dynamics on extremely short time scales (attoseconds to nanoseconds).11 The 

combination of lasers with highly sensitive detectors and microscopy tools allows us to 

visualize and study individual molecules at a time.12–14 The coherent nature of lasers has been 

widely used for optical control over molecular dynamics by steering a quantum system from 

an initial state to the desired target state by an external field.15,16 On the other hand, the 

resonance interaction between a microcavity mode and a molecular transition – the topic of 

this thesis – focuses on harnessing the vacuum electromagnetic fields of a microcavity to 

modify molecular properties. 

 Fabry−Pérot type optical microcavities confine and store light to small volumes by 

bouncing light back and forth between two parallel mirrors (Figure 1.1a). They are widely used 

to control the properties of quantum emitters placed inside them.17 Microcavities have also 

been used in optical sensing and quantum information technologies.18 The prominent optical 
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effects in microcavity photonics are reflection and interference. Generally, optical 

microcavities confine light in-between two mirrors either by single or multiple interface 

reflections. The former can be achieved from the reflection of metallic mirrors, whereas the 

latter can be realized using a distributed Bragg reflector (DBR) mirrors consisting of 

periodically stacked layers of dielectric material.19 The choice of a microcavity for a particular 

experiment depends on several requirements, such as ease of fabrication, less optical losses, 

minimum mode volume, and tunability.20 A structure that fulfils most of these factors is a 

Fabry−Pérot microcavity that consists of two metallic mirrors of thickness M1 and M2 separated 

by an optical pathlength Lop (Figure 1.1a). The mirrors are aligned parallel to each other so that 

light is reflected multiple times between the mirrors, and the optical pathlength determines the 

cavity modes, which can be formed as a standing wave inside the cavity (Figure 1.1b). The 

resulting cavity modes are equally spaced in frequency; the separation between successive 

cavity modes is termed the free spectral range of the cavity. The cavity modes have a maximum 

transmission for wavelengths satisfying the condition:21,22 

 
𝐿𝑜𝑝 = 𝑚 (

𝜆

2𝑛
) ,     (1.1) 

where Lop, m, 𝜆, and n are the optical path length of the cavity, an integer, the wavelength of 

light, and the refractive index of the medium within the cavity, respectively. 

 

Figure 1.1. (a) Schematic illustration of a Fabry−Pérot microcavity of optical path length Lop 

having two parallel mirrors M1 and M2; 𝜆 is the wavelength of light introduced into the cavity, 

and n is the refractive index of the material. (b) First (𝑚 = 1), and second (𝑚 = 2) longitudinal 

mode of a Fabry−Pérot microcavity. 
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 An important parameter used to specify the cavity mode is the quality factor (Q-factor), 

which is given by:  

 𝑄 =
𝜔𝑐

Δ𝜔 
 , 

    (1.2) 

 

where 𝜔𝑐 and Δ𝜔 are the resonance frequency and the linewidth of the cavity mode, 

respectively. The Q-factor indicates the stored energy/energy loss per cycle, and it 

characterizes the energy loss from the cavity due to absorption, scattering, or leakage through 

the imperfect mirrors.23 The reflectivity of the mirrors mainly governs the Q-factor of the 

cavity, and a large Q-factor means low-loss microcavity. The typical Q-factor obtained from 

Fabry−Pérot type microcavities made from metallic mirrors is from ~ 10 – 100, depending on 

the mirrors thickness and their surface roughness. As the molecular transitions in organic 

molecules have relatively high rate of energy dissipation (broader spectral peaks), the small Q-

factor due to the inherent reflectivity of metallic mirrors does not impose a limitation in 

studying the optical properties of organic molecules using Fabry−Pérot type microcavities.24 

 The photon decay rate of the cavity (𝜅) is given by 

 𝜅 =
𝜔𝑐

𝑄
 . 

    (1.3) 

 Thus, the higher the Q-factor, the longer time the photon is stored in a microcavity, 

which gives sufficient time for light-matter coupling inside a microcavity. The effective mode 

volume (𝑉) describes the ability of the cavity to confine photons spatially. It is related to the 

vacuum electric field of the cavity (휀𝑣𝑎𝑐) by:21 

 

휀𝑣𝑎𝑐 = √
ℏ𝜔𝑐

2𝜖0𝑉 
 ,     (1.4) 

where 𝜔𝑐 is the cavity mode frequency and 𝜖0 the permittivity of the free space. The smaller 

the mode volume, the better the field confinement. 

 When the resonant mode of an optical microcavity coincides with the quantized 

transition frequency of a molecule, there will be energy exchange between the cavity mode and 

the molecular transition. The transition frequency of a molecule is governed by its internal 

structure, and it is natural to take it as fixed. Hence, the resonance condition is attained by 

tuning the cavity mode towards the molecular transition frequency. At resonance, the energy 
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exchange between molecules and a cavity mode is determined by three parameters: the rate of 

photons escaping from the cavity or the damping of the cavity (𝜅), the dephasing rate of the 

emitter (𝛾), and the coupling strength (g).21  

 If the damping rates of the cavity and the molecule are larger than the coupling strength, 

i.e., (𝜅, 𝛾)  ≫  g, the interaction is said to be in the weak coupling regime. In this regime, the 

energy levels of the molecules are not significantly altered, and only the spontaneous emission 

rate is modified (Figure 1.2a). Altering a radiative decay rate by weak light-matter coupling 

was first demonstrated by Purcell (at radio frequency) in 1946.25 By the end of the 1960s, 

Drexhage demonstrated that the fluorescence decay time of optically excited molecules could 

be tailored when they were placed in front of a mirror.26 Since then, enhancing the radiative 

decay rate by placing quantum emitters near metallic surfaces, in microcavities or photonic 

crystals, generally known as the Purcell effect, has been widely employed for various 

applications. Among others, the Purcell effect has been used to improve the performance of 

light-emitting devices,27,28 control the photophysical properties of single emitters,29 and 

influence Förster energy transfer.30 

 On the other hand, if the rate of energy exchange between the cavity mode and the 

molecular transitions dominates the decay rates, i.e., when g ≫ (𝜅, 𝛾), the system enters the 

strong coupling (SC) regime. In this case, molecules and the cavity can be considered as a 

single quantum object with energy shared coherently and reversibly between them. SC leads 

to the formation of new spectroscopically accessible half-light, half-matter quasiparticles 

termed polaritons.31 The separation between the upper and lower polaritonic states is known as 

Rabi splitting energy (ℏ𝛺𝑅). SC phenomenon was first observed in a microwave cavity 

containing a single Rydberg atom in 198732 and later, after five years, in semiconductor 

quantum wells.33 These experiments were realized at low temperature and using very high Q-

factor DBR cavities due to the low binding energy of inorganic materials (Wannier–Mott 

excitons). In addition, as most inorganic materials have small oscillator strength, strong 

coupling in these materials gives very small Rabi splitting energy (of the order of 10 meV).34 

 Due to the large transition dipole moment and strong binding energy, organic molecules 

(Frenkel excitons) have been expected to provide a larger coupling strength at room 

temperature.34 In 1998, Lidzey et al. first reported electronic strong coupling (ESC) – the 

hybridization of the first excited electronic state with the cavity mode - in organic molecules 

by coupling the Soret band of Zn porphyrin dye blended with polystyrene film with the cavity 

mode. A Rabi splitting of 160 meV was observed, and the value of the splitting was varied by 
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changing the concentration of the dye in the polymer film.35 After a year, Lidzey et al. have 

demonstrated ESC from J-aggregates. Moreover, they have observed for the first time the 

signature of cavity-polariton emission from the lower polariton branch.36 Since then, J-

aggregates have been widely studied under ESC, as they have large oscillator strength, small 

Stokes shift, and small linewidth. These experiments were realized by placing dye molecules 

embedded in a polymer film between the bottom DBR mirror and the top metallic mirror. 

Recently, Bahsoun et al. reported liquid phase ESC using nanofluidic Fabry−Pérot cavity.37 

Strong coupling between a single emitter and a plasmonic structure mode has also been 

reported.38 Plasmonic cavities are promising for studying properties of few emitters under ESC 

due to their ability to confine light in subdiffraction-limited volumes with the drawback of huge 

damping.39 However, achieving strong coupling with a single-molecule is not yet a trivial task, 

as the coupling becomes more efficient when the number of molecules in the cavity mode 

increases. 

 

Figure 1.2. Schematic illustration of an optical microcavity effect on a two-level emitter: In the 

case of weak coupling, the cavity alters the spontaneous emission rate (a). Strong coupling 

occurs when there is a reversible energy exchange between the cavity mode and the molecular 

transitions with a Rabi frequency 𝛺𝑅 (b). The right upper panel shows the excited state 

population time evolution, whereas the lower right panel shows Rabi oscillations in the case of 

strong coupling.40  

 

 In 2015, Shalabney et al.41 and Long and Simpkins42 independently demonstrated 

vibrational strong coupling by hybridizing the C=O stretching modes of polyvinyl acetate and 

polymethyl methacrylate films with microcavity modes, respectively. Later in the same year, 

George et al.43 demonstrated vibrational strong coupling in a liquid phase. Ultrastrong 
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vibrational coupling – the regime where Rabi splitting becomes about 20% of the molecular 

frequency - was also observed from pure Fe(CO)5 liquid.44 So far, vibrational strong coupling 

has been reported from many systems, such as polymer films,45,46 different organometallic 

complexes simultaneously dissolved in solution,47 pure solvents,48 and liquid crystal 

molecules.49 Pino et al. have developed a quantum mechanical model to describe the 

hybridization between a cavity mode and an ensemble of molecular vibrations.50 

 Over the years, ensemble strong coupling has obtained significant research attention 

due to the intriguing properties of polaritonic states. For instance, exciton-polaritons have very 

light mass (about three orders of magnitude lighter than an electron),51 they obey bosonic 

statistics, and they are stable at room temperature. Because of these properties, polaritonic 

states have been widely studied in condensate physics.52 Strong light-matter coupling is also 

being researched with the aim of improving the performance of organic photovoltaics53 and 

organic photodiodes.54 The ability to tune the energy levels of molecules through the formation 

of polaritonic states has recently received significant attention in chemical and molecular 

sciences since it allows to modulate the chemical reactivity, materials properties, and 

photophysical processes without altering the structure or constitution of molecules. 

 Electronic strong coupling has been employed to control the rates of 

photoisomerization reaction,55 work function,56 conductivity,57 and quantum yield of 

emission.58 Another possibility is modifying the energy difference between the excited singlet 

and excited triplet states. The rate of intersystem crossing in Erythrosine B was increased by a 

factor of four because of the decreased energy difference between the triplet state and the lower 

polariton.59 Similarly, the effect of vibrational strong coupling on the ground state energy 

landscape of molecules provides a novel way to control chemical reactions remotely. Hence, 

in the previous five years, there have been significant experimental60,61 and theoretical efforts62–

64 to exploit the possible applications of vibrational strong coupling in chemistry. 

 This thesis thus addresses the influence of the confined optical fields of an optical 

microcavity on the spectral, photophysical, and tautomeric properties of molecules. A voltage 

tunable infrared open microcavity has been designed and used to study the influence of the 

strong coupling on the vibrational energy levels of molecules in the liquid phase. A classical 

model based on coupled harmonic oscillators has been used to explain the dynamics of 

vibrational strong coupling. The influence of strong coupling on Raman scattering properties 

of liquid samples has also been studied using the IR-open microcavity. The Raman scattering 

properties of solid-state samples were investigated by preparing various polymer-spaced fixed 

microcavities. On the other hand, the photophysical and tautomerization properties of single 
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molecules were studied under weak light-matter coupling conditions. For this purpose, a 

voltage tunable λ/2-microcavity was employed.  

1.2. Thesis Outline 

 The structure of this thesis is as follows: Chapter 2 starts by describing the basics of 

electromagnetic radiation, molecular energy levels, IR absorption, Raman scattering, and 

molecular electronic transitions. Then the main theories of weak and strong light-matter 

coupling are discussed in detail. Chapter 3 aims to explain the techniques used to prepare the 

microcavity mirrors and the optical instruments employed to collect the experimental data. 

Chapters 4, 5, 6, and 7 describe the results collected throughout this work. Each chapter 

contains a brief introduction, methods, results, discussion, and conclusions. Chapter 4 discusses 

the influence of strong coupling on the spectral and vibrational energy levels of molecules. The 

effect of strong coupling on the Raman scattering properties of molecules is discussed in 

Chapter 5. Chapters 6 and 7 describe how the Purcell effect can be used to modulate the 

photophysical and tautomeric properties of single molecules, respectively. Finally, Chapter 8 

gives a summary of the main results and provides a brief outlook. 
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2. Theoretical Foundation  

 This chapter describes the basic principles and laws that govern various optical 

processes covered in this work. Section 2.1 discusses the nature of electromagnetic radiation, 

the quantum description of molecular energy levels, and the basic concepts of light-matter 

interaction in ‘’free space’’. In the whole thesis, the term ‘‘free space’’ is used to describe 

optical processes that occur without photonics boundary conditions, such as a microcavity. 

Section 2.2 presents the theories of molecular vibrations and the Raman scattering. Section 2.3 

explains the basic principles of molecular electronic transitions and fluorescence lifetime. 

Finally, in sections 2.4 and 2.5, the theories of weak and strong light-matter coupling 

phenomena are discussed.  

2.1. The Nature of Electromagnetic Radiation and its Interaction with 

Molecules  

2.1.1. The Nature of Electromagnetic Radiation  

 In the 1860s, James Clerk Maxwell formulated the classical theory of light by unifying 

optics, electricity, and magnetism. Maxwell predicted the existence of electromagnetic 

radiation - coupled electric and magnetic fields traveling as waves at a constant speed. In 1888, 

Hertz showed the existence of long-wavelength electromagnetic waves (radio waves) 

experimentally and confirmed that their properties are consistent with Maxwell’s theoretical 

predictions.65 Within a few decades, the whole electromagnetic spectrum from gamma 

radiation to the microwaves was discovered. The electric (𝑬) and magnetic (𝑩) fields oscillate 

in phase perpendicular to each other and perpendicular to the direction of propagation as well. 

It is the oscillating field that interacts with the charged nuclei and electrons of a molecule and 

results in energy transfer to the molecule. Assuming an electromagnetic wave traveling along 

the x-direction with frequency 𝜈, the equations that describe the oscillating electric field, 𝑬(x,t), 

and magnetic field, 𝑩 (x,t) vectors are given by21 

 
𝑬 (𝑥, 𝑡) = 𝑬0 cos(2𝜋𝜈𝑡 − 𝑘𝑥) 

       

(2.1) 

 

 
𝑩 (𝑥, 𝑡) = 𝑩0 cos (2𝜋𝜈𝑡 − 𝑘𝑥), 

       

(2.2) 

where 𝑬0  and 𝑩0  are the amplitudes of the electric and magnetic fields, respectively, and the 

parameter 𝑘 is the wavenumber given by: 
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𝑘 =
2𝜋

𝜆
. 

       

(2.3) 

 The way we think about electromagnetic radiation radically changed when Max Planck 

suggested in 1900 that black-body radiation is emitted in discrete energy packets called 

quanta.21 Planck believed that once the light energy was emitted, it behaved like a classical 

wave. However, after five years, Einstein proposed instead that the radiation itself existed as 

small packets of energy, 𝐸 = ℎ𝜈. These packets of energy were later named photons by the 

physical chemist Gilbert N. Lewis.66 Nowadays, it has been established that light has a wave-

particle dual nature. Some processes, such as diffraction and interference, exhibit the wave 

nature of light, whereas other phenomena, for example, the photoelectric effect, display the 

particle aspects of light. 

2.1.2. Energy Levels of Molecules  

 The interaction of photons with molecules is primarily determined by the energy levels 

of the molecule. Molecules only exist in specific quantum states (characterized by quantum 

numbers), with each quantum state having a discrete amount of energy and angular momentum. 

Thus, energy levels in molecules are quantized. The Schrödinger equation is a starting point 

for obtaining information about the allowed quantized energy levels of molecules. Molecules 

are a collection of positively charged atomic nuclei surrounded by a cloud of negatively 

charged electrons. The distance between each nucleus and electron is a variable in the 

Schrödinger equation. Thus, the number of terms in the Schrödinger equation significantly 

increases as the size of the molecule increases. Hence, we solve the Schrödinger equation of 

molecules based on the Born–Oppenheimer approximation. This approximation assumes that 

the nuclei (being thousands of times heavier than an electron) remain motionless while 

electrons move around them; i.e., there is an approximate wavefunction defining the motions 

of the electrons that is independent of the nuclei wavefunction.67 The nuclear motion can be 

separated into translational, rotational, and vibrational modes. Accordingly, the wavefunction 

for the molecule as a whole is given as a product of a wavefunction for the electronic motions 

(𝜓𝑒𝑙), a wavefunction for the vibrational motions (𝜓𝑣𝑖𝑏), a wavefunction for the rotational 

motions (𝜓𝑟𝑜𝑡), and a wavefunction for the translational motion (𝜓𝑡𝑟):68 

 
𝜓𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝜓𝑡𝑟 

       

(2.4) 
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The Hamiltonian for the molecule is written as a sum of each mode: 

 
�̂�𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = �̂�𝑒𝑙 + �̂�𝑣𝑖𝑏 + �̂�𝑟𝑜𝑡 + �̂�𝑡𝑟 

       

(2.5) 

The Schrödinger's equation for the molecule becomes: 

 
�̂�𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝜓𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = (�̂�𝑒𝑙 + �̂�𝑣𝑖𝑏 + �̂�𝑟𝑜𝑡 + �̂�𝑡𝑟)𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝜓𝑡𝑟 

       

(2.6) 

 

   = 𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝜓𝑡𝑟�̂�𝑒𝑙𝜓𝑒𝑙 + 𝜓𝑒𝑙𝜓𝑟𝑜𝑡𝜓𝑡𝑟�̂�𝑣𝑖𝑏𝜓𝑣𝑖𝑏 + 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑡𝑟�̂�𝑟𝑜𝑡𝜓𝑟𝑜𝑡

+ 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡�̂�𝑡𝑟𝜓𝑡𝑟 

       

(2.7) 

 

 
= 𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝜓𝑡𝑟𝐸𝑒𝑙𝜓𝑒𝑙 + 𝜓𝑒𝑙𝜓𝑟𝑜𝑡𝜓𝑡𝑟𝐸𝑣𝑖𝑏𝜓𝑣𝑖𝑏 + 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑡𝑟𝐸𝑟𝑜𝑡𝜓𝑟𝑜𝑡

+ 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝐸𝑡𝑟𝜓𝑡𝑟 

       

(2.8) 

 

 
�̂�𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝜓𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = (𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡 + 𝐸𝑡𝑟) 𝜓𝑒𝑙𝜓𝑣𝑖𝑏𝜓𝑟𝑜𝑡𝜓𝑡𝑟 .                                        

       

(2.9) 

Therefore, the energy possessed by a molecule separates into different contributions: 

 
𝐸𝑡𝑜𝑡 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡 + 𝐸𝑡𝑟.                                                                                     

     

(2.10) 

 The energy levels of molecules can be probed experimentally by measuring the 

wavelengths of the light that is emitted, absorbed, or scattered in transitions between energy 

levels. Translational eigenvalues are very closely spaced and too small to probe 

spectroscopically. Thus, the spectra of molecules arise only from rotational, vibrational, and 

electronic transitions. These transitions are not independent of each other, and molecular 

spectra are more complex than atomic spectra due to their interaction.69 

2.1.3. The Basic Ideas of Molecular Spectroscopy  

 The basic idea of molecular spectroscopy is that if a photon is absorbed or emitted by 

a molecule, the molecule makes a transition between energy levels whose difference in energy 

is equal to the energy of the photon. Conservation of energy requires that the energy of the 

photon satisfies:  
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𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ𝜈 =  

ℎ𝑐

𝜆
= 𝐸𝑢𝑝𝑝𝑒𝑟 − 𝐸𝑙𝑜𝑤𝑒𝑟 , 

    

(2.11) 

where 𝐸𝑢𝑝𝑝𝑒𝑟 and 𝐸𝑙𝑜𝑤𝑒𝑟 are the energy eigenvalues for the upper and lower energy levels of 

the molecule. 

 If a photon is absorbed, the molecule jumps from a lower to a higher energy level. If a 

photon is emitted, the molecule makes a transition from a higher to a lower energy level. The 

rates of spectroscopic transitions determine the intensity of the spectral response. The most 

intense transitions are induced by the interaction of the electric dipole of molecules with the 

electric component of the electromagnetic field. The transition probability between initial 

state 𝜓𝑖 and final state 𝜓𝑓 is proportional to the square of the transition dipole moment (𝝁𝒇𝒊). 

Mathematically 𝝁𝒇𝒊 is defined as70 

 
𝝁𝒇𝒊 = ∫ 𝜓𝑓

∗�̂�𝜓𝑖𝑑𝜏,     

(2.12) 

where �̂� is the electric dipole moment operator for the molecule and the subscripts i and f stand 

for the initial and final state. 

 
�̂� = ∑ 𝑞𝑖𝑟𝑖𝑖 ,   

    

(2.13) 

𝑞𝑖 is the charge and the sum is over all the electrons and nuclei of the molecule, and 𝑟𝑖 is the 

position of the ith charged particle. From Eqn. 2.12, we see that if the transition dipole moment 

vanishes (usually because of symmetry), the spectral line has no intensity. The rules governing 

the nonvanishing of 𝝁𝒇𝒊 are called selection rules, and these allow us to make sense out of 

observed molecular spectra.70 

2.2. Molecular Vibrations  

 Since each atom can move in 3-dimensional space (the x-, y-, and z- directions), a 

molecule of N atoms has in total 3N degrees of freedom. However, the 3N displacements 

contain six degrees of freedom originating from translational motions of the molecule in the 

three directions and rotational motions of the whole molecule about the three principal axes of 

rotation. When we subtract the translational and rotational degrees of freedom from the total 

degrees of freedom of the molecule, the number of normal modes of vibration becomes  3𝑁 −

6. Rotation about the molecular axis does not exist in linear molecules; thus, the number of its 
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vibrational degrees of freedom is 3𝑁 − 5.71 Molecular vibration that causes changes in bond 

distance between two atoms is known as stretching, while vibration involving a change in bond 

angle is called bending. In the following, we shall briefly discuss the theoretical principles of 

the spectroscopic methods that have been used to probe molecular vibrations: IR absorption 

spectroscopy and Raman scattering. 

2.2.1. Vibrational Energy Levels and IR Absorption of Molecules    

 A harmonic oscillator is a good model to theoretically describe the vibration of a 

diatomic molecule. Suppose two nuclei having masses 𝑚1and 𝑚2 are connected by an elastic 

bond and are separated by a distance 𝑟 (Figure 2.1).72,73 When the two nuclei move away from 

the equilibrium position, they will experience a restoring force (𝐹). The restoring force constant 

𝑘 is assumed to obey Hook’s law:  

 
𝐹 = −𝑘𝑞, 

    

(2.14) 

 

where 𝑞 = 𝑟 − 𝑟𝑒𝑞 is the displacement away from the equilibrium position and 𝑟𝑒𝑞 is the 

equilibrium bond length. 𝑘 is the force constant. The potential energy of an ideal harmonic 

oscillator is given by 

 

𝑉 = − ∫ 𝐹𝑑𝑞 =
1

2
𝑘𝑞2. 

    

(2.15) 

Therefore, the quantum mechanical Hamiltonian operator for the system is given by: 

 
�̂� =

−ℎ2

8𝜋2𝜇
∇2 +

1

2
𝑘𝑞2. 

    

(2.16) 

where the first term in Eqn. 2.16 is a kinetic energy term; 𝜇 is the reduced mass equal to: 

 

𝜇 =
𝑚1𝑚2

(𝑚1+𝑚2)
. 

    

(2.17) 
 

 

 

Figure 2.1. Simple harmonic oscillator model with two masses.72 
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 From the quantum mechanical treatment of the harmonic oscillator, we know that the 

allowed vibrational energies for the molecule is given by72 

 
𝐸𝑣𝑖𝑏 = (𝜐 +

1

2
)ℏ𝜔        𝜔 = √

𝑘

𝜇
, 

    

(2.18) 

where the vibrational quantum number 𝜐 = 0, 1, 2, . . . .,∞. 

 In the lowest vibrational state (𝜐 = 0), the molecule still has the zero-point energy, 𝐸0 =

1

2
ℏ𝜔. It means the atoms can never be at rest relative to each other. For each vibrational 

quantum number, there is a corresponding energy level and wavefunction. In spectroscopy, it 

is common to give the energy in wavenumbers. Hence, we divide 𝐸𝑣𝑖𝑏 , Eqn. 2.18, by ℎ𝑐:70 

 �̃�(𝜈) =
𝐸𝑣𝑖𝑏

ℎ𝑐
= 𝜈 (𝜈 +

1

2
),      

(2.19) 

 

where �̃�(𝜈) is referred to as the vibrational term value for the 𝜈th vibrational level in cm-1 and 𝜈 

is the fundamental frequency of vibration. The fundamental vibrational frequency 𝜈 is given 

by: 

 

𝜈 =
1

2𝜋𝑐
√

𝑘

𝜇
. 

    

 (2.20) 

The force constant is the measure of the strength of the chemical bond. Eqn. 2.20 shows that 

the larger the value of 𝑘 and the smaller the reduced mass, the higher the molecular vibration 

frequency.  

 According to the quantum harmonic approximation, the energy levels are equally 

spaced (Figure 2.2a). This is a good approximation only for the lowest vibrational states of a 

diatomic molecule. As molecules are not real harmonic oscillators, the spacing between 

adjacent energy levels decreases as the vibrational quantum number increases (Figure 2.2b). 

For a real molecule, when 𝑟 ≫ 𝑟𝑒, 𝑞 gets bigger, and the restoring force eventually levels off, 

and the molecule dissociates. On the other hand, as 𝑞 decreases, the nuclei approach together 

and repel each other. Hence, the potential energy surface is steeper at a small internuclear 

distance and shallower at a large internuclear distance to reflect the approach of dissociation 

(Figure 2.2b). An analytical function that has this shape in the region of interest for real 

molecules is the Morse potential. This potential is purely empirical and has the form72: 
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𝑉(𝑟) = 𝐷𝑒[1 − 𝑒−𝛼(𝑟−𝑟𝑒)]
2
, 

    

(2.21) 

where 𝐷𝑒 is the dissociation energy, which is equal to the energy required to dissociate the 

molecule from the state of minimum 𝑉(𝑟𝑒). The parameter 𝛼 determines the curvature of the 

function and is equal to 𝑘 2𝐷𝑒
⁄ . The values of these parameters must be determined for each 

molecule. This function has the following characteristic features: 𝑉(𝑟) goes to zero at 𝑟𝑒, 

approaches the dissociation energy 𝐷𝑒 at large r and takes on a large value as r goes to zero. 

The Schrödinger equation can be solved for the Morse potential, and the allowed energy levels 

are74 

 
�̃�(𝜈) = 𝜈 (𝜈 +

1

2
) − (𝜈 +

1

2
)

2

𝑥𝑒𝜈 (2.22) 

The anharmonicity constant 𝑥𝑒 is given by: 

 𝑥𝑒 =
�̃�

4𝐷𝑒
.  (2.23) 

 

 

Figure 2.2. (a) Harmonic potential well and energy levels. (b) The Morse potential for a 

diatomic molecule, where 𝐷0 is the spectroscopic dissociation energy and it can be measured 

from the zeroth vibrational level.72 

 

 The direct absorption or emission of IR radiation can cause changes in vibrational 

energy levels and can be accompanied by the transition between rotational energy levels of 

molecules. The fundamental vibrations of molecules are observed in the mid-infrared regime 

of the spectrum (4000-400 cm-1), which has been widely employed to investigate the structure 

of molecules. For a molecule to absorb infrared radiation, its electric dipole moment must 

change during vibration. This is known as the gross selection rule. For instance, homonuclear 
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diatomic molecules are ‘’IR-inactive’’, as their dipole moment remains zero no matter how 

long is the bond. The selection rule for changes between vibrational energy levels is74 

 
∆𝜈 = ±1. 

    

(2.24) 

 Transitions for which ∆𝜈 = +1 correspond to absorption and those with ∆𝜈 = −1 

correspond to emission. As most of the molecules predominantly reside in the ground 

vibrational state, the allowed infrared absorption occurs between the 𝜈 = 0 and 𝜈 = 1 energy 

levels. This transition is known as the fundamental vibration (Figure 2.3a). The 𝜈 = 0 to 𝜈 =

2, etc. transitions are called overtones (Figure 2.3b and c). They are forbidden, thus having 

smaller intensity. The 𝜈 = 1 to 𝜈 = 2 transition is called a hot band (Figure 2.3d). It occurs 

because thermal energy populates 𝜈 = 1 to a small extent.75 Infrared bands are broadened a 

couple of hundred cm-1 by the thermal population of rotational levels.76 

 Experimentally, IR-active vibrational transitions can be detected by measuring the 

absorption of IR radiation by the sample as a function of frequency. The Beer-Lambert law 

governs the intensity of the IR absorption: 

 
𝐼 = 𝐼0𝑒−𝜀𝑐𝑙,   

    

(2.25) 

 

where 𝐼 and 𝐼0 are the intensities of the incident and the transmitted beam, respectively. 휀, 𝑐, 

and 𝑙 denote the molecular absorption coefficient, the concentration of the sample, and the 

length of the measurement cell. The absorbance (𝐴) is related to the concentration of the 

molecule, and it can be used for the quantitative purpose: 

 
𝐴 = 휀𝑐𝑙. 

       

(2.26) 

 

Figure 2.3. Energy levels for fundamental, overtones, and hot band infrared transitions.75 
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2.2.2. Raman Scattering 

 When a molecule is irradiated with monochromatic light, the incident radiation can be 

scattered either elastically or inelastically. Mostly, light is elastically scattered; that is, the 

frequency of the incident photon is equal to that of the scattered photon, and the direction 

changes. This phenomenon is known as Rayleigh scattering. The effect that gives rise to Raman 

spectra is the inelastic scattering of photons by molecules, where the scattered photon is at 

different energy from that of the incident photon. The interaction of radiation with a molecule 

distorts the electron cloud around the molecule. This distortion leads to polarization of the 

molecule and gives a short-lived state known as “virtual state”. Thus, the “virtual state” is not 

a real quantum state of the molecule; instead, it can be considered as a very short-lived state 

caused by the distortion of the electron cloud through the oscillating electric field of the light.77 

Raman scattering is an instantaneous process that occurs without any electronic transition, 

whereas fluorescence involves an intermediate step (electronic excitation followed by emission 

with a finite lifetime).78  

  During the inelastic Raman scattering process, the scattered photon may lose some of 

its energy to the molecule or gain some from it (Figure 2.4). The energy part of the scattered 

radiation lying lower than the excitation energy is called the Stokes region, and the higher 

energy components correspond to the anti-Stokes region. In order for an anti-Stokes process to 

take place, the molecule must be in an excited vibrational state. This may be caused by thermal 

excitation, governed by Boltzmann distribution. Hence, the anti-Stokes Raman scattering is 

weaker than the Stokes Raman scattering. Vibrational and rotational energy levels can be 

studied by examining the frequencies present in the radiation scattered by molecules in Raman 

spectroscopy.77 

 

Figure 2.4. Spectroscopic transitions that show Stokes and anti-Stokes Raman processes. In 

contrast to the Stokes process, the excitation of anti-Stokes scattering begins with the molecule 
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already in the v = 1 state of So which relaxes back down to v = 0, giving a scattered photon 

with an energy larger than the incoming one. 77 

Classically, the Raman scattering process can be explained by the polarizability of the 

molecule. The induced dipole moment (Pind) formed when a molecule is positioned in an 

electric field can be expressed as 70 

Pind = aE, (2.27) 

where a is the polarizability and E the electric field vector. The polarizability of a molecule 

that is rotating or vibrating is not constant but varies with some frequency vk according to 

a = a0 + (.1a)cos(2rrvkt), (2.28) 

where a0 is the equilibrium polarizability, and .1a is the maximum variation (the change in 

polarizability). Consider the electric field that oscillates at a certain point in space according to 

the equation 

E = E0 cos(2rrvt). (2.29) 

Thus, the #lind is given by 

Pind = [a0 + (.1a)cos(2rrvkt)] E0 cos(2rrvt) (2.30) 

1 = a 0E0 cos(2rrvt) +- (.1a)E0 [cos 2rr (v + vk)t +cos 2rr (v- vk)t] (2.31) 
2 

The transformation ofEqn. 2.30 to 2.31 used the following trigonometric identity: 

1 cosa cosh =- [cos(a +b)+ cos(a- b)]. 
2 

(2.32) 

According to Eqn. 2.31, Pind contains three components. The first term shows that the 

frequency of the induced dipole moment is the same as the frequency of excitation, which is 

the Rayleigh line. The other two terms, i.e. (v + vk) and (v- vk) are anti-Stokes and Stokes 

lines. Moreover, Eqn. 2.31 shows that in order for a molecular vibration to be Raman-active, 

the polarizability a must change (.1a * 0) during the vibration. The different selection rules 
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for Raman and infrared spectroscopy imply that both methods give complementary 

information: Strong infrared absorbing vibrations are often weak Raman scatterers and vice 

versa.  

2.3. Molecular Electronic Transitions 

 Electronic states of molecules are classified based on their multiplicity. According to 

the Pauli exclusion principle, two electrons in an atom cannot have the same four quantum 

numbers (n, l, ml, ms), and pairs of electrons that are placed in an orbital must have opposite 

spins, i.e., if one is spin up, the other must be spin down. Thus, the total spin quantum number 

(𝑆 = ∑ 𝑠𝑖 , with 𝑠𝑖 = + 1
2⁄  or 𝑠𝑖 = − 1

2⁄ ) is zero, and the total multiplicity (𝑀 = 2𝑆 + 1) is 

equal to one. Thus, the molecule is said to be in the singlet ground state. When a molecule is 

excited by a photon, one of the two electrons of opposite spins is transferred to an empty 

molecular orbital of higher energy. During the excitation process, the spin of the electron is not 

changed; thus, the molecule is still in the singlet excited electronic state. However, it may 

happen that an electron’s spin will change when it is excited, and the two unpaired electrons 

now have parallel spins. In this case, the molecule is in the triplet state (T1). According to 

Hund’s rule, states that have maximum 𝑀 lie at the lowest energy, thus the lowest triplet state 

(T1) is placed below the lowest excited singlet state (S1), Figure 2.5. The spacing between 

electronic energy levels matches the photon energies in the visible and ultraviolet regions.79  

2.3.1. The Franck-Condon principle 

 Figure 2.5 demonstrates the principle of various electronic and vibrational transitions 

in a molecule, both in the ground and excited electronic states. The curves represent the relative 

energy of the diatomic system as a function of nuclear separation. The energy minima in each 

curve correspond to the equilibrium interatomic distance for each state. Horizontal lines show 

the vibrational states associated with each electronic state. Since molecular excitation by light 

absorption is very fast (about 10-15 s), the time is too short for the atoms in the molecule to 

change their position (i.e., no nuclei displacement) during the transition. In other words, the 

molecule in the ground and excited states will have the same electron configuration and kinetic 

energy. As a result, the transitions appear as vertical lines with no change in internuclear 

distance (Figure 2.5). This statement is known as the Franck-Condon principle. Generally, 

transitions occur from the ground vibrational level of the ground electronic states to various 

vibrational levels of a particular excited electronic state. Such optical transitions are the cause 

of vibrational structure in the electronic absorption spectra of molecules.70,74  
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Figure 2.5. Visualizing of common electronic transitions with a Morse potential of a diatomic 

molecule and Franck-Condon transitions. The position and the spin of the excited singlet and 

triplet states relative to the ground state are shown in the boxes. The intersystem crossing has 

maximum probability at point C, where the energy and the geometry of S1 and T1 states are 

equal.70 

 

2.3.2. The Fates of the Excited States  

 An excited molecule can decay to the ground state by deexcitation accompanied by 

photon emission (radiative process) or nonradiative ways.80,81 The major nonradiative 

processes are vibrational relaxation, internal conversion, and intersystem crossing. Upon 

photon excitation, the molecule may be promoted to various vibrational levels of S1, S2, etc. 

The probability of finding an electron in one of the possible Sn excited states depends on the 

excitation wavelength and the transition probability. The excited molecule quickly relaxes to 

the lowest vibrational level of a respective excited electronic state through the process known 

as vibrational relaxation, Figure 2.5. 

 On the other hand, internal conversion (IC) is a nonradiative transition between 

different electronic states of the same multiplicity: singlet-to-singlet or triplet-to-triplet. 

Internal conversion from the first singlet excited state (S1) to ground state (S0) is possible but 

is less probable than conversion from S2 to S1, due to the much larger energy gap between S1 

and S0. The singlet and triplet excited states share a common geometry at the point where their 

potential energy curves intersect (point C in Figure 2.5). At this point, the probability of 

crossover between electronic states of different multiplicity, as shown in the case of S1 to T1 
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states, is relatively higher. This nonradiative transition between states of different multiplicity 

is known as intersystem crossing (ISC).82 

 Fluorescence and phosphorescence are common radiative processes. In fluorescence, a 

photon is emitted during the transition between electronic states of the same multiplicity, while 

in phosphorescence, a photon is emitted in a transition between electronic states of different 

multiplicities (Figure 2.5). The transition from T1 to the singlet ground state is not spin allowed, 

and as a result, the rate of phosphorescence is several orders of magnitude lower than that of 

fluorescence. Phosphorescence is easily observed with molecules that contain heavy atoms 

such as iodine or bromine. The spin and orbital interaction increase, and the spin-flipping 

become more favourable.80 For singlet excited state, the rates (𝜐) of the radiative and 

nonradiative process are given by70,74 

 
Fluorescence:                       𝑆1 → 𝑆0 + ℎ𝜈𝑓              𝜐𝑓 = 𝑘𝐹[𝑆1] 

    

(2.33) 

 

 
Internal conversion:              𝑆1 → 𝑆0                         𝜐𝐼𝐶 = 𝑘𝐼𝐶[𝑆1] 

    

(2.34) 

 

 
Intersystem crossing:            𝑆1 → 𝑇1                              𝜐𝐼𝑆𝐶 = 𝑘𝐼𝑆𝐶[𝑆1],. 

 

    

(2.35) 

where 𝑆0 corresponds to the ground state absorbing species, 𝑆1 to an excited state and 𝑇1 to an 

excited triplet state, ℎ𝜈𝑓 is the energy of fluorescence photons. 𝑘𝐹, 𝑘𝐼𝐶, and 𝑘𝐼𝑆𝐶 are the rate 

constants of fluorescence, internal conversion, and intersystem crossing, respectively. The 

excited state decays by a first-order process, and the decay rate of 𝑆1 is given by  

 
−𝑑[𝑆1]

𝑑𝑡
= (𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶)[𝑆1] 

    

(2.36) 

Thus, the concentration of 𝑆1 varies with time as: 

 

[𝑆1]𝑡 = [𝑆1]0𝑒
−𝑡

𝜏𝐹⁄ . 

    

(2.37) 

 

https://rcin.org.pl



21 | P a g e  
 

The fluorescence lifetime (𝜏𝐹) - the average time the molecule spends in the S1 state before the 

spontaneous emission occurs is given by 

 
𝜏𝐹 =

1

𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶
. 

    

(2.38) 

Another characteristic of a fluorophore is the quantum yield (𝜙𝐹), which is given by 

 
𝜙𝐹 =

𝑘𝐹

𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐼𝑆𝐶
 

    

(2.39) 

 Lifetime and the quantum yield of an emitter are affected by the interaction of the 

excited molecule with its environment; these can then provide information about such 

microenvironment, which opens a way to control the emission properties of molecules. 

2.4. Weak Light-Matter Coupling  

 As briefly described in Chapter 1, weak light-matter coupling occurs when the coupling 

constant is smaller than the loss rate because of either leakage of photons from the cavity or 

decay to non-resonant modes. The main effect of the cavity in this regime is to enhance or 

suppress the spontaneous emission rate. 

2.4.1. Fermi’s Golden Rule  

 Quantum emitters in the excited states can return to their equilibrium (ground) state by 

emitting photons. This fundamental phenomenon is known as spontaneous emission. 

Spontaneous emission is mediated by the interaction of emitters with the vacuum field. The 

role of the vacuum field is to drive every excited state to its ground state.83 Thus, spontaneous 

emission is a typical quantum mechanical process; we cannot tell when a given excited state 

will decay; instead, we can say that, on average, a given excited state has a certain lifetime, or 

one can only predict the probability of spontaneous emission. The probability of spontaneous 

emission, for instance, between the 𝑆1 and 𝑆0 states is given by Fermi’s golden rule:21,84 

 

Γ𝑆1→𝑆0
=

2𝜋

ℏ2
|𝑀12|2𝜌(𝜔), 

    

(2.40) 

Γ𝑆1→𝑆0
 is a radiative rate for the transition between the excited state 𝑆1 and ground state 𝑆0; 𝑀12 

is a transition matrix element that connects the excited and lower energy levels and is 

determined by the integral over the initial and final wavefunctions and the dipole moment 
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operator; 𝜌(𝜔) is a wavelength-dependent local density of states (LDOS).84,85 The LDOS 

quantifies the availability of photonic states at a specific position and frequency. For a large 

cavity volume (𝑉0), which has a negligible effect on the properties of a quantum emitter and is 

only included to simplify the calculation, the LDOS in free space is given by: 

 

𝜌(𝜔) =
𝜔2𝑉0

𝜋2𝑐3
 , 

    

(2.41) 

Similarly, for a large 𝑉0, the transition matrix element, averaged over all the possible direction, 

is given by:21 

 

𝑀12
2 =  

1

3
𝝁2휀𝑣𝑎𝑐

2  = 
𝜇2ℏ𝜔

6𝜖0𝑉0
 ,     

(2.42) 

where 𝝁 is the transition dipole moment and 휀𝑣𝑎𝑐 is the vacuum electric field, equal to √
ℏ𝜔

2𝜖0𝑉0
 . 

After substituting Eqn. 2.41 and Eqn. 2.42 in Eqn. 2.40, we find the spontaneous emission rate 

in free-space: 

 

Γ𝑆1→𝑆0
≡

1

𝜏𝑆1→𝑆0

=
1

3

𝝁2𝜔3

ℏ𝜋𝜖0𝑐3
 , 

    

(2.43) 

where 𝜏𝑆1→𝑆0
 is the spontaneous emission lifetime. Hence, the spontaneous emission rate is 

proportional to the cube of the frequency and the square of the transition dipole moment. 

2.4.2. The Purcell Effect  

 To derive the rate of spontaneous emission for a quantum emitter placed inside a cavity, 

let us consider a cavity with a single frequency (𝜔𝑐). The following derivations are based on 

Fox, M.21 The local density of states function 𝜌(𝜔) for the cavity, is described by the Lorentz 

equation: 

 

𝜌(𝜔) =
2

𝜋Δ𝜔𝑐
  

Δ𝜔𝑐
2

4(𝜔 − 𝜔𝑐)2 + Δ𝜔𝑐
2

 , 
    

(2.44) 

where Δ𝜔 is the linewidth of the cavity mode. If the frequency of quantum emitter is 𝜔𝑚, 

then we should evaluate Eqn. 2.44 at 𝜔𝑚: 
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𝜌(𝜔𝑚) =
2

𝜋Δ𝜔𝑐
  

Δ𝜔𝑐
2

4(𝜔𝑚 − 𝜔𝑐)2 + Δ𝜔𝑐
2

 . 
    

(2.45) 

At the resonance between the quantum emitter and the cavity (i.e., 𝜔𝑚 = 𝜔𝑐), Eqn. 2.45 

reduces to: 

 

𝜌(𝜔𝑚) =
2

𝜋Δ𝜔𝑐
=

2𝑄

𝜔𝑚𝜋
 . 

    

(2.46) 

As in the case of free-space, the electric dipole matrix element is given by  

 

𝑀12
2 =  𝜉2𝝁2휀𝑣𝑎𝑐

2  = 𝜉2 𝝁2ℏ𝜔

2𝜖0𝑉0 
 , 

    

(2.47) 

here 𝜉2 is the normalization factor, and it is averaged to 1 3⁄  for a randomly oriented dipole in 

free-space. Using Eqns. 2.40, 2.45, and 2.47, we can obtain the spontaneous emission of an 

emitter placed within a microcavity, 

 

Γ𝑆1→𝑆0

𝑐𝑎𝑣 =
2𝝁2𝑄

𝜖0ℏ𝑉0
𝜉2

Δ𝜔𝑐
2

4(𝜔𝑚 − 𝜔𝑐)2 + Δ𝜔𝑐
2

 , 

    

(2.48) 

The Purcell factor (𝐹𝑃) is defined by: 

 

𝐹𝑃 =
Γ𝑆1→𝑆0

𝑐𝑎𝑣

Γ𝑆1→𝑆0

 . 
    

(2.49) 

Through substituting Eqn. 2.43 and Eqn. 2.48 to Eqn. 2.49, and replacing 
𝑐

𝜔
 by 

(𝜆
𝑛⁄ )

2𝜋
 we can 

then find: 

 

𝐹𝑃 =
3𝑄(𝜆

𝑛⁄ )
3

4𝜋2𝑉
𝜉2

Δ𝜔𝑐
2

4(𝜔𝑚 − 𝜔𝑐)2 + Δ𝜔𝑐
2

 , 
    

(2.50) 

where 𝑛 is the refractive index, and 𝜆 is the free-space wavelength. When 𝜔𝑐 = 𝜔𝑚, 𝑛 = 1, 

and with the dipoles oriented along the field direction, Eqn. 2.50 reduced to the well-known 

Purcell factor: 
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𝐹𝑃 =
3𝑄𝜆3

4𝜋2𝑉
 . 

    

(2.51) 

 Eqn. 2.51 shows that large Purcell factor requires high Q cavities with small modal 

volumes. Emission rate enhancement in the case of on-resonance samples is due to large values 

of the density of states function at the cavity mode frequency. In contrast, the inhibition of 

emission, when the atom is off-resonance, is caused by the absence of photon modes into which 

the atom can emit. 𝐹𝑃 > 1 means that the spontaneous emission rate is enhanced by the cavity, 

while 𝐹𝑃 < 1 implies that the cavity reduces spontaneous emission.86 

2.5. Theory of Strong Light-Matter Coupling  

 In the strong coupling regime, the matter and the light degrees of freedom are mixed 

into dressed states, which results in new eigenstates. To explain this phenomenon theoretically, 

one must find an expression for the polaritonic eigenstates and their energy eigenvalues. The 

strong coupling phenomenon can be described by using classical, semiclassical, or quantum 

mechanical models. After explaining the basic features of strong coupling based on a classical 

approach, we shall finally discuss the quantum mechanical models, which are general enough 

to be applied in the regimes where the classical models are inaccurate. 

2.5.1. Classical Description of Strong Light-Matter Coupling 

 Coupled harmonic oscillators are an intuitive model to describe the key features of 

strong light-matter coupling, such as energy splitting and anticrossing behavior. Let us consider 

two coupled harmonic oscillators with frequencies of 𝜔1 and 𝜔2 and the exchange of energy 

between them by a coupling spring (Figure 2.6). Each oscillator can dissipate energy into the 

environment by friction. Without the coupling (𝜅 = 0), the two harmonic oscillators behave 

independently, and they display their characteristic measurement parameters, for instance, their 

natural frequencies. However, in the coupling, the two oscillators start to exchange energy 

periodically, and when the coupling dominates dissipation rates, the energy spectrum of the 

system can be modified and show up two split modes. Without damping, the equations of 

motion for the coupled harmonic oscillators can be written as follows:87 
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𝑚1�̈�1 + 𝑘1𝑥1 + 𝜅(𝑥1 − 𝑥2) = 0 

𝑚2�̈�2 + 𝑘2𝑥2 − 𝜅(𝑥1 − 𝑥2) = 0. 

 

 

    

(2.52) 

Solving these differential equations give two normal modes: 

 

𝜔±
2 =

1

2
[𝜔1

2 + 𝜔2
2 ± √(𝜔1

2 − 𝜔2
2)2 + 4Γ2𝜔1𝜔2, 

    

(2.53) 

where 𝜔1 = √𝑘1 + 𝜅
𝑚1

⁄  , 𝜔2 = √𝑘2 + 𝜅
𝑚2

⁄  , and Γ =
√𝜅

𝑚1⁄ √𝜅
𝑚2⁄

√𝜔1𝜔2
   

 Eqn. 2.53 shows that the eigenfrequencies of the coupled harmonic oscillators, 𝜔±, are 

hybrid modes of the original oscillator frequencies. These modes can be considered analogies 

to the hybrid light-matter states formed during the strong light-matter coupling phenomenon. 

Novotny87 illustrated the solutions of Eqn. 2.53 by setting 𝑘1 = 𝑘0, 𝑘2 = 𝑘0 + Δ𝑘, and 𝑚1 =

𝑚2 = 𝑚0. In absence of coupling, when Δ𝑘 increases from −𝑘0 to 𝑘0 the frequency of the 

second oscillator changes from 0 to √2𝜔0, whereas the frequency of the first oscillator remains 

constant. At Δ𝑘 = 0, the two curves intersect (Figure 2.7a), while in the presence of strong 

coupling, the two modes no longer intersect; they showed anticrossing behavior with a 

frequency of splitting: 𝜔+ − 𝜔− = Γ (Figure 2.7b). 

 

Figure 2.6. Coupled oscillators with mass 𝑚𝑖 and spring constant 𝑘𝑖 The coupling results in a 

characteristic frequency splitting. 𝜅 is the coupling strength.87 

 

 Anticrossing is a typical characteristic feature of a strong coupling effect. The exciton 

and photon can be considered as coupled oscillators and described by a two-level coupled 

oscillator model. The energy of the upper (UP) and lower (LP) polaritonic modes (𝐸𝑈𝑃/𝐿𝑃) are 

given by:88  
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𝐸𝑈𝑃/𝐿𝑃 =
𝐸𝑐

2 + 𝐸𝑚
2

2
±

1

2
√(𝐸𝑐 − 𝐸𝑚)2 + (ℏ𝛺𝑅)2 , 

    

(2.54) 

where 𝐸𝑐, 𝐸𝑚, and 𝛺𝑅 are cavity energy, the energy of exciton, and the Rabi frequency, 

respectively. Lidzey and Coles plotted the solutions of Eqn. 2.54 (Figure 2.7c) by substituting 

the values of 𝐸𝑐 calculated at different incident angles (ext) using the following formula: 

 

𝐸𝑐 =
ℎ𝑐

2𝑛𝐿
(1 −

𝑠𝑖𝑛2𝜃𝑒𝑥𝑡

𝑛
) ,     

(2.55) 

where 𝐿 and 𝑛 are the cavity length and the refractive index of the cavity, respectively. 

 As shown in Figure 2.7c, when 𝐸𝑐 and 𝐸𝑚 become isoenergetic, the UP and LP modes 

undergo an anticrossing. At this point, both the UP and LP states are 50 % photon and 50 % 

exciton. At large angles, the UP will become more photonic, and the LP will show more 

excitonic character. The situation is reversed for smaller angles.88 

Figure 2.7. (a) In the absence of the coupling (𝜅 = 0), the frequencies of the two uncoupled 

oscillators, having equal mass and spring constants 𝑘0 and 𝑘0 + Δ𝑘, intersect at Δ𝑘 = 0. (b) 

When two oscillators are coupled, the new eigenfrequencies show anticrossing behavior, from 

Novotny87 (c) Anticrossing behavior of polariton peaks. Red and black dash lines show the 

cavity photon and exciton energy dispersion. The upper (UP) and lower (LP) polariton modes 

dispersion are shown in blue, and ℏ𝛺𝑅 is the Rabi splitting.88  

2.5.2. Quantum Description of Strong Coupling 

 A fully quantum mechanical formalism that has been widely used to explain the strong 

coupling phenomenon is the Jaynes–Cummings (JC) model. JC model describes only the 
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interaction of a single emitter with a single quantized cavity mode. The emitter is approximated 

by a two-level system (Figure 2.8), and its ground and excited states are represented by |g⟩ and 

|e⟩. These states are separated by energy ℏ𝜔𝑚, where 𝜔𝑚 is the transition frequency. The two-

level system is described by raising (�̂�†) and lowering (�̂�) operators. The �̂�† the operator 

generates a transition from the |g⟩ state to the |e⟩ state, while the operator �̂� does the opposite. 

Thus, the Hamiltonian of the two-level emitter (�̂�𝑚) reads89,90 

 
�̂�𝑠 = ℏ𝜔𝑚�̂�†�̂� . 

    

(2.56) 

 The cavity mode is modelled as a quantized harmonic oscillator, and it is represented 

by the number states or the Fock states |𝑛⟩. The quantized electromagnetic field is described 

by the photon creation (�̂�†) and annihilation (�̂�) operators. These operators are defined by:21 

 

   �̂�†|𝑛⟩ = √𝑛 + 1 |𝑛 + 1⟩ 
    

(2.57) 

 

 
�̂�|𝑛⟩ = √𝑛 |𝑛 − 1⟩. 

    

(2.58) 

 The operator �̂�† creates a quantum of energy or one photon, whereas �̂� does the 

opposite and lowers the system from |𝑛⟩ to |𝑛 − 1⟩ states. A microcavity that confines a photon 

of energy ℏ𝜔𝑐 is described by the cavity Hamiltonian (�̂�𝑐𝑎𝑣) and after dropping the zero-point 

energy term, the �̂�𝑐𝑎𝑣 is then written as91 

 
�̂�𝑐𝑎𝑣 = ℏ𝜔𝑐�̂�†�̂�. 

    

(2.59) 

 

Figure 2.8. The JC model combines the two fundamental models of quantum mechanics: the 

two-level system and the quantized harmonic oscillator, to describe the properties of an emitter 

coupled with a single cavity mode. The coupling is characterized by a coupling strength g. Loss 

of excitation in the two levels system appears as a gain in the excitation of the oscillator and 

vice versa.89 
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 The emitter interacts with the quantized cavity mode by a dipole transition operator, 

which is represented as40,91 

 
�̂� = 𝝁(�̂�† + �̂�), 

    

(2.60) 

where 𝝁 is the molecular transition dipole moment. The emitter-cavity interaction Hamiltonian 

operator reads  

 
�̂�𝑖𝑛𝑡 = �̂� ∙ 𝑬(𝒓𝑑) , 

    

(2.61) 

here 𝑬(𝒓𝑑) = 휀𝑣𝑎𝑐(�̂�† + �̂�) is the electric field operator at the position of the emitter, where 

휀𝑣𝑎𝑐 is the vacuum electric field. Hence, the interaction Hamiltonian can be written as 

 
   �̂�𝑖𝑛𝑡 = ℏg(�̂�† + �̂�)(�̂�† + �̂�), 

     

(2.62) 

where ℏg = 휀𝑣𝑎𝑐𝝁 is the coupling strength. By omitting the terms that do not correspond to 

absorption or emission of a single photon (or terms that do not conserve the number of 

excitation), such as �̂�†�̂�† and �̂��̂�, the light-matter coupling term is then written as91 

 
   �̂�𝑖𝑛𝑡 = ℏg(�̂��̂�† + �̂�†�̂�). 

    

(2.63) 

The term �̂�†�̂� in Eqn. 2.63 describes an emission of a single photon, whereas �̂��̂�† describes 

the promotion of an emitter to the excited state by absorption of a photon.91 For a single two-

level system interacting with a cavity mode, the effective Hamiltonian is the sum of the single 

emitter excitation, the cavity excitation, and the atom-field interaction Hamiltonians. 

Therefore, the �̂�𝐽𝐶 takes the form 

 
   �̂�𝐽𝐶 = ℏ𝜔𝑚�̂�†�̂� + ℏ𝜔𝑐�̂�†�̂� + ℏg(�̂��̂�† + �̂�†�̂�). 

    

(2.64) 

 JC Hamiltonian predicts quantum hybridization between the excitations in the emitter 

and in the cavity, which leads to the idea of the so-called dressed light-matter states. In the case 

of resonance interaction (when 𝜔𝑚 = 𝜔𝑐), JC Hamiltonian results in the following 

eigenstates:40,92  

https://rcin.org.pl



29 | P a g e  
 

    |±⟩𝑛 =
1

√2
(|g, 𝑛𝑝ℎ + 1⟩ ± |e, 𝑛𝑝ℎ⟩) .     

(2.65) 

The corresponding eigenvalues of energies are:31  

    𝐸±𝑛 = ℏω (𝑛 +
1

2
) ± ℏg√𝑛𝑝ℎ + 1 ,     

(2.66) 

where 𝑛𝑝ℎ is the number of photons. The new eigenstates are the superposition of the emitter 

and the quantized cavity field. At resonance, the emitter and the cavity mode contribute equally 

to the dressed light-matter states, termed upper (UP) and lower (LP) polaritons. The energy 

difference between these states - Rabi splitting (ℏΩ𝑅) – is given by 

 
   ℏΩ𝑅 = 2ℏg √𝑛𝑝ℎ + 1 = 2𝝁√

ℏ𝜔𝑐

2𝜖0𝑉
√𝑛𝑝ℎ + 1 ,     

(2.67) 

where 𝝁 is the transition dipole moment of the emitter, and 𝑉 is the mode volume of the 

cavity. 

 In practice, the single molecule-cavity coupling is rarely observed at ambient 

conditions, as it requires a very high-𝑄-low-𝑉 cavity with a high transition dipole moment of 

the molecule.93 Thus, strong coupling experiments are mostly performed using an ensemble of 

molecules. The Tavis–Cummings (TC) or Dicke model - an extension of JC model - has been 

employed to describe the interaction of 𝑁 identical two-level emitters strongly interacting with 

a single cavity mode. The Tavis–Cummings Hamiltonian (�̂�𝑇𝐶), in the case of 𝑁 emitters 

coupled with a single cavity mode, is given by40,94 

 

   �̂�𝑇𝐶 = ℏ𝜔𝑐�̂�†�̂� + ∑ ℏ𝜔𝑚�̂�𝑗
†�̂�𝑗𝑗 + ℏ ∑ g𝑗(�̂�𝑗�̂�† + �̂�𝑗

†�̂�)𝑗  , 
    

(2.68) 

here the superscript 𝑗 indicates each of the N emitters. 

For N identical emitters similarly coupled to the cavity (g𝑗 ≡ g), solving the �̂�𝑇𝐶 results in two 

bright dressed states: 

 

   |1, +⟩ =
|g,…,g⟩|1⟩±

1

√𝑁
∑ �̂�𝑗

†|g,…,g⟩|0⟩𝑗

√2
 . 

    

(2.69) 

At resonance, the eigenstates of �̂�𝑇𝐶 shows the Rabi splitting increase with a factor √𝑁: 
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   ℏΩ𝑅 = 2√𝑁gℏ = 2𝝁√

ℏ𝜔𝑐

2𝜖0

𝑁

𝑉
 . 

    

(2.70) 

ℏΩ𝑅 ∝ √
𝑁

𝑉
= √𝐶,31 where 𝐶 is the concentration of the two level system. Hence, strong 

coupling can be easily achieved by increasing the concentration of molecules in the mode 

volume of the cavity. 

 In addition to two bright states, the single excitation subspace also contains (N − 1) 

dark states orthogonal to |1, +⟩. According to Baranov et al.,40 the wave function of dark states 

can be written as: 

 

    |𝐷⟩ =
1

2
(�̂�1

† − �̂�𝑗
†)|𝐺⟩, 𝑗 > 1. 

    

(2.71) 

The excitonic dark states do not couple with the cavity mode, and their energies are the same 

as the energy of the uncoupled excited emitters. These states are called dark states, as the 

transition dipole moment between the global ground state |G⟩, |g, … , g⟩ ⊗ |0⟩, and any of these 

states is zero. Dark states (also called ‘‘exciton reservoir’’) have a significant role in the 

deexcitation processes of the coupled systems; the upper polariton state depopulates to these 

states with a fast rate (150 fs).95 Moreover, considering the dark states is also important in the 

description of the effects of strong coupling on chemical dynamics.50,62 
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3. Materials and Methods 

 In this chapter, the fundamental principles of the methods used to prepare samples and 

optical instruments employed to collect the experimental data are described. The chemicals and 

materials used in this work are listed in section 3.1. The working principles of physical vapor 

deposition techniques employed to prepare microcavity mirrors and the spin coating method 

are explained in section 3.2. Section 3.3 aims to explain the basic ideas and parameters of the 

optical settings used in this work. 

3.1. Chemicals and Materials 

 Methyl salicylate (99%), methylcyclohexane (99%), benzonitrile (99%), toluene 

(99%), polyvinyl acetate (MW: 100,000), phthalocyanine tetrasulfonate (99%), and polyvinyl 

alcohol (MW: 85,000) were purchased from Sigma-Aldrich and used without further 

purification. Spectroscopic-grade methanol was obtained from Merck, Germany. For all single-

molecule studies, solutions were prepared with triply distilled water. 

 Silver and gold targets (d = 54 mm, 0.2 mm thickness, 99.9%) used to prepare IR-

microcavity mirrors were supplied by Mennica-Metal Sp. z o.o. CaF2 substrates (d = 25.0 mm, 

5.0 mm thickness) were obtained from Crystran Ltd.; mirror mounts with piezoelectric control 

(Thorlabs, KC1-PZ/M) were purchased from Thorlabs, Inc. 

 The silver wire (99.9%) used to prepare λ/2-microcavity mirrors was obtained from 

Johnson Matthey GmbH. SiO2 pieces (99.9%) and the chromium were from chemPure. 

Microscope coverslips (22 x 22 mm) were used as a substrate to prepare the bottom mirrors of 

λ/2-microcavities. A N-BK7 plano-convex lens (Thorlabs, Inc) was employed as a substrate to 

prepare the upper mirror of the λ/2-microcavities. 

3.2. Sample Preparations 

3.2.1. Optical Microcavity Mirrors Preparation 

 Here we shall describe the methods employed to prepare the microcavity mirrors. The 

design and the characterization of various microcavities were described in the results and 

discussion sections of Chapters 4, 5, and 6. The microcavity mirrors were prepared by using 

physical vapor deposition (PVD) techniques. In this work, the PVD was conducted by either 

sputtering or electron-beam evaporation techniques and will be briefly described in the 

following sections. For further information on these methods, see, for instance, Swann96 and 

Seshan.97  
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 The IR-microcavity was prepared using a magnetron sputtering technique. Sputtering 

is a PVD method in which atoms are ejected from the cathodically connected source material 

(a target) by a bombardment of high-energy particles (mostly ions from inert gases).96 The IR-

microcavity mirrors used in this work were prepared using a direct current (DC) magnetron 

sputter coater (Leica EM MED 020). Figure 3.1 illustrates the working principles of this 

technique. The target (either Au or Ag) and the substrate (CaF2 window) were placed in the 

sputtering chamber. When the base pressure reached 10-5 mbar, argon gas was introduced into 

the sputtering chamber. The sputtering was started when the working pressure reached 2.0 x 

10-2 mbar. The low pressure is required to avoid atom gas collisions after ejection from the 

target. The sputtering current was kept constant at 25 mA for the preparation of both Au and 

Ag mirrors. First, a plasma (argon ions) is created by ionizing argon atoms by applying high 

voltage using a DC power source. The argon ions were accelerated towards the surface of the 

target and knocked out atoms from the surface. The ejected atoms condense on the substrate 

surface (Figure 3.1). A tightly bound metal film was formed when more and more atoms 

coalesced on the substrate and started to bind to each other. The magnetron is used to enhance 

the sputtering process by generating a dense plasma around the target through a magnetic 

field.93 The film thickness was controlled using the quartz crystal film thickness monitoring 

system (Leica EM QSG100) during the sputtering process. 

 

Figure 3.1. Schematic of an Au film preparation by a DC sputtering process. A constant (DC) 

voltage was applied in DC sputtering between the anode (substrate) and the cathode (target).98 

 

 The metal and dielectric layers of the λ/2-microcavity were prepared using electron-

beam evaporation (EB3, Edwards). The evaporation was conducted under a high vacuum 

condition (p ≈ 10-6 mbar). A high voltage current (provided by the EB3 Power Supply) was 

passed through a tungsten filament inside the electron gun, leading to electron emission. The 
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electron beam was accelerated towards the crucible containing the target material to be 

deposited by applying a voltage. The electrons were focused on a unified beam using a 

magnetic field created by a permanent magnet.99 The kinetic energy of the electron beam was 

transferred to the target, causing it to evaporate and deposit onto a clean microscope cover glass 

(Figure 3.2). The thickness of the deposited material was controlled during the evaporation 

process using an oscillating quartz unit (FTM7, Edwards). 

 

Figure 3.2. A simplified schematic illustration of electron-beam evaporation for deposition of 

optical microcavity mirrors.99  

 

3.2.2. Spin Coating 

 The spin coating method was employed to prepare polymer films with organic 

molecules embedded in the polymer. In general, the desired materials were dissolved in an 

appropriate solvent, and 20 𝜇𝐿 solutions were deposited on the center of the substrates, such as 

uncoated CaF2 window, clean coverslips, or the bottom cavity mirror, using a pipette. The spin 

coater was started immediately, and rotation of the substrate at high speed resulted in a polymer 

film on the substrate surface. The film thickness (ℎ𝑓) generally depends on the angular velocity 

(𝜔) and the weight percent of the polymer (C): 

 ℎ𝑓 = 𝐾𝐶(𝜔)𝛼 ,     (3.1) 

where 𝛼 is a constant with a value of -0.5 for most solvents, and the coefficient K depends on 

the solvent type, viscosity value, polymer-solvent interaction, and vaporization rate.100,101 
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Hence, we optimized the polymer film thicknesses by varying the weight percent of the 

polymer and spin coating speed. 

 In order to investigate Raman scattering under strong coupling, polyvinyl acetate 

(PVAc), 15% w/w, was dissolved in toluene, and the solution was sonicated at 35 °C for 

30 minutes. After cooling to room temperature, the solution was filtered using a 0.22 μm Nylon 

filter. Then the PVAc solution was spin-coated (Chetmat Technology INC.) at a speed of 

870 rpm for 60 s. These spinning conditions ensured that one of the cavity resonances was ON 

resonance with the PVAc carbonyl stretch mode. The OFF resonance cavity was obtained by 

spin-coating the same PVAc solution at a speed of 1000 rpm for a duration of 60 s. Multiple 

ON and OFF resonance samples were made, and the preparation procedure proved to be highly 

reproducible; further details can be found in section 5.2. 

 For single-molecule and tautomerization studies, a solution of PVA (1% w/v) and 

phthalocyanine tetrasulfonate (PcS4) (10−9 M) in water was spin-coated onto clean coverslips 

or onto the lower mirror of the cavity at speeds of 8000 rpm. 

3.3. Optical Setups and Measurements 

3.3.1. FTIR Spectrometer  

 For vibrational strong coupling studies, all transmission spectra were recorded with an 

FTIR spectrometer (Bruker VERTEX 70), equipped with a liquid-nitrogen-cooled MCT 

(HgCdTe) detector. All transmission spectra were obtained with a resolution of 0.5 cm−1 and 

averaged over 50 subsequent scans. An illustration of the optical setup of the FTIR instrument 

is shown in Figure 3.3. The heart of the FTIR spectrometer is the Michelson interferometer, 

which consists of a beam splitter and two planar moving and fixed mirrors. 

 The beam splitter transmits half of the incident beam from the IR source towards the 

moving mirror and reflects the other half to the fixed mirror. An optical path difference is 

introduced due to reflection from the moving mirror, and the two beams are then rejoined at 

the beam splitter. This results in an interference pattern because of the continuous change of 

the optical path difference of the two mirrors. Part of the recombined beam leaves the 

interferometer, interacts with the sample, and is detected by the MCT detector. The 

interferogram output is formed when the mirror is moved at a constant velocity, as the intensity 

of radiation reaching the detector varies in a sinusoidal manner. The time-domain spectrum (an 

interferogram) is converted to an IR spectrum (frequency domain) by the mathematical 

operation, Fourier transformation.102 
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Figure 3.3. Schematic of the FTIR instrument. The interferogram obtained is recorded with an 

MCT (HgCdTe) detector, and Fourier transformed into the transmission spectrum of the 

cavity.103  

 

3.3.2. Raman Scattering Measurements  

 Raman scattering and SERS measurements were performed using Renishaw inVia 

micro-Raman system, operating in back-scattering geometry. For all measurements, the laser 

excitation wavelength was set to 532 nm. As depicted in Figure 3.4, for polymer spaced 

microcavities and the SERS samples, a Leica 50x 0.75 NA objective was used to focus the 

excitation source onto the sample and to collect the back-scattered Raman signal. A movable 

stage was employed to move the sample and acquire 2D mapping. Data were collected in a 

raster scanning fashion, and the final spectra were obtained by averaging over 140 spectra 

acquired from a large area of the microcavity. On the other hand, for liquid-filled open 

microcavity samples, the excitation laser light was focused onto the sample surface, and the 

back-scattering signal was collected using a long working distance Renishaw 15x objective. 

 A simplified setup of the micro-Raman system is shown in Figure 3.4. To remove 

Rayleigh scattering light, the scattered light passes through holographic notch filters. The 

Raman scattered signal then reaches the diffraction grating element, where the light is separated 

into its monochromatic components. The signal is directly sent to the thermo-electrically 

cooled CCD camera for detection and finally processed in the computer to obtain the Raman 

spectra. 
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Figure 3.4. A simplified layout of the micro-Raman setup.104 

 

3.3.3. Single-Molecule Imaging and Time Trace Measurements 

 Since the first optical detection of single molecules at low temperatures in 1989 by 

Moerner and Kador,105 there has been tremendous progress in single-molecule spectroscopy 

and imaging optics. Single-molecule emission-sensitive detectors are widely available, and 

versatile excitation sources have been developed. Due to these improvements, nowadays, the 

detection of single molecules is a routine practice in many laboratories around the world. 

However, studying and manipulating individual molecules is not a trivial task. In order to 

investigate individual fluorescent molecules, one has to: (1) maximize the collection efficiency 

of single-molecule emission, (2) properly reject the background signal, and (3) use very dilute 

samples. Finally, the observation of single molecules should be supported by time trace 

(fluorescence intermittency) and photon antibunching measurements. 

 A standard technique for studying single molecules is confocal microscopy. In this 

technique, a fluorophore (usually embedded in a polymer film) is illuminated by focusing the 

excitation source (a laser) with a high numerical aperture (𝑁𝐴) objective. Upon excitation, 

molecules emit fluorescence. A part of the fluorescence light is collected by the same objective 

(epi-fluorescence microscope setup). Thus, the objective lens is a crucial component of the 

single-molecule optical system. The 𝑁𝐴 is defined as: 

 𝑁𝐴 = 𝑛𝑠𝑖𝑛𝛼,     (3.2) 

 

where 𝑛 is the refractive index of the medium between the objective lens and the sample, and 

𝛼 is the largest angle that can be collected by the objective lens. 
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 The ability to identify the smallest distance between two adjacent objects (𝑑𝑚𝑖𝑛) is 

inversely related to the 𝑁𝐴 and given by Abbe’s formula: 

 
𝑑𝑚𝑖𝑛 = 0.61

𝜆

𝑁𝐴
,     (3.3) 

where 𝜆 is the wavelength of the excitation source. 

 Eqn. 3.3 shows that the best resolution that can be reached is ~200 𝑛𝑚, by considering 

the best conditions such as a 400 nm excitation light and an oil immersion objective with 1.4 

NA.106 Thus, the spatial resolution of a single-molecule confocal image is limited by 

diffraction. Background signal reduction can be done using high-quality optical filters, and a 

pinhole can be placed in the detection path to avoid out-focused light. 

 In this work, single-molecule imaging, time trace, photon antibunching, and lifetime 

measurements were performed using a home-built laser scanning confocal microscope. A 

scheme of the setup is depicted in Figure 3.5. For single-molecule imaging, a continuous-wave 

633 nm (5 µW, Gaussian laser mode) was used as the excitation source. The excitation was 

passed through an appropriate band-pass filter (BPF) and focused onto an illumination pinhole 

(d = 20 𝜇𝑚). A neutral density (ND) filter was employed to adjust the incident laser power. 

The collimated excitation beam was reflected by a dichroic mirror beam splitter and focused 

onto the sample by a high numerical aperture oil objective lens (Carl Zeiss, NA = 1.46). The 

fluorescence emission, collected by the same objective lens, passes through the dichroic mirror, 

and is separated from residual reflected laser light by using a long-pass (LP) filter. By raster 

scanning the sample through the focal spot, fluorescence confocal images were detected using 

an avalanche photodiode (APD). For the spectral measurements, a spectrograph (SP-2500i, 

Princeton Instruments) equipped with an internally cooled CCD camera (ProEM:512B+, 

Princeton Instruments) was used. For photon antibunching and fluorescence decay studies, the 

confocal setting was coupled with the Time Correlation Single Photon Counting (TCSPC) 

module (HydraHarp 400, PicoQuant, Germany). 
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Figure 3.5. Illustration of the home-built laser scanning confocal microscope and a dual 

detection system for antibunching measurements. 

 

3.3.4. Photon Antibunching Measurements 

 A direct proof for the presence of only a single molecule in the sample is the observation 

of photon antibunching. This purely quantum mechanical phenomenon enables one to 

determine the number of emitters contributing in a ray of light.107 Conceptually, antibunching 

means a finite temporal separation between photons. 

 For photon antibunching measurements, the fluorescence signal is split by a 50:50 non-

polarizing beam splitter and focused onto two APDs (Figure 3.5). This is the Hanbury-Brown 

and Twiss setup for antibunching measurements. One detector is used to provide a ‘start’ 

signal, and the other, which records with a delay, is used to provide a ‘stop’ signal. The APDs 

were connected with Time-Correlated Single Photon Counting (TCSPC) module, and the 

photons impinging on the detectors were detected by the TCSPC. This measurement gives a 

histogram of the time differences between the photons at both detectors and the photon 

antibunching data are analyzed with a commercial software SymPhoTime 64 (PicoQuant, 

Germany). Both continuous-wave (633 nm) and pulsed excitation (640 nm, 10 MHz) were 

used during photon antibunching measurements. 
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3.3.5. Fluorescence Decay Measurements 

 The fluorescence decay of individual molecules were measured using TCSPC. A pulsed 

laser (ex = 640 nm, 5 µW) with a repetition rate of 10 MHz was employed as the excitation 

source. The fluorescence decay curves were analysed and fitted with SymPhoTime 64, and the 

fluorescence lifetime was determined from the decay curves. 

 TCSPC is a statistical method that is based on the detection and counting of individual 

photons. The arrival time of the single photons is measured repetitively with respect to the 

pulsed laser light source (the reference signal). This technique can be considered as a 

‘’stopwatch’’ or a start-stop method. The ‘‘start’’ signal is provided by the laser pulse, and the 

‘stop’’ signal is achieved by the detection of a single photon from the fluorophore with the 

APD. The measurement of this time delay is repeated many times to account for the statistical 

nature of the fluorophores emission. The delay times are sorted into a histogram that plots the 

occurrence of emission over time after the excitation. Finally, the fluorescence lifetime of the 

molecule can be extracted by an exponential fitting of this histogram.108 One limitation of the 

analysis of TCSPC measurements is the fact that, in general, the temporal length of the laser 

pulse and instrumental noises cannot be neglected. Thus, the total observed fluorescence decay 

𝑅(𝑡) is represented as a convolution of the instrument response function (IRF) 𝐺(𝑡) with the 

impulse response of the sample, which would be obtained by applying an infinitesimally small 

𝛿-pulse, 𝐹(𝑡). Thus:82 

 
𝑅(𝑡) = ∫ 𝐺(𝑡∗) 𝐹(𝑡 − 𝑡∗)

𝑡

0

𝑑𝑡∗.     (3.4) 

 Experimentally, the IRF was acquired by recording the temporal profile of the 

excitation light. It contains all of the relevant correction factors for the detector and the 

complete TCSPC system. 

3.3.6. Imaging Single-Molecule Tautomerization Reactions  

 For imaging of the single-molecule tautomerization reaction, azimuthally (APDM) and 

radially (RDPM) polarized doughnut-modes were used as excitation sources. Since these 

beams have a ring shape with a circular intensity profile and zero intensity in the center, they 

are known as doughnut modes. The properties of laser beam propagation modes can be found 

by solving the scalar Helmholtz equation:109,110 

https://rcin.org.pl



40 | P a g e  
 

 (∇2 + 𝑘2)𝑬 = 0,     (3.5) 

where 𝑬 and 𝑘 are the electric field and the wavenumber, respectively. The well-known 

solutions of Eqn. 3.5, under the paraxial limit, are Hermite-Gauss modes (HG) and Laguerre-

Gauss modes (LG). Mathematically, doughnut modes can be expressed as a linear combination 

of HG and LG modes.110 There are two ways to generate doughnut modes: either inside a laser 

cavity or by directly converting the normal Gaussian mode using a mode converter (i.e., outside 

the laser cavity). The latter is a widely used method due to its experimental simplicity and 

flexibility.109 In this work, APDM and RDPM were generated by propagating the Gaussian 

shaped beam of a 633 nm laser through a commercial mode converter (Arcoptix). The resulting 

image pattern reflects the orientation of the transition dipole moment and the tautomerization 

reaction of the single PcS4 molecule can be directly observed by a reorientation of the pattern.  
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4. Multimode Vibrational Strong Coupling Using a Tunable Microcavity 

This chapter is based on: 

Takele, W. M.; Wackenhut, F.; Piatkowski, L.; Meixner, A. J.; Waluk, J. Multimode 

Vibrational Strong Coupling of Methyl Salicylate to a Fabry–Pérot Microcavity. J. Phys. 

Chem. B 2020, 124, 5709-5716. 

4.1. Introduction 

 Controlling molecular vibrations is crucial, since they play a central role in studying 

the structure, dynamics, and composition of matter.111 Over the decades, overcoming the 

barrier of a chemical reaction by exciting molecular vibration with an intense laser field has 

been employed as a physical method to control chemical reactivity.112 The main challenge in 

this approach is the redistribution of excitation energy to the vibrational degrees of freedoms 

that are not involved in the chemical reaction coordinate.113 Another option is vibrational strong 

coupling (VSC), where the chemical dynamics can be controlled by the zero-point-energy of 

fluctuations of the optical mode of the cavity.60,61 VSC is attained when IR-active molecular 

vibrations hybridize with the vacuum electric field of an IR microcavity. Consequently, a 

vibrational transition splits into lower (VP−) and higher (VP+) vibrational polaritons, separated 

by the vibrational Rabi splitting energy (ℏΩR), which is illustrated in Figure 4.1.114 

 

Figure 4.1. Schematic illustration of vibrational strong coupling: when the molecular vibration 

frequency (ωm) becomes isoenergetic with the cavity mode (ωm), the lower (VP−) and upper 

(VP+) vibrational polaritons can be formed. Adapted from ref. 114. Copyright (2020) American 

Chemical Society. 

 

 Experimentally, the VP+ and VP- states can be seen in the transmission spectrum of the 

coupled system, as two new peaks with energies shifted from the original frequency by half the 
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Rabi splitting. This, in turn, has been claimed to provide a novel way to tailor thermally 

activated ground state chemical reactions. Indeed, in 2016, Thomas et al.115 have confirmed 

that coupling the vibrational transition involving the silane deprotection reaction to the cavity 

mode can decrease the reaction rate by modifying the transition state of the reaction from an 

associative to a dissociative type. On the other hand, recently, Lather et al.116 demonstrated the 

catalytic effect of VSC on the solvolysis of para-nitrophenyl acetate; speeding up the reaction 

rate by an order of magnitude was observed when the cavity mode was tuned to the C=O 

stretching mode of both the reactant and the solvent. Recently, Ebbesen and co-workers showed 

that the VSC could be used to modify the branching ratio of two competing reaction pathways 

in a molecule.117 Early on, Pang et al. found that VSC induces changes in the equilibrium 

constant on the charge transfer complexation of the trimethylated benzene with iodine, 

confirming modifications in the ∆𝐺0 of the reaction.118 Xiang et al. demonstrated that strong 

coupling between cavity modes and donor and acceptor molecules enhanced vibrational energy 

transfer between molecules in the liquid phase.119  

 To study the influence of the confined field of the microcavity on the vibrational energy 

levels molecules in a liquid state, we made use of an open infrared microcavity. VSC has been 

mostly achieved using a fixed thickness microcavity, for which the resonance condition can be 

attained by tilting the sample with respect to the light propagation direction.46–48 In this work, 

we designed a voltage-tunable microcavity, and we investigated multimode coupling – the 

hybridization of various vibrational transitions simultaneously with a single cavity mode – in 

methyl salicylate (MS). Our microcavity setting enables us to achieve the resonance condition 

without moving and/or rotating the sample and to control the parallelism of the cavity mirrors 

after assembly. Moreover, in order to explain the multimode VSC dynamics, a theoretical 

model was developed, based on a damped coupled harmonic oscillators model.  

4.2. Open Microcavity Design and Characterization  

 Strong coupling of electromagnetic radiation with matter is typically realized by 

embedding molecules in an appropriate Fabry-Pérot microcavity made of two semi-

transparent, typically metal-coated or Bragg mirrors. An open microcavity structure, which has 

one of the cavity mirrors mounted on a piezoelectric actuator, has the advantage of controlling 

the parallelism of the cavity mirrors after assembly along with a nearly unlimited tuning 

range.120 In this work, we have used a piezo-based tunable Fabry-Pérot open microcavity, 

which can be readily employed to hybridize vibrational modes of a molecule with the vacuum 

modes of the cavity in a broad range of cavity mode orders. 
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 The design of the open microcavity is shown in Figure 4.2. The cavity mirrors were 

prepared by sputtering a 10 nm thick Au layer on the CaF2 window (for details, see Chapter 3). 

The open microcavity structure was obtained by placing the Au-coated CaF2 substrates onto a 

piezo-actuated kinematic mirror mount (Thorlabs, KC1-PZ/M) and positioned at a well-

defined distance away from each other using a home-built cavity holder. The cavity modes 

were tuned by applying a voltage on a piezoelectric element integrated into the upper mirror 

holder. The quality of the microcavity modes was checked by recording the transmission 

spectra of empty microcavities before each experiment. For a vibrational strong coupling study, 

the microcavity was filled through capillary action by depositing drops of MS dissolved in 

methylcyclohexane onto the edges of the CaF2 windows with the use of a micropipette. The 

free space transmission spectra of MS, BN, and methylcyclohexane were obtained by injecting 

the solution between two uncoated CaF2 windows. 

 

Figure 4.2. Schematic of the open microcavity structure employed to couple liquid phase 

samples. Adapted from ref. 114. Copyright (2020) American Chemical Society. 

 

 Figure 4.3a shows the transmission spectra of an empty microcavity as a function of 

the applied voltage. As shown from these plots, a voltage increment of 1 V leads to a 5 cm−1 

shift of the cavity mode. Microcavities with a Q-factor of 70−100 can be prepared, and 

depending on the concentration of the sample, the optical path length (𝐿𝑜𝑝) – the separation 

between the mirrors – can be varied from 5 μm to 30 μm.  

 The FSR is the separation between two adjacent cavity modes, calculated by using the 

following formula: 

 𝐹𝑆𝑅 = 𝑣𝑚+1 − 𝑣𝑚,     (4.1) 

where 𝑣𝑚 is the resonance frequency of the cavity mode. The number of cavity modes (𝑚) can 

be determined from the FSR using the following formula:120 
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 𝑚 =
𝑣𝑚

𝐹𝑆𝑅
.     (4.2) 

The separation between the mirrors is calculated by using the following equation: 

 𝐿𝑜𝑝 =
𝑚

2𝑣𝑚
.     (4.3) 

 In our setting, the 𝐿𝑜𝑝 of the cavity can be decreased to 5 μm, with a free spectral range 

(FRS) of about 1000 cm−1 (Figure 4.3b). The observed decrease in cavity transmission towards 

lower wavenumbers is due to the evolution of the dielectric constant of a metal film in this 

spectral region.43 The microcavity employed in this work has the advantage of precise tuning 

of the cavity modes and can be employed for coupling any molecular vibration in the infrared 

region. 

 

Figure 4.3. (a) Transmission spectrum of an empty open microcavity, obtained by varying the 

voltage applied to a piezoelectric element of the mirror holder. (b) The transmission spectrum 

of an empty microcavity with 𝐿𝑜𝑝 of 5 μm.  

 

4.3. Vibrational Strong Coupling in Methyl Salicylate 

 To investigate the effects of vibrational strong coupling on the infrared spectra of 

molecules in a liquid phase, we chose methyl salicylate (MS) as a model compound because 

of its intense C=O vibrational mode and narrow mode bandwidth of 16 cm-1.  

 The comparison between the FTIR spectra of MS dissolved in methylcyclohexane 

(MCH), and pure MCH is shown in Figure 4.4. Most of the MS vibrational frequencies are 

isolated from the solvent vibrational peaks. The FTIR spectrum of MS has an intense and sharp 

C=O stretching frequency at 1685 cm-1. The vibrations at 1585 cm-1 and 1616 cm-1 are due to 

the MS aromatic C=C vibrations.121,122 The vibrational peak assignments of MS are indicated 
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in Table 4.1, and all vibrational transitions are consistent with those reported in the literature. 

In principle, any vibrational transition in the mid-infrared region can easily couple with a cavity 

mode. However, most reports in the literature have demonstrated VSC phenomenon using polar 

functional groups such as carbonyl (C=O), cyanide (C≡N), amide (H2N-C=O), and C≡O 

ligands, as these are vibrations with large optical absorptivity, usually isolated from the solvent 

and neighbouring vibrational peaks.48 

 

Figure 4.4. (a) Chemical structure of methyl salicylate (MS). (b) Comparison of FTIR 

transmission spectra of pure methylcyclohexane (MCH) and methyl salicylate (MS) dissolved 

in MCH.  
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Table 4.1: Vibrational frequency peak assignments for the FTIR MS.121,122 

 

Vibrational frequency (cm-1) Vibrational assignments 

3193 O-H symmetric stretching 

1685 C=O symmetric stretching 

1616  

 

Phenyl stretching vibrations 
1585 

1487 

1448 

1304 

1340 In-plane O-H deformation 

1253 (C=O)-O stretching 

 

 In order to achieve VSC in MS, the microcavity mode was voltage-tuned toward the 

C=O vibrational frequency. When the cavity mode and the C=O vibrational frequency become 

isoenergetic, two new peaks at 1650 and 1710 cm-1 are observed in the MS-filled microcavity 

transmission spectrum (Figure 4.5a, red curve). These are the new vibrational polaritonic states 

(VP- and VP+) in MS. The separation between VP- and VP+ states (60 cm−1) – the Rabi splitting 

– is larger than the FWHM of both the C=O (16 cm−1) and the cavity mode (30 cm−1). This 

indicates that the interaction of the C=O transition and the cavity mode satisfies the strong 

coupling criteria.31 The transmission spectrum of the MS filled off-resonance cavity is shown 

in green in Figure 4.5a, and in this case, the strong coupling effect is not observed, however, a 

minute dispersive line shape is detected at the C=O vibrational transition of MS.  

 Figure 4.5b displays the effect of concentration on the Rabi splitting. The Rabi splitting 

strongly depends on the molecular concentration. As the concentration increases, the splitting 

between the VP+ and VP- peaks becomes larger. For lowest concentrations, i.e., 0.05% v/v and 

0.5% v/v, the spectral separation between the VP+ and VP- states are smaller than the full width 

at half maximum of the cavity mode (Figure 4.5b), hence the coupled system is in the weak 

coupling regime. However, when we increase the concentration to 5% v/v of MS, the separation 

between the VP- and VP+ peaks exceeds the bandwidth of the cavity. The concentration 

dependence result confirms that many molecules are interacting with a single cavity mode. This 

is possible because the volume occupied by the molecule is much smaller than the cavity mode 

volume.123 The black crosses display the peak separation calculated with a harmonic oscillator 

approach, which is discussed below. 
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Figure 4.5. The FTIR spectrum of 15% v/v MS dissolved in MCH is shown in black. The 

transmission spectrum of MS solution in on and off-resonance cavity is shown in green and 

red, respectively. (b) The effect of concentration on the Rabi splitting of the C=O vibration of 

MS. The red circles and black crosses indicate the experimental and calculated values, 

respectively. The linear fits to the experimental and theoretical data are shown in solid red and 

black lines, respectively. The weak/strong coupling regimes threshold is indicated by the dotted 

line. Reprinted from ref. 114. Copyright (2020) American Chemical Society. 

  

 During VSC, a vibrational transition couples to a propagating photon in the cavity 

mode. Because of this, vibrational polaritons have a typical dispersion property that inherits 

from the photonic component.124 To confirm this feature, the polariton dispersion as a function 

of the cavity tuning is plotted in Figure 4.6. At the resonance frequency, C=O vibration and the 

uncoupled cavity mode cross each other (marked by the two red lines), whereas the maxima of 

the VP+ and VP- peaks avoid crossing, which also proves the realization of VSC in MS.  

 

 

Figure 4.6. Anticrossing plots for the C=O (a) and C=C (b) vibrations of MS (5% v/v) 

hybridized to a microcavity. The dots show polaritonic peaks maxima. Solid red lines indicate 

resonant frequencies of the cavity and C=O and C=C stretching modes, while black dashed 

https://rcin.org.pl



48 | P a g e  
 

lines indicate the cavity mode tuning, highlighting the anti-crossing character of the dispersion 

plot. Reprinted from ref. 114. Copyright (2020) American Chemical Society.  

4.4. Theoretical Description of Multimode VSC 

 Coupled damped harmonic oscillators were used to describe multimode VSC in MS 

theoretically. The oscillator shown in Eqn. 4.4 was used to model the cavity mode, and the 

other three oscillators were employed to model the three different vibrational transitions of MS 

hybridized to the same cavity mode. The equations of motion of such a coupled oscillator 

system read:125  

𝑥1̈(𝑡) + 𝛾1𝑥1̇(𝑡) + 𝜔1
2𝑥1(𝑡) + 𝜅2𝑥2(𝑡) + 𝜅3𝑥3(𝑡) + 𝜅4𝑥4(𝑡) = 0 (4.4) 

𝑥2̈(𝑡) + 𝛾2𝑥2̇(𝑡) + 𝜔2
2𝑥2(𝑡) + 𝜅2𝑥1(𝑡) = 0 (4.5) 

𝑥3̈(𝑡) + 𝛾3𝑥3̇(𝑡) + 𝜔3
2𝑥3(𝑡) + 𝜅3𝑥1(𝑡) = 0 (4.6) 

𝑥4̈(𝑡) + 𝛾4𝑥4̇(𝑡) + 𝜔4
2𝑥4(𝑡) + 𝜅4𝑥1(𝑡) = 0 (4.7) 

where 𝛾1, 𝛾2, 𝛾3, and 𝛾4 are the damping constants, 𝜔1, 𝜔2, 𝜔3, and 𝜔4 are the resonance 

frequencies, and 𝜅2, 𝜅3, and 𝜅4 are the coupling constants. The cavity mode described by Eqn. 

4.4 is coupled to vibrations represented by Eqn.s 4.5−4.7 through the terms proportional to κ, 

which allows a reversible energy exchange between the vibrations 𝑥2−4(𝑡) and the cavity mode 

𝑥1(𝑡). The coupled differential equations were solved numerically to obtain the time evolution 

of the amplitudes 𝑥1−4(𝑡), and the amplitudes were Fourier-transformed to obtain the 

transmission spectra. The Fourier transform of the time evolution of the cavity mode 𝑥1(𝑡) is 

particularly interesting, as it can be probed experimentally; it is equivalent to the transmission 

spectrum of the coupled system. 

 The cavity and molecular damping constants were kept constant during all simulations. 

The cavity damping constant was obtained from the FWHM of the off-resonant cavity mode, 

while the molecular damping constant was calculated from the FWHM of the free space 

transmission spectra of MS. The parameters which were varied during the simulation are the 

coupling constants and the spectral position of the cavity mode. The parameters used to 

simulate the spectra of BN and MS are given in Tables 4.2 and 4.3, respectively. 
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Table 4.2. Parameters employed to simulate the spectra of benzonitrile shown in Figure 4.7. 

 Frequency (cm-

1) 

𝜸 (meV) 

()(meV) 

𝜿 (meV) 

Vibration 1 2229 1.2 2.3 

Cavity 1 2227 2.0 - 

 

 First, we assessed the proposed theoretical model using benzonitrile (BN), as it has a 

well-isolated C≡N vibration. The experimental (red line) and simulated (black line) 

transmission spectra of BN filled microcavity is shown in Figure 4.7. The cavity modes are 

shown as the dashed blue vertical lines. The transmission spectrum of BN solution is shown as 

the green area. When the cavity mode is coupled with the C ≡ N stretching vibration at 

2229 cm-1, the splitting into the VP- and VP+ states can be observed in the transmission 

spectrum (Figure 4.7a). The Rabi splitting is 50 cm-1, which agrees with the value reported by 

George et al.43 Figure 4.7b displays the experimental (red line) and simulated (black line) 

transmission spectra of an off-resonance cavity. Apart from a weak signature of coupling, the 

transmission spectrum is similar to that of an empty cavity. The experimental and simulated 

spectra match very well, indicating that the coupled harmonic oscillator is an appropriate 

approach to model VSC. 

 

 

Figure 4.7. Experimental (red line) and simulated (black line) cavity transmission spectra of 

benzonitrile filled microcavity; in (a) the cavity is on-resonance with C ≡ N vibration, while it 

was off-resonance. The green area indicates the transmission spectrum of bare BN.  

 

 The experimental transmission spectrum of 25% v/v MS in an on-resonance cavity is 

presented in Figure 4.8a (red line). The transmission spectrum of the corresponding uncoupled 

MS is shown as the green area. The splitting is observed when one of the cavity modes is on-

resonance to the C=O stretching (at 1685 cm-1). Multiple vibrational coupling is observed due 
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to the presence of other cavity modes, e.g., at 1275 cm-1 and 1465 cm-1. The blue vertical lines 

indicate the cavity modes. The experimental spectrum of another MS-filled cavity is shown in 

Figure 4.8b, where the cavity mode located at 1323 cm-1 couples to vibrations in this spectral 

range. Although the cavity modes at 1533 cm-1 and 1730 cm-1 are off-resonant to the C=O 

vibration, coupling with this vibration can be observed at 1685 cm-1 (indicated by the black 

arrow). Such patterns are observed for different vibrations, for instance, at 1458 cm-1, 1616 cm-

1, and are identified by weak dispersive line shapes in the coupled system's transmission 

spectrum. Since MS has several vibrations that are spectrally close enough to couple with the 

same cavity mode, the interaction of the cavity modes with MS is more complex than for BN. 

In the following, we explore this multimode coupling behaviour in detail.  

 

Figure 4.8. The experimental transmission spectrum of methyl salicylate (25% v/v) in an on-

resonance (a) and an off-resonance cavity (b), red lines. The green area indicates the 

corresponding transmission spectrum of the MS solution.  

 

 Figure 4.9 shows the comparisons of the experimental transmission spectrum of 25% 

v/v of MS in the resonant cavity (red curve) and the calculated spectra (black curves). In the 

first case, we only considered the absorption of uncoupled molecules (Figure 4.9a); the 

hybridization of the cavity mode with MS molecular vibrations is switched off. Absorption has 

to be considered, as the number of uncoupled molecules is much larger than that of coupled 

molecules in the cavity volume.48 This is realized by multiplying the calculated cavity 

transmission spectrum by the free space transmission spectrum of MS. Although there is no 

strong light-matter coupling, considering only absorption leads to a splitting of the originally 

Lorentzian shaped cavity transmission spectrum. Nevertheless, the intensity ratios of all peaks 

are not well reproduced, particularly the dip at 1685 cm-1, and because of this, the mean square 

error (MSE), which is the measure of the fitting quality, is 28.7. Hence, considering only the 

absorption of uncoupled molecules is not enough to model the experimental spectrum. In the 
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second scenario (Figure 4.9b), we consider absorption and hybridization of MS vibrations 

individually to the cavity modes. We observe multimode coupling, but the peaks at 1465 cm-1 

and 1685 cm-1 do not fit properly the experimental spectrum and need further treatment. 

However, the MSE decreases to 18.2.  

 

Figure 4.9. Experimental (red line) and calculated (black line) cavity transmission spectra for 

a 25% v/v solution of MS inside an on-resonant cavity. The green area shows the transmission 

spectrum of MS in free space. The mean square error (MSE) indicates the fit quality. In panel 

(a), only absorption is considered, while in (b), we take into account both absorption and 

individual coupling - the interaction of the vibrations that are only resonant with the respective 

cavity mode. Panel (c) demonstrates the case of multimode coupling - simultaneously coupling 

of the resonant and the closest two off-resonant molecular vibrations to the same cavity mode, 

and in this scenario, the absorption was excluded. The simulated spectrum shown in panel (d) 

was obtained by including both absorption and simultaneous coupling of the nearest MS 

vibrations to a single cavity mode.  

 

 The calculated spectra shown in Figure 4.9c and 4.9d are obtained by considering the 

influence of simultaneous coupling - the interaction of the closest two off-resonant molecular 

vibrations in addition to the resonance condition. In the former, the absorption of uncoupled 
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molecules was not considered. In the latter, we take into account both absorption and 

simultaneous coupling of the nearest MS vibrations to a single cavity mode. In both scenarios, 

the fitting between the experimental data and the calculated spectra improves a lot. However, 

the best match between the calculation and the experimental data was found in the last case, 

and the MSE decreases to 1.4 (Figure 4.9d). Hence, this confirms that absorption of uncoupled 

molecules must be considered and that we observe multimode hybridization of, at least, three 

molecular vibrations with the same cavity mode. The multimode coupling mainly affects the 

intensity of the peaks, whereas the Rabi splitting is less influenced. 

Table 4.3. Parameters used to simulate spectra of methyl salicylate shown in Figure 4.9.  

 Frequency 

(cm-1) (cm-1) 

𝜸 (meV) 𝜿 (meV) 

Vibration 1 1253 1.8 0.8 

Vibration 2 1304 2.0 1.5 

Vibration 3 1325 1.0 1.0 

Cavity 1 1256 2.5 - 

    

Vibration 4 1443 2.1 1.0 

Vibration 5 1458 3.2 1.1 

Vibration 6 1487 0.8 0.8 

Cavity 2 1465 3.3 - 

    

Vibration 7 1586 0.7 1.0 

Vibration 8 1616 1.0 1.3 

Vibration 9 1685 2.4 2.6 

Cavity 3 1674 4.3 - 

 

 Finally, the experimental Rabi splitting was compared with the calculated values, which 

is presented in Figure 4.5b. The experimental Rabi splitting obtained from the peak separation 

between the VP- and VP+ states is indicated in red in Figure 4.5b. The peak separation between 

the vibrational polaritonic states obtained from the simulated spectra is shown in black crosses 

in Figure 4.5b and there is an excellent agreement between the experimental and calculated 

Rabi splitting values. 
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4.5. Conclusions 

 Strong coupling between IR-active molecular vibration and a vacuum field of a cavity 

mode results in the formation of vibrational polaritons. In the previous five years, vibrational 

strong coupling has been widely investigated because of its potential to modulate chemical 

dynamics and to influence spectral properties of molecules. Here, we realized multimode 

vibrational strong coupling in liquid phases using Fabry−Pérot type open microcavity. The 

hybridization of molecular vibrations with the cavity mode is described by a coupled damped 

harmonic oscillators model. The microcavity employed in this work can be fine-tuned to any 

molecular vibration, which makes it an appropriate tool for investigating molecular properties 

under vibrational strong coupling. Our theoretical model reveals that, in order to properly 

simulate the experimental spectra, one must consider the nearest off-resonance molecular 

vibrations in addition to the resonance condition. This indicates that cavity coupling can be 

occurring even for molecular vibrations that are off-resonant, but close to a cavity mode. The 

best fit between the experimental and calculated spectra was found when the influence of 

absorption of uncoupled molecules and the simultaneous coupling of close off-resonant 

molecular vibrations are considered.  
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5. Raman Scattering Under Vibrational Strong Coupling  

This chapter is based on: 

Takele, W. M.; Wackenhut, F.; Piatkowski, L.; Gawinkowski, S., Meixner, A. J.; Waluk, J. 

Scouting for Strong Light-Matter Coupling Signatures in Raman Spectra (Ready for 

Submission). 

5.1. Introduction  

Raman spectroscopy has become an excellent research tool due to its non-destructive 

nature, simple sample preparation, and microscopy capabilities.126 It also has an advantage over 

IR spectroscopy, as a Raman signal is not significantly influenced by strongly IR absorbing 

solvents such as water or CO2.127 Since Raman scattering is an inherently inefficient process 

(~1 out of 106 incident photons), detecting Raman signals from low concentration samples and 

single molecules is hard. Over the years, different Raman signal enhancement strategies have 

been proposed to overcome this limitation. The widely employed method is surface-enhanced 

Raman spectroscopy (SERS), which enhances Raman signal through molecules adsorbed on 

or near gold or silver nanostructures.128 Huge Raman signal enhancement and better spatial 

resolution can also be achieved in tip-enhanced Raman spectroscopy by combining the 

sensitivity of SERS and the lateral resolution of scanning probe microscopy.129 The Purcell 

Raman enhancement – the stimulating effect of vacuum fluctuations within a microcavity – 

has also been utilized to improve the Raman signal. This strategy is an analogy of fluorescence 

emission enhancement by weak light-matter coupling effect,130 and it has been used to boost 

Raman scattering from various kinds of materials, such as organic molecules,131 carbon 

tubes,130 and isotopic gas,132 to mention a few. 

 Another approach that has been suggested to improve Raman scattering efficiency is 

the strong light-matter coupling phenomenon. Polariton states formed by the hybridization 

between excitons and an optical microcavity133 or surface plasmon134 modes have been utilized 

to enhance the Raman signal. Maximum signal intensity is obtained when the polariton state 

becomes resonant with the Raman excitation energy. In 2015, Shalabney et al.135 claimed three 

orders of magnitude increase of the Raman scattering cross-section when the C=O IR-vibration 

of polyvinyl acetate (PVAc) was strongly coupled with the optical mode of an IR-microcavity. 

They proposed that the coherent nature of the polaritonic states is responsible for the enhanced 

Raman cross-section. The concept of the Stokes Raman scattering under vibrational strong 

coupling is shown in Figure 5.1. In free space, the molecule in the virtual state decays into the 
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first excited vibrational state (green arrow). However, if the first excited vibrational state is 

coupled strongly with the cavity mode, the molecule in the virtual state may relax to either of 

the VP+ or VP- modes (black arrows in Figure 5.1). Here, we studied the possible effects of 

VSC on the Raman scattering properties of samples in the liquid phase and the solid polymer 

film. 

 

Figure 5.1. Raman scattering under vibrational strong coupling: When the IR-vibrational 

frequency of the molecule (ωm) is strongly coupled with the cavity mode (ωc), vibrational 

polaritons (VP+ and VP-) can be formed, and the system in the virtual state may decay to either 

VP+ or VP- states (black arrows). 

 

5.2. Microcavity Preparations  

In order to study the liquid samples under VSC, we employed the open microcavity 

setting that is described in Chapter 4. In this case, the microcavity mirrors were prepared from 

Ag films (10 nm). The structure of the microcavity and its transmission spectrum is shown in 

Figure 5.2. 

 

Figure 5.2. (a) The design of the microcavity used to study liquid samples. (b) Transmission 

spectrum of an empty microcavity with a Q-factor of 85.  
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The structures of various polymer-spaced microcavities used to investigate the Raman 

scattering properties of PVAc film under VSC are shown in Figure 5.3. The reference sample 

(configuration S1 in Figure 5.3) was prepared on a CaF2 window by spin coating 15% w/w of 

PVAc solution dissolved in toluene at a speed of 870 rpm for 60 s. The details of the spin-

coating condition and the PVAc solution preparation are described in the Methods section 

(Chapter 3). In order to prepare the polymer-spaced cavities, first, either 10 nm or 30 nm Ag 

(depending on the experiment) film was deposited on a CaF2 window. Then, 15% w/w of PVAc 

solution was spin-coated at a speed of 870 rpm for 60 s. These spinning conditions give a PVAc 

layer of approximately 5 m thickness and ensure that one of the cavity modes is on resonance 

with the PVAc C=O stretching vibration. The off-resonance cavity was prepared by spin-

coating the same PVAc solution at a speed of 1000 rpm for a duration of 60 s. Finally, the 

optical microcavity was obtained when either 10 nm or 30 nm thick Ag film was sputtered on 

top of the PVAc film. Numerous ON and OFF resonance samples were made, and the 

preparation method is highly reproducible. In order to prepare the SERS sample, a few drops 

of silver nanoparticles (~100 nm size) colloid solution was cast on a clean CaF2 window and 

left until dry. Finally, a PVAc solution was deposited on top of the SERS substrate using a 

micropipette and spin-coated at a speed of 870 rpm for a duration of 60 s. 

 

Figure 5.3. Schematic illustration of various samples used in this work; S1, S2, and SERS 

indicate a thin PVAc film deposited on CaF2 window, 30 nm Ag film, and a SERS substrate, 

i.e., a few drops of silver nanoparticle solution cast on a clean CaF2 window, respectively. 

MC1-MC4 illustrate different PVAc spaced microcavity configurations. 

https://rcin.org.pl



57 | P a g e  
 

5.3. Raman Scattering Properties of Liquid Phase Samples 

Under Vibrational Strong Coupling  

First, we investigated the Raman scattering characteristics of benzonitrile (BN) by 

coupling the C≡N IR vibration with the cavity mode. As described in section 4.4 of Chapter 4, 

vibrational polaritons were observed when the C≡N IR stretching frequency of BN was 

strongly coupled with one of the cavity modes. Here we studied the effect of the coupling on 

the Raman spectrum of BN (cyan curve in Figure 5.4a). Figure 5.4a shows the Raman spectra 

of BN inside the ON (blue) and OFF (red) resonance microcavity. Apart from a decrease in the 

background intensity, new peaks due to the formation of the vibrational polaritons were not 

observed in the Raman spectrum of the coupled system. This suggests that vibrational 

polaritonic states observed in the transmission spectrum (Figure 4.7a, Chapter 4) cannot be 

detected using Raman scattering measurements. 

 Next, we studied the effect of the multimode VSC in methyl salicylate (MS) described 

in Chapter 4 on the Raman spectrum properties of MS. Figure 5.4b (cyan curve) shows the 

Raman spectrum of the MS sample, obtained by injecting the solution in-between two 

CaF2 windows, using the same structure as the cavity without the Ag films. The C=O vibration 

of MS is observed at 1670 cm-1, which fully agreed with the value reported before.122 Figure 

5.4b depicts the Raman spectra of MS (blue and red curves, respectively) acquired from the 

on- and the off-resonance cavities shown in Figure 4.5a of Chapter 4. Similar to the case of 

BN, no changes or formation of new spectral features were observed in the Raman spectra of 

the coupled system. The decrease in Raman signal intensity is due to the lower transmission of 

the semi-transparent cavity mirror. In order to confirm that the sample remains under strong 

coupling conditions, the transmission spectra of the coupled system were measured before and 

after acquiring the Raman spectra. Moreover, the cavity assembly was scanned in the focal 

plane to verify that the measured spectra remain unchanged irrespectively of the position 

probed with the laser. 
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Figure 5.4. (a) Raman spectra of BN in free space (cyan) and obtained from the on- (blue) and 

off- resonance (red) cavities. (b) Raman spectra of MS in free space (cyan) and obtained from 

the on- (blue) and off-resonance (red) cavities. 

 

5.4. Raman Scattering Characteristics of a Polymer Film Under 

Vibrational Strong Coupling 

The liquid phase samples considered do not show the signatures of vibrational strong 

coupling in the Raman spectra, while they do clearly show them in the IR spectrum. The final 

system studied here is a PVAc film; the chemical structure of the polymer is shown in Figure 

5.5a. Figure 5.5b (cyan curve) demonstrates the transmission spectrum of PVAc deposited on 

a CaF2 window. The intense and sharp peak observed at 1740 cm-1 is due to the stretching 

frequency of the C=O group. The transmission spectrum of the PVAc spaced cavity 

(configuration MC1 in Figure 5.3) did show two new peaks when the cavity mode is tuned to 

the C=O vibration frequency PVAc (Figure 5.5b, blue curve). These are polaritonic peaks 

formed due to the VSC effect, and the separation between them is 150 cm-1. For the off-

resonance case, splitting due to the VSC was clearly not seen (the red curve in Figure 5.5b). 

 

Figure 5.5. (a) Chemical structure of polyvinyl acetate (PVAc). (b) Transmission spectra of a 

PVAc film (S1 sample type in Figure 5.3) (cyan) and embedded in an on- (blue) and off-

resonance (red) optical microcavities configuration MC1 in Figure 5.3. 
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The cyan line in Figure 5.6a shows the Raman spectrum of PVAc on a bare CaF2 

window (configuration S1 in Figure 5.3). The Raman peaks of PVAc are observed at 1023 cm-

1, 1375 cm-1, 1440 cm-1, and 1730 cm-1. All Raman peaks are consistent with those reported in 

literature.136 The Raman spectrum of the on-resonance PVAc spaced cavity (configuration 

MC1 in Figure 5.3) is shown in Figure 5.6a (blue curve). We have observed a similar spectra 

feature to those reported by Shalabney et al.,135 specifically at around 1950 cm-1 and 1600 cm-

1. The spectral features observed from the off-resonance sample (Figure 5.6a, red spectrum) 

are the same as for the on-resonance case. This indicates that the new spectral features observed 

in the Raman spectra of the cavity samples cannot be associated with the formation of 

polaritonic states. We measured the transmission spectrum of the PVAc spaced cavity after 

Raman measurement, Figure 5.6b (black curve). To reveal the origin of these peaks, we 

reproduced the experimental conditions used by Shalabney et al.135 by changing the bottom 

cavity layer of MC1 to 30 nm Ag (cavity setting MC2 in Figure 5.3). The Raman spectrum 

characteristics (Figure 5.6a, olive curve) were the same as in cavity configuration MC1. 

 

Figure 5.6. (a) Raman spectra of PVAc film (cyan, S1 sample type in Figure 5.3) and embedded 

in an on- (blue) and off- (red) resonance optical microcavities (configuration MC1 in Figure 

5.3) and configuration MC2. (b) Transmission spectrum of PVAc film embedded in an optical 

microcavity: Measured after Raman measurement, for the sample shown in configuration MC1 

in Figure 5.3 (black curve); cavity transmission with C=O resonators of PVAc film when a thin 

Cr layer (10 nm) was used to separate the PVAc film from the top Ag layer, configuration MC3 

in Figure 5.3, (red curve). 

 

 To confirm the effect of the Ag surface on the Raman spectrum of the PVAc film, we 

recorded various Raman spectra by employing different sample configurations shown in Figure 

5.3 (S2, MC3, and MC4). As shown in Figure 5.7a, Raman spectra obtained from PVAc spin-
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coated on clean CaF2 substrate (S1) and a 30 nm thick layer of Ag (S2) are identical. Hence, the 

surface of the 30 nm thick bottom Ag layer does not affect the Raman spectrum of the PVAc 

film. In configuration MC3, the direct contact between the PVAc film and the top Ag layer was 

prevented by depositing 10 nm Cr on the polymer film. Figure 5.6 (red curve) shows the 

transmission spectrum of this sample, and the result of this measurement confirmed that the Cr 

layer does not affect the coupling of the PVAc film with the cavity mode. The Raman spectrum 

of the PVAc film obtained using this configuration is presented in Figure 5.7a (black spectrum), 

and it is the same as the reference sample (Figure 5.7a, cyan curve). The spectrum of PVAc 

film obtained using 30 nm Ag as the top, and the bottom mirror (configuration MC4) also 

resembles the reference spectrum (Figure 5.7a, magenta spectrum). In this case, the Raman 

spectrum is much noisier because of the lower transmission of the cavity mirrors.  

 

Figure 5.7. (a) Raman spectra of PVAc obtained with different sample configurations shown 

schematically in Figure 5.3 – for MC3 and MC4 the measurements were conducted under 

resonance condition. (b) Comparison of the SERS spectrum of PVA acquired using 100 nm 

spherical Ag nanoparticles as a substrate and the Raman spectrum obtained from configuration 

MC2 shown in Figure 5.3. 

 

 The measured Raman spectra for the cavity samples MC1/MC2 were significantly more 

intense than for the reference sample S1, suggesting that surface enhancement effects may play 

a role. To verify whether the features of the Raman spectra obtained from cavities MC1 and 

MC2 originate from surface enhancement effects, we measured SERS spectra of PVAc spin-

coated on a surface made of a layer of Ag nanospheres. The SERS spectrum of PVAc (Figure 

5.7b) is similar to cavity settings MC1 (on- and off-resonance cavities) and MC2. We 

characterized the surface roughness and nanometer-scale structure of the cavity mirrors used 

in our study using AFM (Figure 5.8).  
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Figure 5.8 AFM images and height profiles of different Ag films sputtered on glass surfaces. 

(a) 10 nm Ag, (b) 30 nm Ag. Figures c and d show their respective height profiles. The RMS 

roughness of 1.33 nm and 1.78 nm are calculated for 10 nm Ag and 30 nm Ag, respectively. 

 

Taylor et al.136 reported the Raman spectrum of PVAc in free space; the Raman bands 

observed at 1023 cm-1, 1375 cm-1, 1440 cm-1, and 1730 cm-1 were assigned to the CH2 twisting, 

CH3 asymmetric deformation, CH2 asymmetric deformation, and C=O stretching, respectively. 

All these vibrations were visible in our reference sample, but we also observed additional bands 

at 1580 cm-1 and 1604 cm-1 (Figure 5.9, curve b) in the reference sample. These peaks are most 

probably due to toluene molecules left in the PVAc film after evaporation, and the peak 

positions and features are consistent with the Raman spectrum of liquid toluene (Figure 5.9, 

curve c). The comparison of the Raman spectrum of PVAc film dissolved in toluene obtained 

using cavity setting MC2 and the SERS spectrum of toluene is presented in Figure 5.9, curves 

d and e, respectively. A fair agreement between the spectral features confirmed that the strong 

band observed at about 1600 cm-1 in our cavity samples is due to the SERS enhancement of 

toluene phenyl stretching vibrations. The significant Raman enhancement of this band at 

1600 cm-1 in the SERS spectra of toluene is due to the surface selection rule for the 

enhancement effect.137  
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Figure 5.9. Comparison of Raman spectra of PVAc and toluene: (a) neat PVAc, (b) PVAc film 

dissolved in toluene, (c) liquid toluene, and (d) PVAc in MC2 cavity configuration shown in 

Figure 5.3. (e) SERS spectrum of liquid toluene.  

 

 Until now, to the best of our knowledge, only Shalabney et al.135 claimed enhancement 

of the Raman signal under vibrational strong coupling, mostly two to three orders of magnitude 

enhancement from the VP- mode. The authors claimed that the Raman signal is boosted due to 

an increase in the total Raman cross-section when the C=O vibration of the PVAc polymer film 

hybridized with the cavity mode. In contrast, the theoretical work of Pino et al.138 suggested 

that the Raman cross-section is conserved during VSC, as long as ultrastrong VSC is not 

realized. They predicted that the induced change in the ground state by ultra-strong VSC could 

enhance Raman signal by less than a factor of two. They also showed that the Raman and IR 

bands in the coupled system should be located at the same energies. This is in contrast with the 

experimental work of Shalabney et al.,135 where the separation between the polaritonic peaks 

obtained from the Raman data was about two times larger than the one obtained from the IR 

transmission spectrum. The theoretical work of Strashko and Keeling139 also anticipated that a 

significant enhancement of Raman scattering is obtained under ultra-strong VSC. 

 On the other hand, many experimental works show an enhancement of the Raman 

signal by electronic strong coupling. For example, Tartakovskii et al.140 reported an increase in 

Raman signal when the excitation energy of cyanine dye J aggregates and scattered photons 

are in resonance with the polaritonic states. Minamimoto et al.141 also demonstrated that 

electrochemically controlled strong coupling can be used to enhance Raman scattering spectra 

of molecules. In these and other works,142,143 neither polaritonic signatures nor a shift in the 

Raman peak positions have been observed in the Raman spectra of the coupled systems. 
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 Finally, why the polaritonic states are not visible in the Raman spectra of the coupled 

systems, although they can be seen clearly in the FTIR transmission spectra? During an 

ensemble VSC, many molecules show up the same energy as those the free space sample, as 

described in section 2.6.2 of Chapter 2, these are the so-called dark states. Thus, in the Raman 

spectra of the coupled system, the dark states might dominate the transitions in the bright states 

(i.e., the polaritonic states), and because of this, we have observed only the Raman spectra of 

the uncoupled molecules in the cavity mode volume. From this, one can speculate that in the 

systems taken into account in our study, the fraction of the uncoupled molecules dominates 

those interacting with the cavity mode. 

5.5. Conclusions 

We studied the effect of vibrational strong coupling on the Raman scattering properties 

of molecules. Although the polaritonic peaks were observed in the transmission spectra of all 

the systems considered, they were not visible in the Raman spectra. For the PVAc film 

embedded in-between 10 nm Ag mirrors, two new peaks can be observed in the Raman spectra. 

These peaks have different properties compared to the VP+ and VP- states observed from the 

transmission spectrum of the PVAc film. First, the full width at half the maximum of these 

peaks is larger than the full width at half maximum of the polaritonic states observed from the 

FTIR measurements. Second, the separation between these peaks is unexpectedly large, two 

times larger than the Rabi splitting obtained from the transmission spectrum. Comparing the 

broad and strong peaks observed at about 1600 cm-1 with literature values, it is evident that 

they do not emerge from the polaritonic states but rather from the SERS enhancement of the 

phenyl vibrational peaks of the solvent toluene. The Raman spectrum acquired by separating 

the upper Ag mirror from the PVAc film by a thin Cr layer is similar to the PVAc film reference 

spectrum. This indisputably confirms that Raman scattering to the levels arising from 

vibrational strong coupling effect has not been observed. Nevertheless, one could ask whether 

the coupling effects may still be present, but their detection remains a challenge due to 

dominant scattering from uncoupled molecules. 
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6. Controlling the Photophysical Properties of Single Molecules by 

the Purcell Effect of an Optical Microcavity 

This chapter is based on: 

Takele, W. M.; Wackenhut, F.; Liu, Q.; Piatkowski, L.; Meixner, A. J.; Waluk, J. Tailoring 

Tautomerization of Single Phthalocyanine Molecules Through Modification of Chromophore 

Photophysics by the Purcell Effect of an Optical Microcavity (Submitted). 

6.1. Introduction  

The use of conventional ensemble spectroscopic methods has made a remarkable 

impact on our understanding of the physical and chemical properties of molecules. However, 

to fully understand the processes occurring at the molecular level, one must utilize single-

molecule techniques. Single-molecule spectroscopy has allowed for the investigation of many 

photophysical, biological, and photochemical processes that are hidden by averaging during 

ensemble measurements.144,145 Some of the phenomena that have been investigated include 

fluorescence intermittency,146 protein folding,147 and photon antibunching.107 Moreover, single 

fluorophores have been utilized for analyte sensing,148 generation of single-photon sources,149 

and high-resolution optical imaging.150 Incorporating single molecules as active components 

in electronics is also a promising approach for the next generation of miniaturization of 

electronic devices.151  

 For most single-molecule based applications, an ideal fluorophore should survive long 

(slow photobleaching), not show a random fluctuation of fluorescence intensity, and give a 

bright emission.152,153 In practice, however, it is hard to find fluorophores that exhibit all of 

these requirements. For optical probing of individual fluorescent molecules, visible light 

(typically a laser) has been employed. However, there is a fundamental size difference between 

a single emitter (d ~ 1 𝑛𝑚) and visible light (𝜆 ~ 500 𝑛𝑚).39 Besides, at ambient temperature, 

the absorption cross-section of a single-molecule is often small.154 This fundamental size 

mismatch influences the photon absorbing probability of single quantum emitters and 

simultaneously lowers the spontaneous emission rate. Another inherent problem of single-

molecules is their limited photostability; thus, we need to achieve brightness by keeping the 

excitation power low. Accordingly, considerable efforts have been devoted to enhancing the 

fluorescence signal and the photostability of single-molecules. One ‘‘physical’’ approach to 

address these challenges is microcavity-controlled fluorescence.  
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 As described in the theory section, weak light-matter coupling (Section 2.4 of Chapter 

2) enhances the spontaneous emission rate by changing the available local density of states for 

light emission (the Purcell effect). Plasmonic Purcell enhancement has been widely employed 

to control the photobleaching and blinking of single molecules. For instance, Cang et al. 

reported the suppression of photobleaching and prolonged lifespan of single molecules by the 

Purcell enhancement in plasmonic nanostructures.155 Wientjes et al. showed a huge 

fluorescence enhancement of light-harvesting complex by coupling single molecules to a gold 

nanoantenna.156 Stefani et al. demonstrated the decrease in blinking dynamics of a single 

fluorophore in the presence of a nearby gold film.157 In general, lowering the triplet formation 

efficiency - by decreasing the lifetime of the singlet excited state via the Purcell effect - should 

result in higher photostability since there is less chance for the excited molecule to interact with 

the atmospheric oxygen.155 Here, we investigate the influence of the confined optical fields in 

λ/2-microcavity on the blinking dynamics and photostability of single phthalocyanine 

tetrasulfonate (PcS4) molecules (Figure 6.1a). 

 Phthalocyanines (Pcs) are macrocyclic molecules with π-electron conjugation similar 

to that of hemes in biological systems and first synthesized by accident in 1907. Pcs have 

attractive electronic properties, unique thermal and chemical stability, and support intense 

electromagnetic radiation.158 Because of these, Pc derivatives have found practical applications 

in organic solar cells,159 catalysis,160 and photodynamic therapy,161 to mention a few. Pcs are 

synthetic analogues of porphyrins, and they have intense 𝜋 → 𝜋∗ transitions (Q-bands) and 

larger fluorescence quantum yields compared to porphyrin derivatives. These properties make 

Pc derivatives a better choice for single-molecule spectroscopy studies.162 Pc derivatives are 

extensively studied at the single-molecule level using scanning tunneling microscopy.163,164 In 

this work, the single-molecule properties of PcS4 are studied employing confocal laser scanning 

microscopy. 

 The absorption spectrum of PcS4 in water (10-6 M) is presented in Figure 6.1b. There 

are two strong broad bands: the Soret band in the near-UV (𝜆𝑚𝑎𝑥= 332 nm) and the Q-band at 

630 nm. PcS4 exhibits a deep-red emission peak at 700 nm, which is shown in Figure 6.3 (black 

curve) for a PcS4-PVA film. The absorption peaks agree well with previously reported 

values.165  
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Figure 6.1. (a) The chemical structure of phthalocyanine tetrasulfonate (PcS4). (b) Absorption 

spectrum of PcS4 (10-6 M) dissolved in water.  

 

6.2. λ/2-Microcavity Preparation and Characterization  

Figure 6.2 shows the schematic illustration of the optical microcavity used in these 

experiments together with a simplified sketch of the confocal microscope setup. It consists of 

two opposed silver mirrors with single PcS4 molecules embedded in a PVA matrix placed in-

between them.166 The bottom mirror was prepared by sequentially evaporating 0.5 nm Cr, 

30 nm Ag, and 70 nm SiO2 layers on a clean microscope coverslip, while the upper cavity 

mirror was prepared on a convex lens by covering it with 0.5 nm Cr, 60 nm Ag, and 70 nm 

SiO2 layers, consecutively. The Cr layer was used for adhesion, while the SiO2 layer prevented 

the contact between the embedded dye molecules and the Ag film. The optical microcavity 

structure is assembled by gluing the lower and the upper mirror onto a home-built mirror 

holder. A piezo-actuator kinematic mirror mount (KC1-PZ/M, Thorlabs) was used to tune the 

cavity length by moving the upper mirror relative to the fixed bottom mirror. 
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Figure 6.2. Schematic illustration of the piezo-tunable microcavity along with a simplified 

confocal microscopy setup.  

 

To realize a strong radiative emission via the Purcell effect, one must control the 

reflectivity and the thickness of the cavity. The higher the reflectivity and the smaller optical 

separation between the mirrors, the faster is the radiative emission rate due to the cavity 

effect.167 Thus, for all measurements, the optical path length of the cavity was adjusted to be in 

the first cavity order (Lop = λ/2). The transmission spectrum of the microcavity was acquired 

by illuminating from above with a white-light LED. A sample transmission spectrum with a 

Q-factor of 50 is shown in Figure 6.3 (red curve). Previous studies demonstrated that such a 

relatively low Q-factor microcavity is sufficient to modulate the fluorescence emission 

properties of single quantum emitters via the Purcell effect.166,168 The transmission can be 

voltage-tuned towards the fluorescence emission maximum of PcS4 (black curve in Figure 6.3). 

 

Figure 6.3. Exemplary microcavity transmission spectrum with a Q-factor of 50 (red) and the 

free space ensemble emission spectrum of a PcS4-PVA film (black). 
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6.3. Single-Molecule Detection in the Free Space and Inside a 

λ/2-Microcavity 

We first studied the single-molecule properties of PcS4 molecules in free space. The 

samples were prepared by spin coating PcS4-PVA solution on a clean glass surface, and a 

home-built confocal microscope was used for the observation of single-molecule emission. 

Figure 6.4a shows a representative fluorescence image obtained using a 633 nm laser (Gaussian 

mode). The well-separated bright diffraction-limited spots are attributed to the fluorescence 

emission of single PcS4 molecules. Once a single molecule is in the excited state, it stays there 

for a finite time, which is on average equal to the fluorescence lifetime of the molecule, when 

triplet population is negligible, before it relaxes back to the ground state and can be excited 

again. As a result, only one photon can be detected from the same molecule at a specific time. 

This temporal separation between two subsequent photon emissions from the same molecule 

is called photon antibunching, and it has been used to prove whether a single emitter is present 

in the sample.169  

 Photon antibunching data can be obtained with continuous wave (CW) or pulsed laser 

excitation. Figure 6.4b (black trace) shows the measured second-order photon correlation 

function obtained upon CW excitation from the bright spot indicated by the white arrow in 

Figure 6.4a. The clear photon antibunching dip with g(2)(τ) = 0.35 proves that the emission is 

from a single PcS4 molecule. The photon antibunching result obtained under pulsed excitation 

for another single PcS4 molecule is shown in red in Figure 6.4b. In this case, the pulse at the 

lag time of zero is missing, which is a characteristic feature of single-molecule antibunching 

upon pulsed excitation.169,170  

 

Figure 6.4. (a) Confocal microscopy image of single PcS4 molecules embedded in PVA film. 

(b) Single PcS4 molecule photon antibunching: the black curve shows the second order 

correlation function g(2)(τ) measured from the single PcS4 molecule indicated by the white 
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arrow in Figure 6.4a, under continuous wave (633 nm laser) excitation and using the pulsed 

laser (640 nm) excitation (red trace).  

 

 Figure 6.5a presents a single-molecule fluorescence image obtained by raster scanning 

the PcS4-PVA film inside the microcavity through the excitation focus. In λ/2-microcavity, the 

emission occurs only in a ring where the molecular fluorescence matches the resonance 

condition of the microcavity.166,168 The antibunching data obtained from the PcS4 molecules 

inside a microcavity confirm that individual emitters are observed (Figure 6.5b). 

Figure 6.5. (a) Scanning confocal fluorescence microscopy image of the first-order interference 

region of the microcavity with individual PcS4 molecules embedded in a PVA film appearing 

as bright spots. (b) Photon antibunching measured for the single PcS4 molecule in a resonance 

cavity, using the pulsed laser (640 nm) excitation.  

 

6.4. Photophysical Properties Under the Purcell Effect 

The fluorescence lifetime, the blinking dynamics, and photostability of individual 

molecules were studied by placing PcS4 molecules embedded in PVA film inside a resonant 

λ/2-microcavity. Figure 6.6 schematically demonstrates the effect of the confined optical field 

in a microcavity on the photophysical processes of single emitters. The electronic and 

vibrational energy levels of the molecule are represented by the solid and dashed horizontal 

blue lines, respectively. In the fluorescence imaging experiments, single molecules are excited 

from the lowest vibrational level of the electronic ground state (So) into a higher vibrational 

energy level of the first electronically excited state (S1). We assume that the excited molecule 

obeys Kasha´s rule to return back to the ground state S0, which requires that the molecule 

decays from the lowest vibrational level of the first excited state.171 Hence, fluorescence 
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emission, internal conversion, and intersystem crossing always occur from this level. Kasha´s 

rule is valid when vibrational relaxation via energy transfer to the environment is much faster 

than the depopulation of S1. The radiative decay into a vibrational level of S0, associated with 

the emission of a fluorescence photon, is indicated by a black downward arrow and the rate 

constant kf. It is this rate constant, which can be tuned by varying the LDOS in the microcavity. 

Alternatively, the molecule can decay non-radiatively by transferring its energy as heat to the 

environment, knr, this process is independent of the LDOS.86 

 

Figure 6.6. A simplified three-level scheme showing the influence of an optical microcavity on 

emission and the switching of a single molecule between fluorescent (ON) and dark (OFF) 

states and photobleaching. kexc, kf and kisc, kt refer to the rate constants for the excitation, 

fluorescence, S1-T1 intersystem crossing, and triplet decay rates. 

 

There is also a possibility that the molecule undergoes intersystem crossing from S1 to 

the long-lived triplet state T1, which gives rise to non-emissive dark (OFF) states. This can 

cause either intermittent fluorescence emission (blinking) or permanent damage of the 

fluorophore (photobleaching) due to the reactivity of the triplet state with atmospheric triplet 

oxygen (3O2), which leads to the formation of highly unstable species such as the singlet 

oxygen (1O2) and the superoxide radical (O2
-) through energy (ET) and charge transfer (CT) 

mechanisms, respectively (Figure 6.6).171,172 When the cavity is tuned on resonance with the 

fluorescence maximum, a shortening of the S1 excited state lifetime via the Purcell effect 

occurs, which as a consequence decreases the triplet formation efficiency. Hence, the 

probability of photobleaching and the intramolecular proton transfer reaction that may occur 

in the excited states should be lower. In the following, we shall describe only the former, and 

the latter shall be discussed in Chapter 7.  
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 Figure 6.7a presents the exemplary time-correlated single-photon counting histograms 

of single PcS4 molecules embedded in PVA in free space (blue) and inside a resonant 

microcavity (green). The black trace shows the instrument response function (IRF), and it was 

employed for the single exponential deconvolution fitting to calculate the fluorescence 

lifetimes; we obtained fluorescence lifetimes of 3.58 ns and 2.31 ns for molecules embedded 

in PVA in free space (blue) and inside a resonant microcavity (green), respectively. Figure 6.7b 

shows a corresponding fluorescence lifetime distribution histogram for n = 74 single molecules 

embedded in PVA in free space and n = 68 single molecules inside the microcavity. An average 

lifetime of 3.56 ± 1.01 ns is obtained for molecules embedded in PVA in free space and 

2.25 ± 0.43 ns inside a resonant cavity. Hence, the cavity enhances the spontaneous emission 

rate of the ON state. 

Figure 6.7. (a) Time-correlated single-photon counting decay traces of single PcS4 molecules 

embedded in PVA in free space (blue trace) and inside the microcavity (green trace). The blue 

and green curves are single exponential fits to the fluorescence decays of the single molecules 

embedded in PVA in free space and inside a resonant microcavity together with the IRF (black). 

(b) Lifetime histograms of single PcS4 molecules in free space (n = 74) and in the resonant 

microcavity (n = 68).  

To investigate the influence of the confined optical fields of a microcavity on the 

blinking dynamics and the photostability of single PcS4 molecules, we recorded fluorescence 

time traces. Figure 6.8a-b shows exemplary fluorescence intensity time traces of single PcS4 

molecules (the binning time for both measurements was 10 ms). For molecules embedded in 

PVA in free space, the ON and OFF states appear with several long OFF time periods (black 

rectangle in Figure 6.8a). In contrast, in the case of molecules placed in a resonant cavity OFF 

states are not observed for extended periods (Figure 6.8b). This indicates that the microcavity 
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influences the blinking dynamics of individual molecules. We described this observation by 

calculating the ON-ratio Kon, which is a measure of the blinking dynamics, from the intensity 

time traces by Kon = (
ton

ton+ toff
) ∙ 100.173 ton and toff are times when the molecules are in the 

bright and dark states, respectively. ton and toff are obtained from the fluorescence intensity 

time traces by defining a threshold – of twice the background signal for a molecule that is in 

the bright state – indicated by the black dashed lines in Figure 6.8a-b. 

 

Figure 6.8. Single-molecule properties of PcS4. (a) Fluorescence intensity time trace of a single 

PcS4 molecule embedded in a thin PVA film. (b) Fluorescence intensity time trace of a single 

PcS4 molecule embedded in the PVA matrix and placed inside the resonant microcavity. 

 

The ON-ratio histogram obtained by calculating Kon from n molecules embedded in 

the PVA matrix in free space (n = 102) and placed inside a resonant cavity (n = 102) is shown 

in Figure 6.9a. For the PcS4 molecules in free space the average ON-ratio is 23%, while for the 

molecules placed inside the resonant microcavity the average ON-ratio increases to 36%. This 

confirms that the microcavity reduces the OFF-periods of single molecule emission by 

decreasing the residence time of the molecule in the S1 state. 

 Finally, we investigated the influence of the microcavity on the photobleaching 

behaviour of single PcS4 molecules. As shown in the representative time traces in Figure 6.8, 

this particular PcS4 molecule placed inside a resonant cavity had a longer survival time 

compared to the molecule in free-space. In this context, the survival time means the total time 

before a single molecule undergoes irreversible photobleaching. Figure 6.9b presents the 

survival time distributions for single PcS4 molecules embedded in PVA in free space (n = 102) 

and placed inside a microcavity (n = 102). Mean survival times of 60.1 s and 131.8 s are 

obtained for the molecules embedded in the PVA matrix in free space and in the resonant 

cavity, respectively, by fitting the histograms with single exponential decay functions. Thus, 

reducing the lifetime by the Purcell effect of the microcavity improves the photostability of the 
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single PcS4 molecules. Similar single-molecule fluorescence behaviour has been observed for 

other organic dyes placed in the vicinity of noble metal nanoparticles. For instance, Fu et al. 

demonstrated that the average bleaching time of single Cy5 molecules coupled to silver 

nanoparticles improved significantly, compared to molecules immobilized on a glass 

substrate.174  

 

Figure 6.9. (a) On-ratio histogram of single PcS4 molecules in free space and inside the resonant 

microcavity. (b) Histogram of the survival times of single PcS4 molecules; the green and blue 

lines indicate exponential fits to the histograms obtained from molecules in free space and 

placed inside a microcavity, respectively. 

 

6.5. Conclusions 

 The use of single molecules in chemical, biophysical, and quantum optics applications 

continues to increase. However, their applications are hindered because of photobleaching and 

stochastic blinking of individual fluorophores. Here, we demonstrate that the confined optical 

fields in a microcavity can be used to control the blinking dynamics and the photostability of 

single molecules. Decreasing the lifetime of the singlet excited state by the Purcell effect 

significantly reduces transitions of individual molecules to the non-fluorescent triplet state. 

Because of this, we have recorded more than two-fold increase in the photostability of single 

molecules. This reveals that the weak coupling between a cavity mode and a molecular 

transition can be used to control the damage of an excited molecule. 
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7. Tailoring the Tautomerization Properties of Single 

Phthalocyanine Molecules by the Vacuum Electromagnetic 

Field of an Optical Microcavity 

This chapter is based on:  

Takele, W. M.; Wackenhut, F.; Liu, Q.; Piatkowski, L.; Meixner, A. J.; Waluk, J. Tailoring 

Tautomerization of Single Phthalocyanine Molecules Through Modification of Chromophore 

Photophysics by the Purcell Effect of an Optical Microcavity (Submitted). 

7.1. Introduction 

Tautomerization, the addition of a proton at one molecular site and its removal from 

another, is a fundamental phenomenon in nature,175 and it plays a significant role in DNA 

mutation,176 chemical,177 and enzymatic reactions.178 Phthalocyanine and porphyrin derivatives 

contain two hydrogen atoms in the inner part of their structures. The migration of these protons 

in the framework of four nitrogen atoms is known as NH tautomerization. Over the decades, 

NH tautomerization has been studied extensively to understand the reaction mechanisms179-181 

and explore its technological applications.182,183 During NH tautomerization in porphyrin and 

phthalocyanine, the switching happens without a significant conformational change. It has been 

proposed to use this intriguing property in the emerging field of single molecules based 

“hardware” elements such as molecular switches183 and photonic molecular wires.184  

 Two types of mechanisms are known for the NH tautomerization process, i.e., 

concerted and stepwise. In the former, the two protons move synchronously, while the 

characteristic feature of the latter is trans-cis-trans conversion. In the stepwise mechanism, the 

tautomerization occurs by consecutive migration of the two protons one after another.180,181 

After many years of research,185-188 it is now established that the double proton transfer process 

in porphyrin occurs by the stepwise mechanism. The trans-tautomer is more stable than the 

intermediate cis-tautomer. The tautomerization occurs in the ground electronic state on the time 

scale of tens of microseconds at room temperature. The trans-cis conversion involves tunneling 

from an excited vibrational level (Figure 7.1), which can be populated by thermal activation.186 
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Figure 7.1. Tunneling mechanism for the stepwise NH tautomerization of porphyrin. Modified 

from ref. 186.  

 

 Phthalocyanines are structurally similar to porphyrins. Thus, one might expect similar 

tautomerization mechanisms. Strenalyuk et al. studied the structure and tautomerization 

mechanism of phthalocyanine. Their results showed that the trans-tautomer is 41.6 kJ/mol 

more stable than the cis-tautomer, and the stepwise NH tautomerization mechanism is 

preferable for phthalocyanine.181  

 

Figure 7.2. A schematic of trans-trans tautomerization of phthalocyanine tetrasulfonate (PcS4) 

by intramolecular double hydrogen transfer. As indicated with the double red arrows, the 

orientation of the transition dipole moment rotates by 90° in the course of tautomerization. 

 

7.2. Methods of Probing and Controlling NH Tautomerization 

The dynamics of ground state NH tautomerization have been widely studied using 

NMR spectroscopy.189 Wehrle et al. investigated the tautomerization time scale in crystalline 

porphyrin, using 15N cross-polarization magic-angle spinning (CPMAS) NMR spectroscopy. 

The results confirmed that the exchange of two inner hydrogens between nitrogen atoms is fast 
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at room temperature; however, it is “frozen” below 192 K.190 The time scale of the dynamics 

of the inner proton of the solid-state phthalocyanine has also been investigated employing 15N 

and 13C CPMAS NMR spectroscopy, and like porphyrin, it was found to occur on the time 

scale of a few microseconds at about room temperature.191  

 Another powerful strategy for studying tautomerization is investigating the influence 

of the double proton transfer on the polarization of probing light. Fluorescence anisotropy 

studies have been widely employed to study the rate of NH tautomerization in the excited 

state.192 On the other hand, pump-probe polarization spectroscopy enables to detect both the 

ground and lowest excited-electronic states proton transfer rates. Fita et al. have employed this 

technique to study the tautomerization rate of various alkylated porphycenes.193 Their finding 

confirms that: (1) self-exchange reaction is faster for molecules with strong intramolecular 

hydrogen bonds; (2) tunneling is significant even at 293 K. All the methods explained above 

provide only averaged information, as the measurements have been performed only for 

molecular ensembles.  

 Nowadays, it is possible to monitor and control the tautomerization properties of 

individual molecules. These can be realized mainly using three types of techniques.194 The first 

method is single-molecule fluorescence microscopy with azimuthal polarization doughnut 

mode (APDM) and radial polarization doughnut mode (RPDM) excitations. This technique 

enables to directly observe the reorientation of the transition dipole moment during NH 

tautomerization. The tautomerization properties of porphycene derivatives have been widely 

investigated using this technique.195,196 Meixner, Waluk and coworkers196 first recorded 

fluorescence emission images of single porphycene molecules embedded in a thin PMMA film, 

using an azimuthally polarized laser beam excitation (Figure 7.3a). The ring-like pattern of the 

emission intensity (molecule Σ in Figure 7.3a) is due to the presence of two transition dipoles 

(TDMs) forming an angle of ~72°, which correspond to two trans tautomers of one single 

molecule that can rapidly interconvert on the time scale of the experiment. The double-lobe 

pattern observed from chromophore Π is due to either a fixed TDM (localization of the inner 

hydrogens) or to a specific orientation of the molecule in the polymer matrix.179,196 
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Figure 7.3. a) Confocal fluorescence image of single porphycene molecules obtained using an 

azimuthal polarization doughnut mode (APDM) beam. (b) Simulated fluorescence patterns, 

obtained by considering two differently oriented molecules with two TDMs forming an angle 

of 72°. The image scan area is 2.5 × 2.5 μm2. Reprinted by permission from ref. 196. Copyright 

(2005) American Chemical Society. 

 

 Surface-enhanced Raman spectroscopy has also been employed to study the 

tautomerization properties of single porphycene molecules. For instance, Gawinkowski et al. 

recorded thousands of spectra from porphycene molecules placed on gold nanostructures. 

Repeated disappearance and appearance of some Raman peaks have been observed, due to 

trans-cis-trans tautomerization of individual porphycene molecules.197 

 Last but not least, scanning tunneling microscopy (STM) allows looking at protons that 

take part in the tautomerization process at a single-molecule level.198 It also enables to modulate 

NH tautomerization by external stimuli. For example, Böckmann et al.199 studied the 

tautomerization properties of single porphycene molecules on a Cu(111) surface at 5 K using 

STM. The molecules exist in the trans-state on the Cu surface. However, many molecules were 

converted into the cis tautomer upon photoirradiation. Ladenthin et al. induced the cis ↔ cis 

tautomerization in a porphycene molecule placed on a Cu(110) surface through mechanical 

force, through a metallic tip close to a molecule at zero bias voltage.200 Recently, the 

intramolecular proton transfer rate in phthalocyanine molecules has been controlled by 

decreasing the tautomerization barrier via an electric field.201 

 As explained in Chapter 6, the Purcell effect influences the singlet electronic excited-

state dynamics and the probability of molecules crossing into the triplet states. Thus, it can be 

employed to tailor photoinduced tautomerization processes that occur in the excited states. In 

phthalocyanines, the orientation of the transition dipole moment (TDM) rotates by 90° upon 

tautomerization (Figure 7.2),202 which has been visualized by the combination of confocal 
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microscopy with higher-order laser beams, i.e., azimuthally polarization doughnut mode 

(APDM) and radially polarized doughnut mode (RPDM). 

7.3. Modulating Tautomerization by the Purcell Effect  

The influence of the Purcell effect on the dynamics of NH tautomerization of individual 

phthalocyanine tetrasulfonate (PcS4) molecules has been studied by placing PcS4 molecules 

embedded in PVA in the λ/2-microcavity described in Chapter 6. To study the correlation 

between the photophysical changes observed due to the Purcell effect and the dynamics of the 

NH tautomerization, consecutive confocal fluorescence images were acquired for single PcS4 

molecules embedded in PVA film in free space and inside the resonant cavity. For comparison, 

both APDM and RPDM were used as an excitation source. 

 Figure 7.4 presents a series of sequential fluorescence images for PcS4 molecules in free 

space. When molecules were excited with APDM, either a ring-like or double lobe pattern 

shapes were observed. The former pattern indicates that tautomerization can be faster, whereas 

the latter pattern shows that NH tautomerization in PcS4 can be slower than the image 

acquisition time. For instance, in Figure 7.4a (1), eleven single molecules were observed, and 

among them, two single molecules display ring-like patterns (indicated in green circles), and 

nine molecules display double-lobe features. The molecules that show the double-lobe pattern 

and do flip after successive scans are indicated by two-headed yellow arrows; this shows a 

change in the orientation of TDM of the same PcS4 molecule because of trans-trans 

tautomerization. A single PcS4 molecule did bleach after one scan, as is shown by a white arrow 

(Figure 7.4a, scan 1). 
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Figure 7.4. Successive fluorescence emission images of single PcS4 molecules in free space: 

(a) obtained using APDM and RPDM excitation. (b) Recorded with APDM (for another 

sample). Single molecules displayed double lobe pattern and flipped, as indicated with double-

headed arrows, while the green circles show molecules that undergo fast tautomerization (ring-

like pattern).  

 

 Chizhik et al.202 and Quabis et al.203 calculated intensity distribution of the electric field 

component of APDM and the RPDM in free space, focused using high objective lens. Their 

results confirmed that the APDM mode contains only in-plane components. However, the 

RPDM has both in-plane and longitudinal components (Figure 7.5).202 Thus, as demonstrated 

in Figure 7.4a (3), molecules excited with RPDM in free space display both spot-like and 

double-lobe features. Additional consecutive confocal fluorescence images for molecules 

embedded in PVA in free space, acquired with APDM excitation, are presented in Figure 7.4b. 
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Figure 7.5. The calculated electric field intensity distribution of RPDM and APDM in free 

space. Reprinted by permission from ref. 202. Copyright (2013) Royal Society of Chemistry. 

 

 In contrast to PcS4 molecules in free space, molecules placed inside a λ/2-microcavity 

display only a double lobe pattern for both RPDM and APDM excitations (Figure 7.6). Besides, 

the flipping of the double-lobe patterns is observed very rarely (double-headed arrows in Figure 

7.6), and no ring-like patterns were observed. These observations suggest that weak light-

matter coupling can be used to modulate the intramolecular proton transfer dynamics, which 

can be directly observed on the single molecule level. 

 

Figure 7.6. The influence of the Purcell effect on the NH tautomerization dynamics of single 

PcS4 molecules. Images of individual molecules placed in a λ/2-microcavity and obtained one 

after another: (a) acquired with RPDM and APDM, and (b) acquired with RPDM (for another 

sample).  

https://rcin.org.pl



81 | P a g e  
 

 

 Before presenting the statistical analysis of our results and discussing why 

tautomerization in PcS4 is less probable inside a microcavity, we shall discuss first why the 

fluorescence emission patterns are different for molecules studied in free space and inside a 

microcavity. Khoptyar et al.204 calculated the electric field intensity distribution of the APDM 

and the RPDM beams focused inside the center of λ/2 microcavity using a high NA objective 

lens. It was found that both RPDM and APDM beams have a maximum in-plane component 

in the center of the cavity. However, the RPMD beam displays no longitudinal component in 

the center of the λ/2 cavity. Because of this, we have observed only double lobe patterns in the 

case of images acquired inside a microcavity. 

 The observed spatial single-molecule emission features are classified into three 

categories: double-lobe not flipped, double-lobe flipped, and ring-like. The histogram shown 

in Figure 7.7 presents the contributions of the three patterns from 110 single molecules. For 

molecules in free space, 22% of single molecules display the change in TDM reorientation, 

while 8% of molecules show ring-like features. In contrast, for molecules placed inside the 

microcavity, only 6% of the single PcS4 molecules exhibit reorientation of the TDM during a 

consecutive scan. Moreover, ring-like patterns are not at all observed for PcS4 molecules placed 

inside the microcavity. This verifies that the tautomerization dynamics of single molecules can 

be modulated by the Purcell effect of an optical microcavity. 

 

Figure 7.7. A histogram showing single molecules (n = 110) that display double-lobe and ring-

like features for molecules embedded in PVA in free-space and inside a λ/2-microcavity. 
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 As explained above, the tautomerization mechanism and dynamics of phthalocyanine 

have many similarities with porphyrin. The ground state double proton intramolecular transfer 

reaction in porphyrin stops below 100 K. Nevertheless, the tautomerization can be initiated 

through light even at about 4 K.205 Recently, Doppagne et al. studied the tautomerization 

properties of individual phthalocyanine molecules employing the combination of STM and 

fluorescence spectroscopy, and they showed that the excited state of the molecule is involved 

in the tautomerization process. It has been claimed that the process takes place from the lowest 

triplet state.206 

 The triplet state quantum yield of tautomerization (taut) is given by: 

 ∅𝑡𝑎𝑢𝑡 =  ∅𝑇 ∙ 𝑘𝑟 ∙ 𝜏𝑇,     (7.1) 

where ∅𝑇, 𝑘𝑟, and 𝜏𝑇 are the triplet formation yield, the tautomerization rate, and the triplet 

lifetime, respectively. The triplet formation yield is given by: 

 ∅𝑇 = 𝑘𝐼𝑆𝐶 ∙ 𝜏𝑠,     (7.2) 

where 𝑘𝐼𝑆𝐶 and 𝜏𝑠 the intersystem crossing rate and the lowest excited singlet state lifetime. As 

described in Chapter 6, 𝜏𝑠 decreases when the molecule is placed in an optical microcavity 

(Figure 6.7). Thus, the triplet formation yield can be decreased inside a microcavity. This is 

also supported by the reduction of photobleaching and blinking (the details are given in Chapter 

6). As a result, tautomerization should be less probable. Nevertheless, one might ask whether 

the reduction of 𝜏𝑠 approximately by 50% through the cavity effect is enough to slow down the  

tautomerization dynamics to the degree observed in Figure 7.8. As the cavity does not influence 

𝜏𝑇, lowering of 𝜏𝑇 could not be the reason for the reduction of the triplet tautomerization 

quantum yield. A change in the tautomerization potential in the triplet state can also be a 

possible source of a lower ∅𝑡𝑎𝑢𝑡, as it results in a reduction of 𝑘𝑟. 

 

7.4. Conclusions 

 Confocal fluorescence microscopy with higher-order laser beams was used to study the 

tautomerization properties of single PcS4 molecules. This method allows us to observe 

transition dipole moment reorientation during trans-trans tautomerization in single PcS4 

molecules. The changes in fluorescence emission pattern of single PcS4 molecules embedded 

in PVA in free space and placed in a microcavity were compared by exciting with APDM and 

RPDM and we have observed a significant difference in the spatial fluorescence emission 
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patters of single molecules due to the cavity effect. We can modulate the photoinduced 

tautomerization properties of single phthalocyanine molecules via the Purcell effect of an 

optical microcavity. The cavity reduces the probability of molecules entering into the triplet 

state by enhancing the spontaneous emission rate. As a result, we have observed a significant 

slowing down of NH tautomerization in single PcS4 molecules. This suggests that in our single-

molecule method, we are probing the tautomerization reactions in the lowest triplet state. Our 

result opens a way to modulate photoinduced intramolecular reaction without external stimulus 

or changing the constitution of molecules, only by tuning the local density of optical states in 

an optical microcavity. 
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8. Summary and Outlook 

 For decades, chemists have been tailoring the physical and chemical properties of 

molecules by changing their chemical structure, conjugation, or constitution of atoms. For 

instance, a minor modification in the conjugation of organic molecules can dramatically change 

their ability to absorb and emit light. Obviously, chemical synthesis will continue to be widely 

used in modifying the properties of molecules due to its versatility and wide applications. 

Another approach is employing the concepts of cavity quantum electrodynamics, i.e., the 

phenomena of weak and strong light-matter coupling. Cavity quantum electrodynamics has 

been widely studied because of its practical applications in condensate physics, quantum 

cryptography, quantum computing, and nanophotonics. However, its potential for chemistry 

and material science has only recently started to be exploited. In this thesis, the spectral and 

photophysical properties, as well as excited state reactivity of molecules, were modulated using 

the vacuum electromagnetic field of an optical microcavity. For this purpose, voltage tunable 

microcavities were used, and molecular properties were studied at the ensemble and single-

molecule levels. 

 In the first project of this thesis, an IR-microcavity was designed to study the influence 

of strong coupling on IR-absorption properties of selected systems. First, the characteristic 

features of strong coupling such as Rabi splitting and anticrossing have been realized by 

coupling the intense C=O vibrational mode of methyl salicylate with the optical mode of the 

cavity. The coupling of more than one molecular vibration with the same cavity mode has also 

been observed. Then the dynamics of the multimode coupling have been described theoretically 

using coupled damped harmonic oscillators. The results uncovered that the best fit between the 

experimental and calculated spectra of the coupled system is found when: (i) the spectrally 

closest off-resonance molecular vibrations, in addition to the resonance condition, are 

considered, and (ii) the influence of absorption of uncoupled molecules and the simultaneous 

coupling of close off-resonant molecular vibrations are taken into account. 

 In the stable methyl salicylate isomer, the phenolic O-H is intramolecularly hydrogen-

bonded to the C=O group (Figure 8.1). Due to this, excited state intramolecular proton transfer 

(ESIPT) process can occur upon photoexcitation. Methyl salicylate behaves like a three energy 

levels system containing the ground state, the “normal” (MS), initially excited state (MS*), and 

the tautomer excited state (MSt*); Figure 8.1. MS shows a dual fluorescence, i.e., a normal 

emission at 350 nm and tautomer emissions at 450 nm that arise from the initially excited 

(MS*) and the tautomer excited (MS*t) states, respectively. Thus, one could study in the future 
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the influence of the multimode coupling reported in this work on the ESIPT properties of 

methyl salicylate.  

 

Figure 8.1. Excited state intramolecular proton transfer processes in methyl salicylate. Upon 

photoexcitation at 308 nm, methyl salicylate shows dual fluorescence, i.e., the normal emission 

at 350 nm and the tautomer emission at 450 nm that arise from the initially excited (MS*) and 

tautomer excited (MS*t) states, respectively.  

 

 Substantial time and efforts were invested to detect vibrational polaritons in selected 

systems in a liquid phase (methyl salicylate and benzonitrile) from the Raman scattering of the 

coupled systems. However, the polaritonic states were not visible in the Raman spectra, even 

though they can be detected in the transmission spectra of the same coupled system. 

Furthermore, the Raman scattering properties of polyvinyl acetate (PVAc) were studied under 

vibrational strong coupling regime, employing various polymer-spaced microcavities. When 

the PVAc film was placed in-between 10 nm Ag mirrors or 30 nm Ag bottom and 10 nm Ag 

top cavity mirrors, two new peaks were observed in the Raman spectra of the coupled system. 

However, separating the PVAc film from the top mirror with a thin layer of Cr gives spectral 

features similar to those observed for a reference PVAc sample. Hence, the new peaks observed 

in the Raman spectra of the coupled system are due to the SERS enhancement effect of the 

cavity mirrors. Additional experiments and literature comparisons confirmed that the SERS 

signals arise mainly from the toluene residue used to dissolve PVAc. 

  From the Raman scattering results, it was anticipated that the fraction of uncoupled 

molecules in the cavity volume dominates over the molecules hybridizing with the cavity 

mode. Due to this, the polaritonic states were not probed from the Raman scattering signal of 

the coupled system. Hence, one might plan to study the Raman scattering properties of 

molecules under ultrastrong vibrational coupling. When the Rabi splitting increases, the 
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number of molecules coupling with the cavity mode also increases. Thus, the likelihood of 

detecting Raman scattering arising from vibrational polaritons is higher in the case of 

ultrastrong coupling. 

 In the third project of this work, we have investigated the influence of weak light-matter 

coupling on the blinking dynamics, the photobleaching properties, and the NH tautomerization 

dynamics of single phthalocyanine tetrasulfonate (PcS4) molecules. The experiments 

performed included fluorescence microscopy imaging of individual molecules, time-resolved 

fluorescence studies, and optical imaging of tautomerization using higher-order laser beams as 

an excitation source. In order to study the effect of the Purcell effect on photophysical and the 

intramolecular proton transfer dynamics of single PcS4 molecules, the changes in the 

fluorescence time traces and the reorientation transition dipole moment due to tautomerization 

were compared for PcS4 molecules embedded in PVA in free space and inside a λ/2-

microcavity. The results show that fluorescence intermittency, photobleaching, and 

photoinduced intramolecular proton transfer reaction of individual molecules become less 

likely in the case of molecules placed in a resonant cavity. The main reason for these 

observations is the enhanced spontaneous emission rate due to modification of the local optical 

density of states in the microcavity, which reduces the transitions of individual molecules to 

the triplet state. This unveils that weak light-matter coupling can steer photophysical and 

photoinduced chemical reactions that occur in the triplet state to the desired direction. One can 

envision that the photostability results may find applications in the design of efficient single-

photon sources, whereas the ability to switch ON and OFF double proton transfer reactions at 

will by an optical microcavity could be utilized in molecular electronics. 

 The effects of strong coupling on the photostability and photoinduced intramolecular 

reaction of single molecules could be investigated in future work and compared with the results 

presented in this thesis. Since polaritonic states are hybrid states of the cavity photon and 

exciton, their relaxation rate should be faster than the intersystem crossing rate. Thus, the 

polaritonic states formed by electronic strong coupling could reduce the population of the 

triplet states. Consequently, the probability of observing photochemical, photophysical, and 

intramolecular processes in the triplet state from the coupled system could be lowered. To 

perform such type of experiments effectively, perhaps one has to employ plasmonic cavities as 

a coupling medium. 

 Finally, the results obtained in this thesis demonstrate that light-matter interaction 

phenomena inside a microcavity have the full potential to be used as a standard tool in 

modulating molecular properties and mitigating unwanted photoinduced chemical reactions. 
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However, to fully utilize these phenomena, many experimental and theoretical researches 

should be performed in the future to establish the theory of molecules—cavity interaction and 

its applications in the broader contexts of chemical and material sciences. 
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