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Abstract 

Fluorescent organic molecules have found tremendous interest in modern photonics, 

sensing, and life sciences due to their sensitivity to the local chemical and photonic 

nano-environment. However, understanding the underlying photochemical and 

photophysical mechanisms remains challenging, as conventional ensemble 

spectroscopic methods often obscure critical details arising from inherent structural 

heterogeneity and dynamic processes. Single-molecule spectroscopy overcomes 

these limitations by directly probing the individual molecular behaviors in complex 

nano-environments.  

In this thesis, a spectroscopic-computational framework is established, centered on a 

fundamental study of single-molecule tautomerization in the prototypical organic dye: 

hypericin. Tautomerization, driven by proton migration via quantum tunneling, leads to 

interconversion between distinct structural isomers (tautomers). By combining 

polarization-resolved single-molecule confocal microscopy with quantum-chemical 

calculations, this methodology allows the spatial determination of transition dipole 

moments (TDMs) and the unambiguous identification of individual tautomeric species. 

Furthermore, the tautomerization rates can be tailored both chemically, via different 

polymer hosts and isotope effects, and photonically, using a /2 Fabry-Pérot 

microcavity. 

Beyond hypericin, this combined spectroscopic-computational methodology is 

successfully extended to two further applications: (i) investigating complex excited-

state photokinetics in a stimulus-responsive donor-acceptor-donor (DADn) system, 

and (ii) elucidating surface-enhanced Raman scattering (SERS) in rhodamine 6G 

(R6G) confined within nanoparticle-on-mirror (NPoM) geometries. These case studies 

highlight the versatility and robustness of this approach, offering valuable insights into 

the design of functional molecular systems and paving the way for broader 

applications in nano-photonics, including but not limited to SERS and related optical 

platforms. 



 

 
viii 

Zusammenfassung 

Fluoreszierende organische Moleküle besitzen, aufgrund ihrer einzigartigen 

Sensitivität gegenüber lokalen chemischen und photonischen 

Umgebungsbedingungen, eine herausragende Bedeutung für moderne photonische 

Technologien, Sensoranwendungen und lebenswissenschaftliche Fragestellungen. 

Die detaillierte Aufklärung der zugrundeliegenden photophysikalischen und 

photochemischen Prozesse stellt jedoch nach wie vor eine zentrale wissenschaftliche 

Herausforderung dar, da konventionelle Ensemble-spektroskopische Methoden durch 

strukturelle Heterogenitäten und komplexe dynamische Prozesse bedingte 

Schlüsselphänomene häufig nicht auflösen können. Die Einzelmolekül-Spektroskopie 

überwindet diese Einschränkung, indem sie das Verhalten einzelner Moleküle in 

komplexen Nano-Umgebungen direkt zugänglich macht. 

Im Rahmen dieser Doktorarbeit wird ein innovativer, methodenintegrativer Ansatz 

präsentiert, der spektroskopische Untersuchungen mit quantenchemischen 

Berechnungen kombiniert. Den konzeptionellen Kern bildet dabei eine fundamentale 

Studie zur Tautomerisierung des prototypischen organischen Farbstoffs Hypericin auf 

Einzelmolekülebene. Dieser durch protonengekoppelten Elektronentransfer via 

Quantentunneln getriebene Prozess führt zur reversiblen Umwandlung zwischen 

verschiedenen strukturellen Isomeren (Tautomeren). Durch die Entwicklung einer 

polarisationsaufgelösten konfokalen Einzelmolekül-Fluoreszenzmikroskopie in 

Kombination mit hochgenauen quantenchemischen Rechnungen gelingt erstmals 

sowohl die präzise räumliche Bestimmung der Übergangsdipolmomente (TDM) als 

auch die eindeutige spektroskopische Identifikation individueller Tautomere. 

Besonders bemerkenswert ist die demonstrierte Möglichkeit, die 

Tautomerisierungsraten sowohl durch chemische Modifikationen (Variation der 

Polymermatrix und Isotopeneffekte) als auch durch photonische Kontrolle mittels /2-

Fabry-Pérot-Mikroresonatoren gezielt zu steuern. 

Das hier entwickelte Verfahren wurde anschließend erfolgreich auf zwei weitere 

Fragestellungen angewandt: (i) die Untersuchung komplexer angeregter 
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Photokinetiken in einem stimuli-responsiven Donor-Akzeptor-Donor-(DADn)-System 

und (ii) die Analyse der oberflächenverstärkten Raman-Streuung (SERS) von 

Rhodamin 6G (R6G) in einer Nanopartikel-auf-Spiegel-(NPoM)-Anordnung. Diese 

Fallstudien unterstreichen die Vielseitigkeit und Robustheit des entwickelten Ansatzes, 

der nicht nur wertvolle Einblicke in das Design funktionaler molekularer Systeme bietet, 

sondern auch ein großes Potenzial für zukünftige Anwendungen in der Nano-Photonik, 

insbesondere im Bereich SERS und verwandter optischer Plattformen, aufzeigt.
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2. Objectives and Expected Outcomes  

2.1  Motivation  

The development of single-molecule microscopy and spectroscopy has been driven 

by the desire to observe and characterize the individual nanoscale behavior of single 

molecules in complex environments. Conventional ensemble measurements, which 

average over large populations of (presumed identical) molecules, have long limited 

the ability to resolve molecular heterogeneity. In contrast, a single molecule can serve 

as a local reporter of its “nano-environment”; and this allows the construction of the 

actual distribution of experimental parameters. Such distributions reveal deeper 

mechanistic insights into the underlying nano-environmental effects, especially when 

the system under study is sensitive to the local environment. This advantage is 

particularly critical for fluorescent organic dyes, which respond susceptibly to nano-

environmental effects, such as the change in temperature, polarity[5] or pH,[6,7] as well 

as the presence of ions,[8] aggregation,[9] and other nano-environmental factors[6,10]. 

Environmental effects directly influence the nature of the emitting state, and hence its 

fluorescence decay characteristics.  

In this context, single-molecule spectroscopy becomes a powerful tool. It enables the 

optical excitation of the specific molecule of interest, and the observation of an 

individual molecule embedded in condensed matter.[11] Single-molecule spectroscopy 

not only reveals static heterogeneity, which stems from distinct probe-environment 

interactions, but also uncovers dynamic heterogeneity arising from conformational and 

structural interconversions within individual molecules. The ability to detect such 

dynamics at the single-molecule level enables the direct observation of short-lived 

intermediates and rare kinetic events that are otherwise hidden in ensemble 

experiments.[11] 
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However, a comprehensive investigation requires systems with pronounced nano-

environmental sensitivity and well-defined structural motifs. Hypericin, a naturally 

occurring photoactive pigment with a complex landscape of conformational and 

structural (tautomeric) isomerization, represents an ideal model system. Its excited-

state dynamics is inherently sensitive to proton migration and structural 

rearrangements, which can be further modulated by chemical or photonic nano-

environments. This sensitivity makes hypericin an excellent prototype for 

systematically investigating how nano-environmental factors regulate single-molecule 

structural dynamics. 

To address this challenge, this thesis develops and validates a spectroscopic-

computational framework designed to directly access the structural dynamics of 

individual molecules, using hypericin as a model system. By integrating state-of-the-

art single-molecule confocal microscope and spectroscopy with environment-

embedded quantum-chemical modeling, we aim not only to resolve the distinct 

structural variations and their photokinetics but also to control such dynamics through 

rational nano-environmental engineering. The developed methodology is envisioned 

to be broadly applicable to a wider class of functional molecular systems beyond 

hypericin, including stimuli-responsive molecules and other nanoscale spectroscopic 

platforms, such as surface-enhanced Raman scattering (SERS). 

2.2  Scope of This Thesis  

This thesis is centered on the development, validation, and applications of a 

spectroscopic-computational approach to gain a comprehensive understanding of 

nano-environmental effects on the optical responses of environment-sensitive probes. 

This combined framework bridges high-resolution confocal microscope and 

spectroscopy with state-of-the-art quantum-chemical modeling to achieve single-

molecule insights. 

Chapter 3 starts with an overview of the principles of photophysics. Moreover, it covers 

fundamental concepts of single-molecule confocal microscope and spectroscopy, 

including antibunching, time-correlated single photon counting (TCSPC), higher-order 

laser modes, and microcavities. It also outlines the theoretical foundations of 
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computational chemistry, covering representative methods such as Hartree-Fock (HF), 

density functional theory (DFT), and molecular dynamics (MD). 

Chapter 4 constitutes the core of this thesis, showcasing practical applications for 

probing single molecules (systems) under a wide range of conditions, from cryogenic 

to ambient temperatures, and from free-space environment to optical cavities.  

Section 4.1 establishes a spectroscopic-computational approach using hypericin as a 

model system, focusing on the quantitative characterization of its stereochemistry, 

photophysics and photochemistry at the single-molecule level. This section 

demonstrates the direct observation of tautomerization, which involves proton 

migration along the molecular perimeter. By systematically tailoring the local chemical 

and photonic nano-environment, the tautomerization rate is effectively modulated. 

Computational studies complement the experimental findings by providing 

mechanistic insights into the associated photophysical and photochemical processes, 

including geometries and energies for different isomers, potential energy surfaces, 

transition states and the tautomerization pathways.  

Section 4.2 applies this spectroscopic-computational methodology to a stimulus-

responsive system of donor-acceptor-donor (DADn) triads with flexible  spacer 

lengths, addressing its complex excited-state photokinetics. These molecules exhibit 

two distinct conformations, i.e. extended and stacked forms, whose interconversion 

responds dynamically to their local environment. Molecular dynamics (MD) 

simulations have been used to elucidate the competition between the radical ion pair 

and the exciplex formation. Furthermore, quantum-chemical calculations provide 

further insight into the geometries, electronic properties and optical responses. This 

quantitative insight is essential for the rational design of novel exciplex-based 

materials applicable to sensing, OLEDs, and lasing. 

Section 4.3 further illustrates the versatility of this spectroscopic-computational 

framework by extending its application to surface-enhanced Raman scattering (SERS) 

systems. Specifically, a computational case study on rhodamine 6G (R6G) molecules 

confined in a nanoparticle-on-mirror (NPoM) geometry is presented. Raman 

spectroscopy is a powerful analytical technique that provides a molecular vibrational 

“fingerprint”. Its sensitivity is greatly enhanced through plasmonic nano-structures. 
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This study employs a cluster model to elucidate the origins of the Raman response, 

and polarization-dependent enhancements observed at individual NPoM “hot spots”. 

Theoretical modeling provides essential insights into local field effects, vibrational 

mode assignment, and SERS selectivity. This work not only validates the 

generalizability of this methodology but also showcases its potential for exploring 

structure-property relationships in a broader class of nano-photonic systems. 
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3.  Introduction of Methods 

3.1  Principles of Molecular Photophysics 

Photoluminescence refers to any emission of light that occurs from electronically 

excited states.[12] Depending on the nature of the involved excited state, 

photoluminescence is formally divided into two categories: fluorescence and 

phosphorescence. For molecules with a singlet ground state (GS or S0), fluorescence 

refers to the radiative transitions from an excited singlet state (Sn, spin-allowed), 

whereas phosphorescence is observed in the deactivation of triplet states (Tn, spin-

forbidden). 

3.1.1  Organic Conjugated Systems 

Fluorescence is commonly observed in conjugated polycyclic aromatic hydrocarbons 

(PAHs), where molecules are electronically excited by absorbing light at a certain 

wavelength (usually in the UV or visible range), followed by emission at a longer 

wavelength. This phenomenon was first observed by Sir J. F. W. Herschel, who 

reported the fluorescence in sunlight of quinine, a naturally occurring fluorophore 

found in tonic water.[13] Many other natural or synthetic fluorophores are encountered 

in research and daily life. For instance, anthracene and perylene are widely used for 

environmental monitoring of oil pollution, while rhodamine 6G (R6G) and fluorescein 

are frequently used in dye lasers as the gain media to create the stimulated emission. 

Conjugation arises from networks of sp2-hybridized carbon atoms featuring adjacent 

and overlapping p-orbitals, perpendicular to the molecular backbone. This -electron 

delocalization over alternating single and double bonds forms an extended 

conjugation system, which is effectively described by the linear combination of atomic 

orbitals (LCAOs) framework.[14] In a simple one-electron (de)excitation scheme, the 

transition generally occurs between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO).[15] This HOMO-LUMO energy 
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gap typically ranges a few electron volts (eV), allowing the absorption and emission of 

light at visible and near-infrared wavelengths depending on the conjugation length. 

The transition between two electronic states is governed by the transition dipole 

moment (TDM, 𝜇⃗if), which is non-zero if the transition is allowed. The TDM is defined 

as the matrix element between the initial (i) and final (f) state wavefunctions i and f 

𝜇⃗if = ⟨Ψi,el|𝜇̂|Ψf,el⟩⏟        

electronic

⟨Ψi,sp|Ψf,sp⟩⏟      

spin

⟨Ψi,vib|Ψf,vib⟩⏟        

vibrational

(3‐1)
  

where 𝜇̂  is the dipole moment operator. This expression can be factorized into 

contributions from electronic, spin, and vibrational operators.  

The corresponding oscillator strength (𝑓), quantifying the transition probability, is given 

by  

𝑓 = 3.408 × 1056[eV−1C−2m−2]𝐸A,vert ∙ 𝜇⃗
2 (3‐2) 

where EA,vert is the vertical transition energy expressed in electron volts (eV). 

The selection rules, essential for differentiating between allowed and forbidden 

transitions, can be derived directly from the electronic, spin, and vibrational 

components in Equation (3-1). 

The symmetry selection rule states that a transition is allowed if the irreducible 

representations Γ of the initial Γi, the final Γf and the dipole operator Γ𝜇  contain the 

totally symmetric element, 

Γ = Γi ∙ Γ𝜇 ∙ Γf (3‐3) 

The symmetry selection rule may be violated by vibrations (Herzberg-Teller 

coupling).[16] 

The spin selection rule permits only transitions between states with identical spin 

multiplicities (M=2s+1), that is, only Sm↔Sn and Tm↔Tn are allowed, while singlet-

triplet (Sm↔Tn) transitions are theoretically forbidden. However, such transitions may 

occur via spin-orbit coupling (SOC), particularly in systems (i) containing heavy atoms 
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such as bromine and iodine, or (ii) via an El-Sayed allowed process, where the 

wavefunctions of the initial and final states exhibit different (orthogonal) orbital 

characters. The latter is often observed in a twisted geometry with perpendicular 

molecular orbitals, making transitions 

(𝑛, 𝜋∗)1 ↔ (𝜋, 𝜋∗)3         (𝑛, 𝜋∗)3 ↔ (𝜋, 𝜋∗)1 (3‐4) 

allowed, while transitions 

(𝑛, 𝜋∗)1 ↔ (𝑛, 𝜋∗)3         (𝜋, 𝜋∗)1 ↔ (𝜋, 𝜋∗)3 (3‐5) 

are forbidden. Here, n is a non-bonding lone-pair orbital, and (*) refers to a(n) 

(anti-)bonding  orbital. 

Other less restrictive rules are non-zero differential overlap and alternant pairing. 

The former concerns the so-called charge-transfer (CT) transitions or n→* transitions, 

where weak intensities appear due to the limited spatial overlap between the 

participating molecular orbitals. 

3.1.2  Jablonski Diagram 

The photophysical (and photochemical) processes that may occur after 

photoexcitation are usually visualized in a Jablonski diagram (see Figure 3-1). This 

diagram illustrates the singlet ground (S0), the first and higher excited singlet states 

(S1, Sn) and triplet states (T1, Tn). Each electronic state comprises a manifold of 

vibrational sublevels, labeled by their vibrational quantum numbers ( = 0, 1, 2, …). 

Absorption, fluorescence and phosphorescence (radiative processes) are represented 

by straight arrows, while non-radiative processes such as vibrational relaxation (VR), 

internal conversion (IC), intersystem crossing (ISC), and reverse intersystem crossing 

(RISC) are indicated by wavy arrows.  
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Figure 3-1: Jablonski diagram illustrating the key photophysical and photochemical processes 
in organic molecules. The diagram shows singlet (S0, S1,…, Sn) and triplet states (T1,…, Tn), 

along with their vibrational sublevels ( = 0, 1, 2, …). Radiative processes (absorption (Abs), 
fluorescence (FL) and phosphorescence (PH)) are shown as by straight arrows, while non-
radiative processes (internal conversion (IC), with subsequent vibrational relaxation (VR), 
(reverse) intersystem crossing (ISC, RISC) are indicated by wavy arrows. Quenching (Q) and 
photoreaction (PR) are also included to represent possible photochemical pathways. 
Reproduced with permission from J. Gierschner et al., Adv. Optical Mater. 2021, 9, 2002251,[9] 
with the permission of © Wiley‐VCH. 

Light absorption (Abs, ca. 10-15 s) occurs vertically (Franck-Condon principle) as the 

electronic excitation is much faster than the geometrical (or nuclear) reorganization 

(Born-Oppenheimer approximation[17]). Upon photoexcitation to an excited state Sn, 

the molecule rapidly relaxes to the lowest vibrational quanta (=0) of the same state 

by (thermal) vibrational relaxation (VR, ca. 10-13 s or less) through energy dissipation 

to the surroundings. Internal conversion (IC, ca. 10-8-10-13 s) for Sn→Sn-1 is usually fast 

due to the small energy separations between the excited states until the S1 is reached. 

As the energy gap between S1 and S0 is typically much larger, IC is much slowed down 

compared to that for higher excited states, making fluorescence (FL, ca. 10-4-10-9 s) a 

competitive pathway.  

Under steady-state conditions, fluorescence from higher excited states is hardly 

observed, as explained by Kasha's rule, which states that photon emission 

(fluorescence or phosphorescence) occurs in an appreciable yield only from the lowest 

excited state of a given multiplicity.[18] Notable exceptions exist, such as azulene and 

https://doi.org/10.1002/adom.202002251


Introduction of Methods 

 
Page | 12 

its derivatives, which display observable S2 fluorescence due to their unusual 

electronic structures.[19-21] Specifically, the large S2-S1 energy gap suppresses IC, 

while the relatively small S1-S0 gap facilitates rapid IC, allowing S2 emission to 

compete effectively.  

Molecules in S1 may also undergo intersystem crossing (ISC, ca. 10-3-10-12 s) to an 

acceptable triplet state Tacc, if the condition for an effective spin-orbit coupling (SOC) 

is fulfilled. Once in the triplet manifold, similar internal conversion (IC) and vibrational 

relaxation (VR) processes occur, and phosphorescence (T1→S0) may be observed. 

Phosphorescence is typically red-shifted and exhibits much longer lifetimes than 

fluorescence due to the spin-forbidden nature of the transition. Additionally, reverse 

intersystem crossing (RISC) can return the molecule from the triplet manifold back to 

S1, particularly in thermally activated delayed fluorescence (TADF) systems.[22,23]  

The excess energy can also be transferred to other molecules via photophysical 

and/or photochemical processes. Photophysical processes involve transitions where 

the molecular identity is preserved, while photochemical processes convert a molecule 

into another chemical species. The latter includes quenching (Q) by photoinduced 

energy or electron transfer in the presence of appropriate quenchers, and possible 

photoreactions (PR) such as photocyclization, tautomerization. 

3.1.3  Fluorescence Rate, Fluorescence Lifetime and 

Quantum Yield 

Fluorescence emission is inherently stochastic, as each molecule independently emits 

photons. Among the key photophysical parameters, fluorescence lifetime and 

quantum yield are most commonly used to characterize the excited-state behavior of 

molecules. 

The fluorescence lifetime describes the average residence time in the excited state, 

either for a single molecule monitored individually or for an ensemble of identical 

molecules, averaged collectively. For a fluorophore exhibiting a single-exponential 

decay, the time-dependent fluorescence intensity is given by 

𝐼(𝑡) = 𝐼0𝑒
−𝑡/𝜏F (3‐6) 
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where I0 is the initial intensity at t=0, and F denotes the fluorescence lifetime.  

Typical fluorescence lifetimes range from a few to several hundred nanoseconds (ns), 

while phosphorescence lifetimes range from microseconds (µs) up to milliseconds 

(ms), and some even up to seconds (s). The lifetime in the absence of non-radiative 

processes is called the intrinsic or natural lifetime 0, and it is given by 

𝜏0 =
1

𝑘r
(3‐7) 

where kr is the radiative rate. Both radiative (kr) and non-radiative (knr) rates contribute 

to the deactivation of the excited state. The observable fluorescence lifetime F is 

accordingly reduced to 

𝜏F =
1

𝑘r + 𝑘nr
(3‐8) 

The fluorescence quantum yield ΦF, which is defined as the ratio of radiative decay to 

total decay 

ΦF =
𝑘r

𝑘r + 𝑘nr
(3‐9) 

Non-radiative processes (knr) include internal conversion (IC) with subsequent 

vibrational relaxation (VR), intersystem crossing (ISC) to the triplet manifold, 

quenching (Q) by appropriate quenchers, and/or possible photochemical reactions 

(PR).  

𝑘nr = 𝑘IC + 𝑘ISC + 𝑘𝑄 ∙ 𝑐𝑄 + 𝑘PR (3‐10) 

where kIC and kISC denote the rates of IC and ISC, respectively; and kQ and cQ refer to 

the quenching rate and the quencher concentration, respectively. For rigid molecular 

systems, kIC can often be described reliably within Fermi’s golden rule (FGR, vide 

infra). However, in flexible ("floppy") molecules, the non-radiative pathways may 

become highly sensitive to subtle geometric or electronic changes. In such cases, 

conical intersections (CI) must be explicitly considered, as they may dominate the 
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deactivation dynamics of the excited state by providing a barrierless and ultrafast route 

for internal conversion (for further details, see Ref.[24-26] and literature cited therein). 

3.1.4  Environmental Effects 

The photophysical and photochemical properties of fluorescent molecules are highly 

sensitive to their nano-environment, where both radiative (kr) and non-radiative (knr) 

rates are profoundly affected by various factors. These include temperature, pressure, 

viscosity, solvent polarity and relaxation dynamics, free volume of the polymer host, 

specific intra- and intermolecular interactions (e.g. hydrogen bonding), proton transfer, 

photochemical reactions (e.g. photoisomerization, quenching), oxygen permeability of 

the polymer host, isotope effects, and modifications of the local optical environment. 

These (nano-)environmental effects regulate key fluorescence characteristics such as 

(i) spectral position and bandwidth, (ii) fluorescence intensity, (iii) fluorescence lifetime 

F, (iv) quantum yield F, (v) photostability and (vi) fluorescence intermittency 

(photoblinking). 

Fluorescence Intensity and Quantum Yield 

The fluorescence intensity and the fluorescence quantum yield F are highly sensitive 

to the competition between radiative (kr) and non-radiative (knr) pathways. Different 

polymer hosts produce different chemical environments in terms of polarity, rigidity, 

free volume, and specific probe-host interactions. In particular, rigid matrices can 

suppress non-radiative channels, leading to enhanced fluorescence intensity and 

increased quantum yields.[9,27-35] On the other hand, polarity alters the electronic state 

ordering and vibrational coupling, either promoting or hindering non-radiative 

pathways depending on the molecular structure.[9,36] Furthermore, specific interactions 

such as hydrogen bonding have been recognized as an effective promoter of non-

radiative decay via facilitating internal conversion (IC). Hydrogen-bond-assisted 

relaxation channels typically result in shortened fluorescence lifetimes and 

substantially reduced quantum yields.[37-40]  
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Spectral Position and Band Shape 

Unlike atomic spectra with sharp lines, molecular electronic absorption and emission 

spectra show vibronic progressions due to vibronic coupling, i.e. interactions between 

electronic and vibrational degrees of freedom. These features become particularly 

evident under cryogenic spectroscopy, where environmental fluctuations are 

minimized, allowing resolution of narrow zero-phonon lines and vibronic fine 

structure.[14,41,42]  

In solution or in the solid state at room temperature, both static and dynamic molecular 

fluctuations (e.g. conformational heterogeneity and solvent interactions) broaden the 

individual vibronic lines so that they overlap to form broad, asymmetric bands.[43-47] 

This spectral broadening arises from two principal contributions: inhomogeneous and 

homogeneous broadening.[42,44-46,48,49]  

Inhomogeneous broadening stems from static heterogeneities in local molecular 

environments, causing a distribution of transition energies across the ensemble. For 

example, in disordered polymer hosts or liquid solutions, molecules experience 

diverse local electric fields, which shift the ground and excited states differentially, 

resulting in spectral heterogeneity.[50,51] In contrast, crystalline hosts provide highly 

uniform local environments and conformations, significantly narrowing the 

inhomogeneous line widths.[42] In polar environments, large fluctuations in local fields 

further amplify such inhomogeneous broadening.[51,52] 

On the other hand, homogeneous broadening originates from the finite coherence 

lifetime (coh) of the excited state, which is fundamentally determined by the excited-

state lifetime (ex) and the dephasing time (deph). The former ex is given by Fermi’s 

golden rule and depends on the square of the transition dipole moment (TDM) and the 

optical mode density (vide infra). The latter deph quantifies the frequency of 

perturbations, i.e. dynamic environmental heterogeneities, such as solvent collisions, 

phonons, or local field fluctuations. The shorter the deph is, the broader the 

homogeneous line width becomes. At cryogenic temperatures, environmental 

fluctuations are suppressed, deph becomes long, and homogeneous broadening is 

primarily limited by ex, leading to very sharp zero-phonon lines.[48,49,53]  
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Beyond these broadening mechanisms, the vibronic spectral band shape is further 

governed by the strength of vibronic coupling, which includes both linear and quadratic 

contributions.[9] Within the first-order perturbation approximation, linear vibronic 

coupling follows Fermi’s golden rule 

𝑃if =
2𝜋

ℏ
⟨Φi|𝐻

′|Φf⟩
2𝜌(𝐸f) (3‐11) 

where Pif is the transition probability, H' the perturbation operator, and (Ef) the density 

of vibrational final state with the energy Ef.[9] Vibronic coupling strength of a given 

mode is large if the geometrical changes upon photoexcitation coincide with the 

normal coordinates of that vibration.[54-56]  

To illustrate the interplay of vibronic coupling and environmental broadening, we 

consider stilbene and cyanine dyes, both of which possess identical resonance 

structures. Stilbene (a polyene-like molecule) exhibits significant change in bond 

length alternation (∆BL) between its ground and excited states, leading to a large 

vibronic coupling and broad vibronic structures. In contrast, cyanine dyes possess 

nearly identical ground- and excited-state geometries owing to equivalent resonance 

structures, resulting in narrow-band emission,[57] an example of minimized vibronic 

coupling and homogeneous broadening. However, this non-alternating situation in 

cyanine can be violated by ion-pairing effects in nonpolar solvent.[57-59] For example, 

the proximity of counterion Br⊖ induces asymmetric polarization in the polymethine 

backbone, significantly increasing the ∆BL, and consequently broadening the 

spectrum.[57] A similar yet milder broadening is observed in rhodamine 6G (R6G, a 

xanthene dye), due to its inherently localized structural relaxation upon photoexcitation 

(for further details, see Section 4.3.1).[60,61] 

At ambient temperatures, quadratic vibronic coupling and solvent relaxation dominate, 

collapsing fine vibronic features into overlapping Gaussian-shaped spectra. These 

bands typically exhibit a full width at half maximum Gaussian width (FWHM, G) of 

approximately 0.07 eV, giving rise to characteristic asymmetric broad emission 

observed at room temperature.[9,43-47,57,62,63] Simultaneously, extensive structural 

reorganization upon photoexcitation induces pronounced Stokes shifts,[64,65] typically 
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observed around 1500 cm-1 in rhodamine dyes and up to 6000 cm-1 for laser dyes 

such as DCM2.[66] 

Excimers and exciplexes: In concentrated solutions, molecules may form excimers 

or exciplexes. An excimer, as defined by J. B. Birks, is a molecular dimer which is 

associated in an excited electronic state but is dissociative (i.e. would dissociate in the 

absence of external restraints) in its electronic ground state.[67] Pyrene and its 

derivatives are classical examples,[68-70] showing a broad, structureless excimer band 

(D-band, ~480 nm) that progressively dominates over the well-resolved monomer 

fluorescence (M-band, 350-400 nm) as the concentration increases.[71-73] The 

unstructured and red-shifted nature of the excimer emission originates from strong 

inter-molecular vibrational coupling and geometry relaxation within the excimer 

state.[74] On the other hand, an exciplex, classified as either intra- or inter-molecular, 

is an excited-state complex formed between two chemically distinct species. Such 

complexes are often referred to as exciplex complexes, and typically involve donor-

acceptor interactions.[67,74-76] 

Photonic Modifications 

Photonic nano-environments play a crucial role in modulating fluorescence properties 

via the Purcell effect. By embedding molecules into Fabry-Pérot microcavities (Section 

4.1) or plasmonic nanocavities (Section 4.3), the local density of states (LDOS) is 

altered. This allows selective modification of the radiative rate kr without affecting non-

radiative channels knr, leading to tunable fluorescence lifetimes and quantum yields. 

The enhanced kr suppresses intersystem crossing (ISC) to triplet states, thus 

improving photostability (the survival time) by reducing triplet-state-mediated 

photobleaching and other photoreactions originating from triplet states. Such photonic 

control has been applied to tailor excited-state dynamics without chemical modification. 

 

2 Laser dye DCM: 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)- 4H-pyran. 
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Ensemble vs. Single-Molecule Observables 

Ensemble-averaged spectroscopy reports statistical mean values of photophysical 

parameters such as fluorescence lifetime and quantum yield by integrating signals 

from a large number of molecules. This typically results in Gaussian distributions of 

observables that often obscure the underlying heterogeneity originating from diverse 

local nano-environments.[77] Consequently, information about molecular sub-

populations or rare events is lost, and the measured values only reflect the statistically 

averaged behavior. 

In contrast, single-molecule spectroscopy overcomes this limitation by directly 

resolving the photophysical and photochemical behaviors of individual molecules. 

Distributions of fluorescence intensity, lifetime, quantum yield, and spectral features 

(spectral shifts, line widths, and vibronic structures) become experimentally accessible 

observables, offering valuable insight into nano-environmental heterogeneity.[78-80] A 

characteristic feature of single-molecule fluorescence is photoblinking, originating 

from the transition between dark and bright states. Moreover, fluorescence intensity 

varies significantly among different emitters due to orientation-dependent excitation 

efficiency, determined by the angle between the molecular transition dipole moment 

(TDM) and the excitation field 𝐸⃗⃗. Fluctuations in fluorescence properties (fluorescence 

intensity, spectral diffusion[81]) reflect the dynamic changes of the local nano-

environment and may reveal possible processes such as conformational isomerization, 

photochemical reactions (vide infra, see Section 4.1). All these factors contribute to 

broad, non-Gaussian and often skewed fluorescence intensity distributions. Notably, 

in weakly emissive or strongly quenched single-molecule systems, signal 

enhancements via microcavities or plasmonic nanostructures are frequently required 

to enhance the radiative rate (kr) via the Purcell effect.[82-85] 

On the other hand, single-molecule quantum yields are generally lower than ensemble 

averages due to nano-environmental heterogeneity and statistical effects.[83,86] 

Therefore, a major challenge in single-molecule studies arises in the determination of 

absolute quantum yields. Unlike ensemble measurements, where the fluorescence 

quantum yield can be directly determined from the ratio of emitted (Nem) to absorbed 

(Nabs) photons, single-molecule experiments suffer from uncertainties in local 
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excitation intensity and absorption cross-section. Therefore, single-molecule quantum 

yields are usually estimated indirectly from measured fluorescence lifetimes and 

relative brightness, often requiring reference systems or theoretical modeling to obtain 

semi-quantitative estimates.[87]  

3.2  Single-Molecule Imaging and Spectroscopy 

The state-of-the-art single-molecule confocal microscope and spectroscopy offer 

outstanding sensitivity, stability, and spatial resolution, enabling direct observation of 

photophysical and photochemical processes at the single-molecule level. Compared 

to ensemble-averaged techniques, single-molecule measurements reveal not only 

sharper spectral features due to the absence of inhomogeneous broadening but also 

dynamic events such as spectral diffusion, photoblinking, or photobleaching, which 

originate from the stochastic nature of interactions between the probe and its nano-

environment. 

A major advantage of single-molecule confocal microscope and spectroscopy is its 

versatility across a wide range of conditions, from cryogenic to ambient temperatures, 

from free-space environment to optical cavities. In addition, the implementation of 

higher-order laser modes, specifically azimuthally (APDM) and radially (RPDM) 

polarized doughnut beams, enables polarization-resolved imaging and spectroscopy. 

These techniques provide not only direct access to the three-dimensional (3D) 

orientation of transition dipole moments (TDMs),[88-92] but also to the polarization-

dependent spectral responses.[4,93,94] 

In this thesis, the experimental setup has been specifically designed and optimized for 

the stable and sensitive detection of single-molecule signals. The system allows the 

simultaneous acquisition of confocal fluorescence images, fluorescence intensity time 

traces, fluorescence lifetimes, and polarization-resolved Raman spectra. This 

methodological framework forms the basis for systematically investigating nano-

environmental effects, which will be discussed in the case studies in Chapter 4. 
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3.2.1  Single-Molecule Confocal Microscope and 

Spectroscopy 

The optical measurements in Section 4.1 were performed by a home-built inverted 

confocal microscope and spectroscopy, equipped with higher-order laser modes. A 

schematic of the experimental setup is shown in Figure 3-2.  

 

Figure 3-2: Schematic of the home-built confocal microscope and spectroscopy, equipped with 
a mode converter for modifying the beam profile and polarization. The inset (top right) shows 
the intensity cross section of a linearly polarized Gaussian beam, an azimuthally (APDM) 
polarized doughnut mode, and a radially (RPDM) polarized doughnut mode. Reproduced from 
L. Wang et al., J. Chem. Phys. 7 January 2022; 156 (1): 014203,[1] with the permission of AIP 
Publishing. 

The sample was excited by a pulsed laser (530 nm, pulse duration<100 ps, 20 MHz, 

LDH-P-FA-530 L, PicoQuant). The excitation beam was directed into a high numerical 

aperture oil-immersion (NA=1.46, 64×, Carl Zeiss), which simultaneously focused the 

excitation beam onto the sample and collected the fluorescence signal. Furthermore, 

the laser mode profile could be switched between a linearly polarized Gaussian beam 

and higher-order doughnut modes. Specifically, a commercial mode converter 

(Polarization Converter, ARCoptix) was used to generate azimuthally (APDM) and 

radially (RPDM) polarized doughnut modes (vide infra).  

https://doi.org/10.1063/5.0078117
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The samples were mounted onto a scanning piezo-stage (P-527.3CL, Physik 

Instrumente) for raster-scanned image acquisition. A 532 nm long-pass filter (532LP 

Edge Basic, Semrock) was placed in the detection path to remove the residual 

excitation light. The confocal pinhole ensured the spatial filtering of out-of-focus 

fluorescence, leading to high signal-to-background ratios suitable for single-molecule 

detection. The collected fluorescence signal was subsequently directed either (i) to 

two avalanche photodiodes (APDs, SPCM-AQR-14, PerkinElmer) for time-resolved 

measurements, including fluorescence intensity time traces, fluorescence lifetime, 

photon correlation, or (ii) to a grating spectrometer (SP-2500i, Princeton Instruments) 

for spectra analysis.  

Time-correlated single photon counting (TCSPC) measurements were performed 

using a HydraHarp 400 (PicoQuant) module, synchronized with the pulsed laser. Each 

detected photon was registered as a time-tagged time-resolved (TTTR) file.[95] In 

standard fluorescence lifetime measurements, only one APD was used for optimal 

signal-to-noise ratio with a timing resolution of 64 ps. For antibunching measurements 

(vide infra), two APDs and a 50/50 beam splitter were employed with a timing 

resolution of 1 ps. Additional short-pass filters were placed in front of the APDs to 

suppress the after-pulsing effect.[95] Collected TCSPC-related data were analyzed 

using SymPhoTime 64 (PicoQuant). Spectra and scanning confocal fluorescence 

images were processed using custom MATLAB scripts. 

In single-molecule experiments, it is essential to ensure that only one molecule is 

present within the focal volume, which is typically achieved by working with extremely 

low sample concentrations (~10-10 M). The presence of single molecules can be further 

verified by antibunching measurements (see Section 3.2.2). Moreover, a sufficient 

signal-to-noise ratio is required, which is achieved by optimizing the combination of a 

tightly focused excitation volume, minimizing background impurities, maximizing 

absorption cross-section and quantum yield, and ensuring good photostability and 

minimal population of dark states such as triplet states. 
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3.2.2  Antibunching 

The presence of single molecules can be confirmed by antibunching measurements. 

Antibunching represents a characteristic signature of single-photon emitters, 

manifested by the sub-Poissonian photon statistics. It provides unambiguous evidence 

for the identification of individual quantum emitters, including single molecules, 

quantum dots, carbon nanotubes, and defect centers such as nitrogen vacancy (NV) 

centers in diamond, as well as applications based on single-photon sources.[96,97]  

The physical origin of antibunching lies in the fundamental limitation that a single-

photon emitter can emit only one photon per excitation-relaxation circle. This process 

can easily be described using a simplified two-level energy diagram, where upon 

photoexcitation, an emitter in an excited state requires a finite time before it relaxes 

back to the ground state by emitting a photon. Consequently, the temporal separation 

between consecutive photon emission events is predominantly governed by the 

excited-state lifetime. This effect is known as antibunching, representing the sub-

Poissonian nature of the statistics. 

The statistical properties of single-photon emission are often quantitatively 

characterized by the second-order correlation function g2()[48]  

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
(3‐12) 

where I(t) is the photon detection intensity at time t, and  is the time delay between 

two photon detection events. This can be understood as the probability to detect a 

photon at time (t+) after one was detected at the time point t.  

For an ideal single-photon emitter, the presence of an antibunching dip at =0 with 

g2(=0)→0 directly evidences the absence of coincident photon emission (see Figure 

3-3). This behavior is independent of a continuous-wave (CW) or a pulsed excitation. 

The typical result of an antibunching experiment in CW excitation is a flat line with a 

notable “intensity dip” at zero time delay, while in a pulsed excitation, g2() shows 

periodic peaks at intervals corresponding to the laser repetition period, with a 

suppressed or absent peak at =0. 
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Figure 3-3: (a) Representative fluorescence intensity time trace of a single hypericin molecule 
embedded in a PMMA polymer host (concentration: 10-10 M), and (b) the corresponding 
second-order photon correlation function (antibunching). The pronounced antibunching dip at 

g2(=0) →0 provides direct evidence for single molecule detection. 

Experimentally, photon antibunching is measured using a Hanbury Brown-Twiss (HBT) 

interferometer setup,[98] in which the emitted photons are equally split by a 50/50 beam 

splitter, and directed onto two independent single-photon sensitive detectors, typically 

avalanche photodiodes (APDs). The time intervals between successive detection 

events are histogrammed by a time-correlated single-photon counting (TCSPC) 

module, yielding quantitative assessment of the antibunching effect. 

3.2.3  Time-Correlated Single Photon Counting (TCSPC) 

Time-correlated single-photon counting (TCSPC) is a highly sensitive and widely used 

method for quantifying fluorescence lifetimes, and analyzing photon emission 

dynamics.[95,99] This technique is particularly advantageous for experiments suffering 

from (i) insufficient temporal resolution, and/or (ii) extremely low photon flux. Typical 

fluorescence lifetime in organic conjugated systems ranges from only a few hundred 

picoseconds (ps) to several tens of nanoseconds (ns).[95] In single-molecule 

measurements, the detected fluorescence signal often consists of only a few photons 

per excitation-relaxation cycle, which imposes demanding requirements on both the 

sensitivity and time resolution of the detection system.[100]  

TCSPC addresses these challenges by statistically reconstructing fluorescence decay 

profiles from photon arrival times accumulated over multiple excitation-relaxation 

cycles.[100] Instead of directly recording complete transient waveforms, TCSPC 

registers individual photon arrival times relative to the excitation pulse, accumulating 
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them into a histogram. This histogram represents the probability distribution of the 

photon emission times, and directly reflects the fluorescence decay curve.[100] 

The key assumption of TCSPC is the low probability of multi-photon detection within 

a single excitation-relaxation cycle.[95] To preserve proper single-photon statistics, the 

detection probability per excitation pulse is typically kept below 5%.[100] This avoids the 

so-called photon “pile-up” effect, where the system registers the first photon but 

misses subsequent ones due to the detector and electronics’ inherent dead time, 

leading to systematic distortion of the decay curve.[100] As a practical guideline, only 

one in 20 to 100 excitation pulses should generate a detected photon. For example, 

when using an 80 MHz pulsed laser system, the detection rate should not exceed 4 

MHz to preserve statistical validity.[100] 

In a simple case, the time-dependent fluorescence intensity generally follows a single-

exponential decay 𝐼(𝑡) = 𝐼0𝑒
−𝑡/𝜏F  (Equation 3-6). However, the experimentally 

measured histogram S(t) does not directly represent the fluorescence intensity, but 

rather the convolution of this decay I(t) with the instrument response function (IRF) R(t) 

𝑆(𝑡) = ∫ 𝑅(𝑡′)𝐼(𝑡 − 𝑡′)
∞

0

𝑑𝑡′ (3‐13) 

where R(t) accounts for the temporal broadening introduced by (i) the finite response 

time of the detector, (ii) the width of the excitation laser pulses, and (iii) the timing jitter 

of the electronics.[12] The IRF width typically ranges from a few tens to hundreds of 

picoseconds, depending on the specific detector and timing system. To accurately 

determine the intrinsic fluorescence lifetime, I(t) is extracted via iterative deconvolution 

or re-convolution fitting procedures based on the measured IRF.[95,100] 

3.2.4  Higher-Order Laser Modes 

Upon photoexcitation, the transition dipole moment (TDM) orientation of a molecule is 

directly related to its molecular orientation. In a single-molecule confocal microscope, 

the absolute three-dimensional (3D) TDM orientation can be determined by employing 

higher-order laser modes, specifically azimuthally (APDM) and radially (RPDM) 

polarized doughnut beams. 
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As shown in Figure 3-4, higher-order laser modes are generated by passing a linearly 

polarized Gaussian beam through a mode converter[101] (polarization converter, 

ARCoptix), consisting of a twisted nematic liquid crystal cell. The converter induces a 

spatially varying polarization distribution by rotating the local polarization vector 

through the angularly dependent twist of the liquid crystal molecules. Depending on 

the applied voltages, the generated polarization pattern is determined by the relative 

orientation of the incident beam to the converter’s optical axis, allowing the device to 

produce either azimuthal or radial polarization. A spatial filter (15 m pinhole) is used 

to remove undesired higher-order spatial frequency components, and to improve the 

purity of the doughnut modes. 

The incident linearly polarized Gaussian beam has a uniform intensity profile at any 

cross-section perpendicular to the optical axis. After mode conversion, the resulting 

higher-order laser beams (APDM and RPDM) exhibit distinct polarization-resolved 

electric field distributions within the focal plane. The RPDM provides both transverse 

(in-plane) and longitudinal (out-of-plane) electric field components, with the 

longitudinal component being dominant. In contrast, the APDM exclusively generates 

in-plane electric field. The intensity profiles and polarization distributions are shown in 

Figure 3-4(c, d).  

 

Figure 3-4: Scheme of the mode converter that generates azimuthally (APDM) and radially 
(RPDM) polarized doughnut modes from the linearly polarized Gaussian beam. Reproduced 
from Figure 3(b-d) in A. M. Chizhik et al., Nanophotonic Materials VI. SPIE, 2009, 7393: 31-
41,[102] with the permission of Proceedings of SPIE, Regular series. 

https://doi.org/10.1117/12.825288
https://doi.org/10.1117/12.825288
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The fluorescence intensity pattern observed under higher-order excitation directly 

reflects the transition dipole moment (TDM) orientation. The excitation efficiency at 

each spatial position is determined by the projection of the local excitation field onto 

the TDM. For example, molecules with TDMs aligned perpendicular to the sample 

surface (vertical dipoles) are primarily excited by the longitudinal component of the 

RPDM, producing a circularly symmetric pattern with a single bright spot. Conversely, 

molecules with TDMs parallel to the surface (horizontal dipoles) generate two 

symmetric lobes due to the interaction with the in-plane electric fields of both APDM 

and RPDM. In the more general case, where the TDM is tilted relative to the surface, 

the fluorescence pattern becomes asymmetric, and its shape provides direct 

information on the tilt angle and the azimuthal orientation. The combined analysis of 

the RPDM and APDM pattern thus allows for the precise determination of the absolute 

three-dimensional (3D) orientation of the TDM.[89,92,103] 

This polarization-resolved approach is particularly valuable, as it provides direct 

access to molecular orientation and its dynamic fluctuations under varying nano-

environmental conditions. In particular, it enables the precise determination of the 

absolute 3D orientation of individual TDMs, which is essential for identifying specific 

isomeric (tautomeric) species (Section 4.1); and facilitates a detailed investigation of 

polarization-dependent spectral properties (Section 4.3). 

3.2.5  Microcavity 

A microcavity is an optical resonator designed to confine electromagnetic fields into a 

volume comparable to or smaller than the wavelength  of light, thereby significantly 

modifying light-matter interactions.[104] This confinement enhances the local density of 

optical states (LDOS) and alters the spontaneous emission properties of embedded 

emitters. One of the most widely used configuration is the Fabry-Pérot microcavity 

(see Figure 3-5) due to its straightforward design and efficient mode confinement. 

A Fabry-Pérot microcavity consists of two parallel mirrors (M1 and M2) with 

reflectivities of R1 and R2, separated by an adjustable distance d, and filled with a 

medium of refractive index n.  
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Figure 3-5: Schematic of a planar Fabry-Pérot microcavity consisting of two parallel mirrors 
(M1 and M2) with reflectivities R1 and R2, separated by a distance d. The medium inside has 
a refractive index n. Light entering the cavity undergoes multiple reflections, leading to an 

optical path difference of 𝛿 = 2𝑑√𝑛2 − sin2𝜃 between successive beams. 

Light undergoes multiple reflections between the mirrors, resulting in constructive or 

destructive interference depending on the optical path difference[48] 

𝛿 = 2𝑑√𝑛2 − sin2𝜃 (3‐14) 

where  is the angle of incidence. For normal incidence (=0), this reduces to =2nd. 

The on-resonance condition is achieved when the accumulated round-trip phase shift 

 equals an integer multiple of 2, i.e. m=1, 2, 3,…,[48] 

𝜑 =
4𝜋𝑛𝑑

𝜆
= 2𝜋𝑚      (𝑚 ∈ ℤ) (3‐15) 

The on-resonance condition occurs at discrete cavity distance d with a linear 

relationship of the half wavelength /2, i.e. m=1, 2, 3,…, described by[48] 

𝑑 =
𝑚𝜆

2𝑛
(3‐16) 

The resulting properties can be analyzed by considering the effect of introducing light 

of wavelength , from one side and calculating how much get transmitted through the 

other side. Assuming negligible absorption or scattering losses within the cavity, that 

transmission T is expressed by[48] 
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𝑇 =
1

1 + (4ℱ2 𝜋2⁄ )sin2(𝜑 2⁄ )
(3‐17) 

where ℱ is the finesse of the cavity[48] 

ℱ =
𝜋(𝑅1𝑅1)

1 4⁄

1 − √𝑅1𝑅1
(3‐18) 

A higher finesse ℱ leads to sharper resonances, with phase line width (full width at 

half maximum, FWHM) inversely proportional to finesse ℱ[48] 

∆𝜑FWHM = 2𝜋 ℱ⁄ (3‐19) 

The resonance line width ∆ inversely proportional to the finesse of the cavity[48] 

∆𝜔 =
𝜋𝑐

𝑛𝑑ℱ
(3‐20) 

The quality factor Q characterizes the spectral selectivity[48] 

𝑄 =
𝜔

∆𝜔
(3‐21) 

Higher quality factor Q corresponds to narrower line widths and longer photon lifetimes. 

The cavity supports discrete resonant frequencies, where the molecular fluorescence 

emission can couple into resonant photonic modes, the angular resonance 

frequencies of the latter condition is[48] 

𝜔m = 𝑚
𝜋𝑐

𝑛𝑑
(3‐22) 

Molecular fluorescence emission can couple to resonant photonic modes if the 

transition frequency of the molecule matches a cavity mode, modifying the 

spontaneous emission rate. The light-matter interaction strength depends 

fundamentally on three parameters:[48] (i) the photon decay rate of the cavity ; (ii) the 

molecular non-resonant decay rate ; (iii) the molecule-cavity coupling parameter g0.  

In general, the interaction of a quantum system with its optical field in a cavity can be 

divided into two regimes: the strong coupling regime (g0 ≫ , ) and the weak coupling 
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regime (g0 ≪ , ).[48] In the strong coupling regime, the emission is considered to be 

reversible due to the fact that the photon is reabsorbed by the molecule before its loss 

from the cavity. In contrast, the emission in the weak coupling regime is an irreversible 

process, where the radiative rate kr is altered compared with that in free space.[48] The 

latter phenomenon was first considered by Purcell in 1946,[85] the radiative rate kr is 

enhanced by the Purcell factor P, defined by 

𝑃 =
𝑘r,c
𝑘r
=
3𝑄(𝜆 𝑛⁄ )3

4𝜋2𝑉0
(3‐23) 

where kr,c is the radiative rate in the (micro-)cavity, kr is the radiative rate in free space, 

and V0 is the modal volume of the (micro-)cavity.  

Given that the cavity mode has an angular frequency of c with a FWHM of ∆c. The 

density of states (DOS) ()[48] 

∫𝜌(𝜔)𝑑𝜔 = 1 (3‐24) 

results in a Lorentzian line-shape function[48] 

𝜌(𝜔) =
2

𝜋∆𝜔𝑐

∆𝜔𝑐
2

4(𝜔 − 𝜔𝑐)2 + ∆𝜔𝑐
2

(3‐25) 

A perfect on-resonance condition is satisfied when 0=c, () then can be rewritten 

as[48] 

𝜌(𝜔) =
2

𝜋∆𝜔𝑐
=
2𝑄

𝜋𝜔0
(3‐26) 

In Section 4.1.3, a two-layer Fabry-Pérot microcavity is implemented to control the 

photophysics and photochemistry of single hypericin molecules. Transfer matrix 

method (TMM)[105] simulations are employed to model the resonance spectrum, 

considering the multilayer structures.  
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3.3  Computational Treatment 

In this thesis, computational chemistry is employed as an essential complement to 

interpret and rationalize experimental findings, including both spectroscopic and 

microscopic data. The combination of experiments and simulations permits a 

comprehensive understanding of the structural, electronic, photophysical and 

photochemical properties of the studied systems. To address the specific challenges 

arising from nano-environmental effects, particular attention is given to methods 

capable of accurately describing ground- and excited-state electronic structures, their 

potential energy surfaces, and the associated molecular conformational and structural 

dynamics. The selection of computational approaches is carefully evaluated to meet 

the requirements of each system investigated in this work. Wavefunction-based 

methods, represented by Hartree-Fock (HF), provide the foundation for constructing 

molecular orbitals and establishing electronic structure models. Density functional 

theory (DFT) and its time-dependent extension (TD-DFT) offer an efficient and widely 

accepted framework for describing ground and excited states of medium to large 

molecular systems. Classical molecular dynamics (MD) simulations provide valuable 

insights into conformational dynamics and explicit solute-solvent interactions, which 

are essential for interpreting experimentally observed solvent effects on structure and 

dynamics. The following sections outline the theoretical foundations and practical 

considerations of these methods, with a particular emphasis on their application to the 

case studies in Chapter 4. 

3.3.1  Quantum Chemical Foundations 

The time-independent, non-relativistic Schrödinger equation has been regarded as 

the cornerstone of quantum mechanics for describing molecular systems 

𝐻̂|Ψ⟩ = 𝐸|Ψ⟩ (3‐27) 

The wavefunction Ψ represents one of the states of the system (state function), and 

depends on all the particles’ coordinates. According to the probabilistic interpretation, 

its modulus squared corresponds to a probability density, indicating the likelihood of 

finding a particle at a certain position. Here, 𝐻̂ is the Hamiltonian operator, and E is 
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the energy of the system in that state. The Hamiltonian 𝐻̂ in atomic units (a.u.) is 

expressed as 

𝐻̂ = −∑
1

2

e

𝑖=1

∇𝑖
2 −∑

1

2𝑀𝐴

N

𝐴=1

∇𝐴
2 −∑∑

𝑍𝐴
𝑟𝑖𝐴

N

𝐴=1

e

𝑖=1

+∑∑
1

𝑟𝑖𝑗

e

𝑖<𝑗

e

𝑖=1

+∑∑
𝑍𝐴𝑍𝐵
𝑅𝐴𝐵

N

𝐴<𝐵

N

𝐴=1

(3‐28) 

                             𝑇̂e                 𝑇̂N                         𝑉̂eN                  𝑉̂ee                    𝑉̂NN   

where the Hamiltonian operator is decomposed into the kinetic energy operator, which 

in turn contains nuclear and electronic terms, 𝑇̂N , 𝑇̂e ; as well as into the potential 

energy operator, which contains electron-nucleus attraction 𝑉̂eN , electron-electron 

repulsion 𝑉̂ee, and nucleus-nucleus repulsion 𝑉̂NN terms. MA, ZA/B, riA, RAB and rij are 

the atomic mass of nucleus A, atomic number of nuclei A/B, distance between electron 

i and nucleus A, distance between nuclei A and B, and distance between electrons i 

and j, respectively. 

However, the Schrödinger equation of a many-body system is challenging and cannot 

be solved for more than two particles. The Born-Oppenheimer approximation[17] (vide 

supra) addresses this by separating electronic and nuclear motions, leading to an 

electronic Schrödinger equation at fixed nuclear positions. Within this framework, 

nuclei and electrons are treated as point particles, and relativistic effects, including 

spin-orbit coupling, are neglected. These assumptions form the basis for most 

electronic structure methods, including the Hartree-Fock approach introduced below. 

3.3.2  Hartree-Fock Method 

The Hartree-Fock (HF) method represents a foundational ab initio approach in 

electronic structure theory and marked a breakthrough in the development of modern 

computational chemistry. It is a wavefunction-based approximation, in which each 

electron is treated as an independent particle moving in an average field generated by 

all other electrons and the nuclei. This approximation transforms the many-electron 

Schrödinger equation into a set of coupled one-electron equations that are solvable 

through the self-consistent field (SCF) procedure (vide infra). 
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Molecular and Spin Orbitals in Hartree-Fock Theory 

To illustrate the origin of molecular orbitals (MOs) in this framework, it is instructive 

to start with the simplest system: the hydrogen atom (H). Consisting of one electron 

and one proton, its electronic state is exactly described by an atomic orbital (AO), 

obtained from the analytical solution of the Schrödinger equation. A natural extension 

is the hydrogen molecular cation (H2
+), consisting of one electron and two protons. In 

this picture, the electron occupies a molecular orbital (MO), which is delocalized over 

both nuclei.  

In polyatomic molecules, molecular orbitals are approximated as linear combinations 

of atomic orbitals (LCAOs), allowing the description of delocalized electrons and 

chemical bonding. Within the HF method, each electron is assigned to a spin-orbital, 

which is the product of a spatial molecular orbital and a spin function (either  or ). 

These spin-orbitals form the basis for many-electron wavefunctions, which are used 

to construct a single Slater determinant (vide infra) to ensure the anti-symmetry 

required by the Pauli exclusion principle. The spatial orbitals are optimized 

variationally, and their expansion coefficients are obtained through an iterative self-

consistent field (SCF) procedure, in which the orbitals and the mean-field potential are 

updated until convergence. 

To determine the optimal MOs, one must first define the electronic Hamiltonian that 

governs the system (in atomic units, a.u.) 

𝐻̂elec = − ∑
1

2

electrons

𝑖=1

∇𝑖
2 − ∑ ∑

𝑍𝐴
𝑟𝑖𝐴

nuclei

𝐴=1

electrons

𝑖=1

+ ∑ ∑
1

𝑟𝑖𝑗

electrons

𝑖<𝑗

electrons

𝑖=1

(3‐29) 

                                              ∑ ℎ̂𝑖

electrons

𝑖=1

=  "separable"         "non-separable" 

where an infinitely heavy point nucleus and many non-interacting electrons are 

assumed. The first two terms are “separable” and can be written in the context of the 

one-electron Hamiltonian, whereas the final term represents an interaction potential 

with all of the other electrons and renders the problem inherently many-body and non-

separable. To address this “many-body” problem numerically, Hartree (1928)[106] 
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proposed an iterative “self-consistent field” (SCF) procedure that averages over the 

“mean field” of all the other electrons.   

Hartree-Fock Equations and the Variational Principle 

Although the mean-field approximation is severe, the true wavefunction should 

explicitly include spin and must be anti-symmetric with respect to the interchange of 

electrons due to the Pauli exclusion principle. Hence, one must take an anti-symmetric 

linear combination of products of spin-orbitals. This principle was first pointed out by 

Fock[107,108] and by Slater[109] in 1930. A self-consistent field (SCF) calculation that 

uses anti-symmetrized spin-orbitals is called a Hartree-Fock (HF) calculation. The total 

electronic wavefunction is written as a single Slater determinant of spin-orbitals[110] 

Ψ(1,2, …𝑁) =
1

√𝑁!
det [𝜒𝑖(𝑗)] (3‐30) 

where (N!)-1/2 is a normalization factor. By applying the variational principle to this form, 

one obtains the Hartree-Fock (HF) equations 

𝑓𝑖𝑢𝑖 = 𝜀𝑖𝑢𝑖 ,          𝑖 = 1,2, … , 𝑛 (3‐31) 

where 𝑢𝑖 is the ith spin-orbital; 𝑓𝑖 is the Fock operator, which represents an effective 

HF Hamiltonian. The eigenvalue 𝜀𝑖 is the corresponding spin orbital energy.[111] 

In a closed-shell system, i.e., all the electrons are spin-paired (two per occupied 

orbital), the one-electron Fock operator is defined for each electron as, 

𝑓𝑖 = −
1

2
∇𝑖
2 −∑

𝑍𝐴
𝑟𝑖𝐴

N

𝐴=1

+ 𝑉𝑖
HF{𝑗}

𝑓𝑖 = −
1

2
∇𝑖
2 −∑

𝑍𝐴
𝑟𝑖𝐴

N

𝐴=1

+∑(2𝐽𝑖𝑗 − 𝐾̂𝑖𝑗)

𝑁 2⁄

𝑗=1

(3‐32)

 

where the final term (the HF potential 𝑉𝑖
HF) is ∑ (2𝐽𝑖𝑗 − 𝐾̂𝑖𝑗)

𝑁 2⁄
𝑗=1 . The 𝐽𝑖𝑗 and 𝐾̂𝑖𝑗 are the 

Coulomb and the exchange operators, respectively. The Coulomb operator 𝐽𝑖𝑗 

represents the electrostatic electron-electron repulsion energy; the exchange operator 
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𝐾̂𝑖𝑗 has no simple physical interpretation but arises from the anti-symmetry of the wave 

function with respect to electron exchange.[111]  

Self-Consistent Field Procedure 

The solution to the Hartree-Fock (HF) equations is obtained through the self-consistent 

field (SCF) procedure. This iterative algorithm starts with an initial guess for molecular 

orbitals (MOs) and constructs the corresponding Fock operator; the resulting 

eigenvalue problem is solved to yield updated orbitals, which are used to reconstruct 

the Fock operator. This cycle is repeated until convergence is achieved, meaning that 

the input and output orbitals agree within a pre-defined threshold. The final result 

corresponds to a stationary point of the total HF energy, representing the best single-

determinant approximation under the given basis and functional form. 

Basis Set Expansion 

Originally, the Hartree-Fock (HF) equations were solved numerically,[112,113] but this is 

only practical for small, highly symmetric systems, such as single atoms and diatomic 

molecules. Roothaan (1955)[114] reformulated the HF method using a basis set 

expansion, making the calculation of accurate molecular self-consistent field (SCF) 

wavefunctions feasible. The spatial orbitals 𝜙𝑖 are expressed as linear combinations 

of a set of one-electron basis functions 𝜒s 

𝜙𝑖 =∑𝑐s𝑖𝜒s

𝑏

𝑠=1

(3‐33) 

In theory, a complete and orthonormal basis set is required for an exact representation 

of the molecular orbitals. In practice, if b is sufficiently large and the basis functions 𝜒s 

are well chosen, one can represent the molecular orbitals (MOs) with negligible error. 

Electron Correlation and Post-Hartree-Fock Methods 

The Hartree-Fock (HF) method is based on the mean-field approximation and suffers 

from the one-electron nature of the Fock operators. It provides an exact description of 

electron exchange interactions, but neglects dynamic electron correlation, i.e. 

instantaneous Coulomb interactions between electrons of opposite spin. As a result, 
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HF energy (EHF) systematically overestimates the total energy. The difference 

between the HF energy and the exact non-relativistic energy (Eexact) defines the 

correlation energy[110,111,115]  

𝐸corr = 𝐸exact − 𝐸HF (3‐34) 

Electron correlation energy (Ecorr) is always negative. To recover this missing 

correlation, post-Hartree-Fock (post-HF) methods have been developed. There are 

three main methods for including electron correlation: configuration interaction 

(CI),[116,117] many-body perturbation theory (MBPT, e.g. Møller-Plesset (MP) 

perturbation theory[118,119]), and coupled cluster (CC)[120], which systematically build 

upon the HF reference wavefunction to account for electron correlation at increasing 

computational cost. 

The primary advantage of the Hartree-Fock (HF) method is its ability to reduce an 

unsolvable many-body problem into a tractable set of one-electron equations. It 

provides a physically intuitive molecular orbital (MO) picture and a reliable starting 

point for more advanced correlated methods. However, HF neglects dynamic electron 

correlation, leading to systematic overestimation of total energies and inaccurate 

descriptions of effects such as dispersion and charge transfer.  

3.3.3  (Time-Dependent) Density Functional Theory 

While the Hartree-Fock (HF) method is a fully ab initio wavefunction-based approach, 

density functional theory (DFT) introduces a conceptually distinct framework that shifts 

the focus from solving the many-electron Schrödinger equation to determining the 

molecular electron density 𝜌(r⃑), and then computing the total electronic energy as a 

functional of this density. 

In quantum mechanics, the probability of finding an electron at a point r⃑ is determined 

by integrating the square of the many-electron wavefunction over the coordinates of 

the remaining electrons. 

𝜌(𝑟) = 𝑁∑∫𝑑3𝑟2…∫𝑑
3𝑟N|𝜓(𝑟1, 𝑟2, … , 𝑟N)|

2 (3‐35) 
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This definition highlights that electron density 𝜌(r⃑) is a function of only three spatial 

coordinates, independent of the total number of electrons N. This significant reduction 

in dimensionality allows DFT to efficiently simulate medium- to large-size systems, in 

contrast to the exponential scaling of wavefunction-based methods, thereby enabling 

significantly reduced computational cost compared to wavefunction-based methods.  

Hohenberg-Kohn Theorems 

The entire field of the density functional theory (DFT) is built upon two fundamental 

mathematical theorems, proven by Hohenberg and Kohn and later used in the 

derivation of a set of equations by Kohn and Sham in 1964.[121] The first theorem, 

which states that the ground-state energy from Schrödinger’s equation is a unique 

functional of the electron density, relates the ground-state wavefunction with the 

ground-state electron density. This theorem is an existence theorem, asserting that 

the non-degenerate ground-state electronic energy E0 is a functional of 𝜌0 and is given 

by, 

𝐸0 = 𝐸0[𝜌0] = 𝑇̅s[𝜌0] + ∫𝜌 (𝑟)𝑣(r⃑)𝑑𝑟 + 𝑉̅ee[𝜌0] (3‐36) 

where 𝑇̅𝑠[𝜌0] is the kinetic energy of a non-interacting reference system, and 𝑉̅ee[𝜌0] 

represents the electron-electron energy. Both functionals are universal, independent 

of the external potential 𝑣(r⃑). However, there has been so far no practical way to 

calculate 𝐸0 from 𝜌0 because neither 𝑇̅s[𝜌0] nor 𝑉̅ee[𝜌0] is known.  

The second theorem provides a variational principle, stating that the true ground-state 

electron density minimizes the energy functional 𝐸𝜐[𝜌tr] , where 𝐸𝜐  is the energy 

functional for every trial density function 𝜌tr. For any trial density 𝜌tr, the variational 

principle gives  

𝐸𝜐[𝜌tr] ≥ 𝐸𝜐[𝜌0] (3‐37) 

This provides a practical approach for finding the ground-state density by minimizing 

𝐸𝜐[𝜌].
[111] These theorems establish the theoretical justification for DFT and were later 

extended to degenerate systems by Levy.[122] 
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Kohn-Sham Formalism 

To make DFT practically applicable, Kohn and Sham proposed an auxiliary system of 

N non-interacting electrons that reproduces the same ground-state density as the real 

N interacting system, i.e. 𝜌s(r⃑) = 𝜌0(r⃑).
[123] The Hamiltonian for the auxiliary system is 

𝐻̂𝑠 = −∑ [−
1

2
∇𝑖
2 + 𝑣s(r⃑)]

N
𝑖=1 ≡ ∑ ℎ̂𝑖

𝐾𝑆N
𝑖=1 (3‐38)

where ℎ̂𝑖
𝐾𝑆  is the Kohn-Sham one-electron Hamiltonian, and 𝑣s(r⃑)  is an effective 

potential consisting of three terms: the external potential 𝑉ext(r⃑), the classical Hartree 

Coulomb potential 𝑉H[𝜌](r⃑), and the exchange-correlation potential 𝑉XC[𝜌](r⃑).  

The resulting Kohn-Sham equations are 

[−
1

2
∇2 + 𝑉ext(r⃑) + 𝑉H[𝜌](r⃑) + 𝑉XC[𝜌](r⃑)]𝜑𝑖(r⃑) = 𝜀𝑖𝜑𝑖(r⃑) (3‐39) 

where 𝜑𝑖(r⃑)  represents the spatial molecular orbitals, and 𝜀𝑖  is the corresponding 

orbital energy. In this way, the ground-state electron density can be written as 

𝜌(r⃑) =∑|𝜑𝑖(r⃑)|
2

occ

𝑖=1

(3‐40) 

The formulation makes Kohn-Sham equations resemble those of Hartree-Fock theory, 

but include an additional exchange-correlation (XC) energy 𝐸XC[𝜌] 

𝐸[𝜌] = 𝐸0[𝜌] + 𝐸XC[𝜌] (3‐41) 

The XC energy 𝐸XC[𝜌] is defined by two unknown functionals 

𝐸XC[𝜌] = ∆𝑇̅[𝜌] + ∆𝑉̅𝑒𝑒[𝜌] (3‐42) 

where ∆𝑇̅[𝜌] is the kinetic correlation energy, i.e. the difference between the true and 

non-interacting kinetic energies; and ∆𝑉̅ee[𝜌] includes non-classical electron-electron 

interactions. The exchange-correlation potential 𝑉XC  is found as the functional 

derivative 

𝑉XC(𝑟) ≡
𝛿𝐸XC[𝜌(𝑟)]

𝛿𝜌(𝑟)
(3‐43) 



Introduction of Methods 

 
Page | 38 

Exchange-Correlation Functionals 

The accuracy of a density functional theory (DFT) calculation depends critically on the 

choice of the exchange-correlation (XC) functional. This exchange-correlation (XC) 

energy 𝐸XC contains the following components: (i) the kinetic correlation energy ∆𝑇̅; (ii) 

the exchange energy (arising from the anti-symmetry of the wavefunction); (iii) the 

Coulomb correlation energy (reflecting electron-electron repulsion) and (iv) a 

correction for self-interaction errors.[111] 

Local-Density Approximation (LDA) 

The local density approximation (LDA) assumes that the electron density at each point 

in space can be treated as that of a uniform electron gas. In this approximation, the 

exchange-correlation (XC) energy depends solely on the local value of the electron 

density 

𝐸XC
LDA[𝜌] = ∫𝜌(r⃑)𝜀XC[𝜌(r⃑)]𝑑r⃑ (3‐44) 

where 𝜀XC is the exchange-correlation (XC) energy per electron in this uniform electron 

gas with the electron density 𝜌.  

This quantity can be decomposed into exchange (𝜀X) and correlation (𝜀C) contributions 

𝜀XC(𝜌) = 𝜀X(𝜌) + 𝜀C(𝜌) (3‐45) 

The exchange part (𝜀X) is analytically known and given by the Dirac formula[124,125] 

𝜀X(𝜌) = −
3

4
(
3

𝜋
)

1
3⁄

(𝜌(r⃑))
1
3⁄ (3‐46) 

and the correlation part (𝜀C) has been constructed in various approaches, such as 

Vosko-Wilk-Nusair (VWN),[126] and Perdew-Wang[127]. While LDA often yields 

reasonable bond lengths and vibrational frequencies, it typically overestimates 

dissociation energies.[128] 

 



Introduction of Methods 

 
Page | 39 

Generalized Gradient Approximation (GGA) 

The generalized gradient approximation (GGA) improves upon the local-density 

approximation (LDA) by considering an inhomogeneous electron gas. The physical 

idea behind GGA is to make the exchange and correlation (XC) energies dependent 

not only on the electron density but also of its spatial gradient[129-131] 

𝐸XC
GGA(𝜌α, 𝜌β) = ∫𝑓(𝜌α(r⃑), 𝜌β(r⃑), ∇𝜌α(r⃑), ∇𝜌β(r⃑))𝑑r⃑ (3‐47) 

where 𝑓 is a model function of the - and -spin densities and their gradients. Similar 

to the LDA approach, the total exchange-correlation energy 𝐸XC
GGA  is typically 

decomposed into separate exchange and correlation contributions, which are treated 

independently through distinct functional forms. 

To further improve accuracy, meta-GGA (mGGA) functionals incorporate second 

derivatives of the electron density 𝜌 and/or the Kohn-Sham kinetic energy density 𝜏𝛼/𝛽 

𝐸XC
mGGA(𝜌α, 𝜌β) = ∫𝑓(𝜌α(r⃑), 𝜌β(r⃑), ∇𝜌α(r⃑), ∇𝜌β(r⃑) , ∇2𝜌α(r⃑), ∇2𝜌β(r⃑), 𝜏α, 𝜏β)𝑑r⃑ (3‐48) 

where the Kohn-Sham kinetic-energy density for spin- electrons is defined as 

𝜏α =
1

2
∑|∇𝜃𝑖α

KS|
2

occ

(3‐49) 

where 𝜃𝑖α
KS is the occupied Kohn-Sham orbitals for spin- electrons.[111] 

Hybrid Functionals 

Hybrid functionals approximate exchange-correlation (XC) functionals by 

incorporating a portion of exact exchange from Hartree-Fock (HF) theory; the 

remaining XC energy is taken from other sources, such as ab initio or empirical 

methods, to improve performance.  

A widely used global-hybrid GGA functional is B3LYP (the Becke, 3-parameter, Lee-

Yang-Parr), with 20% HF exchange[132,133] 
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𝐸XC
B3LYP = 𝐸X

LDA + 𝑎0(𝐸X
HF − 𝐸X

LDA) + 𝑎X(𝐸X
GGA − 𝐸X

LDA) + 𝐸C
LDA + 𝑎c(𝐸C

GGA − 𝐸C
LDA)(3‐50) 

with the coefficients 𝑎0=0.20, 𝑎X=0.72, and 𝑎C=0.81. 𝐸X
GGA (Becke[130]) and 𝐸C

GGA (Lee 

et al.[134]) are incorporated alongside with the LDA for the correlation functional 𝐸C
LDA 

(Vosko et al.[126]). The B3LYP functional has been shown to perform well and remains 

a competitive choice for various computational chemistry applications. 

The introduction of GGA and hybrid functionals in the early 1990s revolutionized 

computational chemistry and contributed to the awarding of the 1998 Nobel Prize in 

Chemistry to Walter Kohn and John A. Pople. 

Dispersion and Long-Range Corrections 

A major deficiency of most exchange–correlation (XC) functionals, as well as 

wavefunction-based methods, is their inadequate treatment of intra- and inter-

molecular London dispersion interactions[135,136] between non-bonded atoms.[137] Such 

weak, non-covalent forces between non-bonded atoms play a vital role in biomolecular 

systems, - stacking in conjugated organic molecules, and van der Waals complexes 

such as dimers and clusters.[137-141] To address this issue, S. Grimme and his co-

workers introduced empirical dispersion corrections into DFT by adding an additional 

energy term 

𝐸DFT−D = 𝐸DFT + 𝐸disp (3‐51) 

This approach is called DFT-D method. Among its variants, DFT-D3 has become one 

of the most widely adopted versions, in which the "3" denotes its third version.[142] This 

model incorporates dynamic polarizabilities obtained from first-principles time-

dependent density functional theory (TD-DFT) calculations, which allow for accurate 

dispersion modeling in different chemical environments. Additionally, it employs 

fractional atomic coordination numbers for interpolation.[143] A more recent variant, 

DFT-D4,[143] further improves upon this by explicitly incorporating the actual electronic 

structure into the dispersion correction, offering greater accuracy. However, this 

improvement comes at the cost of increased computational cost and limited software 

support at present. 



Introduction of Methods 

 
Page | 41 

In parallel, pure exchange-correlation (XC) functionals (LDA, GGA) tend to 

overestimate local (short-range) contributions while underestimating non-local (long-

range) contributions, due to the limitations of treating long-range Coulomb interactions 

explicitly. To address this, range-separated hybrid functionals partition the electron-

electron Coulomb term into short-range and long-range components[144]  

1

r12
=

1 − erf(𝜔r12)

r12⏟        

short-range (SR)

+
erf(𝜔r12)

r12⏟      

long-range (LR)

(3‐52)
 

where  is a range-separation parameter that controls the transition between and 

short-and long-range contributions; and erf denotes the error function. 

One prominent example is the Coulomb-attenuating method (CAM), implemented in 

hybrid functionals such as CAM-B3LYP. In this scheme, the Coulomb interaction is 

expressed as a weighted sum of HF and DFT exchange[145]  

1

r12
=
1 − [𝛼 + 𝛽erf(𝜔r12)]

r12⏟              

short-range (SR)

+
𝛼 + 𝛽erf(𝜔r12)

r12⏟          

long-range (LR)

(3‐53)
 

In this formulation, the Hartree-Fock (HF) exchange fraction is  at short range and 

(+) at long range. For reference, a global hybrid functional corresponds to =0 while 

a pure range-separated (long-range corrected) functional corresponds to =0 and =1.  

Modern long-range corrected functionals, such as B97X-D, incorporate CAM and 

empirical dispersion to provide robust performance across a wide range of molecular 

systems. 

Time-Dependent Density Functional Theory 

Density functional theory (DFT) was originally developed and limited to time-

independent systems, i.e., the ground state. However, several DFT-based theories 

have been extended to describe excited electronic states. Among the available 

extensions, the most widely adopted is linear-response time-dependent DFT (LR-TD-

DFT), commonly referred to as TD-DFT. 
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Analogous to the Hohenberg–Kohn theorem,[121] TD-DFT is based on time-dependent 

perturbation theory, where a system initially in its ground state is perturbed by a weak, 

oscillating, and spatially uniform electric field. This theory foundation is formulated and 

proven by the Runge-Gross theorem,[146] which states that the time-dependent 

wavefunction is equivalent to the time-dependent electronic density, and the excited 

time-dependent electron density 𝜌(r⃑, 𝑡)  determines the time-dependent external 

potential 𝑉ext(r⃑, 𝑡) of a system.  

TD-DFT has proven reliable for calculating vertical excitation energies,[147] and it 

provides good predictions for excited-state equilibrium geometries and vibrational 

frequencies in many systems. However, TD-DFT is limited to single excitations from 

the ground state to low-lying excited states, fails for molecules with long-chain 

conjugated -electron systems, and struggles with excited states involving charge 

transfer.[148,149] Furthermore, TD-DFT results are highly sensitive to the choice of the 

exchange-correlation (XC) functional. Therefore, the reliability of TD-DFT calculations 

must be critically evaluated against the nature of the system and benchmarked, when 

possible, with experimental or higher-level theoretical data.  

Despite these limitations, TD-DFT offers significant advantages in calculating excited 

states for medium- to large-sized molecular systems, where more sophisticated 

methods are computationally prohibitive. However, the search for a universally 

suitable exchange-correlation (XC) functional remains a significant challenge.  

Polarizable Continuum Model  

The polarizable continuum model (PCM) is a widely used shape-adapted, implicit 

solvation model in computational chemistry for modeling solvation effects in molecular 

systems. Rather than representing individual solvent molecules explicitly, PCM treats 

the solvent as a homogeneous polarizable dielectric continuum that surrounds the 

solute.  

This model calculates the solvation free energy (Gsol) as the sum over three terms 

𝐺sol = 𝐺es + 𝐺dr + 𝐺cav (3‐54) 
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where Ges is the electrostatic contribution, Gdr is the dispersion and repulsion 

interactions, and Gcav is the cavitation energy required to create a cavity in the solvent.  

The cavity is constructed from interlocking van der Waals spheres centered on the 

solute atoms. The reaction field generated by the polarizable continuum is modeled 

by apparent surface charges, which interact with the electronic distribution of the 

solute. When coupled with quantum mechanical (QM) methods, PCM provides a 

computationally efficient way to incorporate major solvent effects on molecular 

properties and reactivity, leading to improved accuracy in spectroscopic predictions 

and reaction energetics in solution.[150,151] However, PCM has limitations in precisely 

describing specific solute-solvent interactions such as hydrogen bonding. In such 

cases, more realistic explicit solvent models or mixed quantum mechanics/molecular 

mechanics (QM/MM) approaches may be more appropriate. 

3.3.4  Molecular Dynamics 

Molecular dynamics (MD) simulations provide valuable insights into the dynamic 

behavior of systems by allowing atoms and molecules to interact over a fixed period 

of time. In classical molecular dynamics simulations, the trajectories of atoms and 

molecules are determined by numerically solving Newton's equations of motion for a 

system of interacting particles. The forces between the particles and their potential 

energies are typically determined using inter-atomic potentials or molecular 

mechanics force fields. Molecular dynamics enables the computation of both 

equilibrium thermodynamic and dynamical properties at finite temperatures, with the 

accuracy of results largely dependent on the chosen force field.  

The fundamental concept behind molecular dynamics is the ability to study the 

average behavior of a many-particle system. Central to this approach is the ergodicity 

hypothesis, which asserts that time averages obtained from molecular dynamics 

simulations are equivalent to the ensemble averages predicted by statistical 

mechanics. This allows molecular dynamics to approximate thermodynamic 

equilibrium without explicitly sampling every possible micro-state (or dynamical state) 

in the ensemble. Furthermore, ergodicity ensures that, given sufficient simulation time, 

molecular dynamics explores all relevant configurations in the system's phase space. 
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Classical molecular dynamics simulations are computationally efficient, and have 

been successfully applied across diverse fields, including chemical physics, materials 

science, and biophysics. It is widely used to study molecular diffusion, conformational 

changes, and interactions in large-scale systems such as membranes, nucleic acids, 

and proteins.[152]  

On the other hand, ab initio molecular dynamics (AIMD) offers an alternative 

approach by calculating inter-atomic forces on-the-fly using quantum mechanical (QM) 

methods instead of empirical force fields.[152-154] This method allows for more accurate 

simulations of chemical phenomena, such as bond breaking, bond forming, and 

electronic polarization effects.[152-154] However, its significantly higher computational 

cost limits its application to relatively smaller systems and short simulation timescales. 

To address the trade-off between accuracy and computational cost, hybrid quantum 

mechanics/molecular mechanics (QM/MM) approaches have been developed.[155] 

In this framework, the chemically active region of interest is treated using quantum 

mechanical methods such as AIMD or DFT, while the surrounding environment is 

described with classical force fields.[156] This method has been successfully applied to 

biomolecular simulations such as studies of enzymatic mechanisms and metal-protein 

interactions.[157] 

Ongoing advances in algorithms and computational resources are continuously 

expanding the applicability and predictive power of MD-based simulations. These 

methods now play a pivotal role not only in academic research but also in industrial 

applications, such as electrolyte optimization for solid-state batteries,[158-160] 

heterogeneous catalysis,[161,162] and molecular-level insights into drug delivery.[163,164]
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4.  Results and Discussion 

4.1  Monitoring and Controlling Tautomerization in 

Single Hypericin Molecules 

4.1.1  Photophysics and Photochemistry of Hypericin 

Hypericin (Figure 4-1) is a naturally occurring photoactive pigment, and has been 

identified as an effective photoreceptor in Hypericum perforatum plants,[165,166] 

commonly known as St. John’s wort.[167,168] Due to its anti-viral and anti-retroviral 

properties, hypericin has been intensively investigated in biochemical and biomedical 

studies. In particular, hypericin has been recognized as one of the most promising 

photosensitizers for photodynamic therapy (PDT).[169,170] Upon photoexcitation, the 

singlet excited state (S1) of hypericin undergoes highly efficient intersystem crossing 

(ISC) to the triplet manifold; subsequently enabling the generation of singlet oxygen 

(1O2) via energy transfer to molecular oxygen (3O2); this active oxygen species is 

primarily responsible for the therapeutic action.[171,172] In light of its considerable 

pharmaceutical potential, hypericin has been a model system for fundamental 

investigations of its photophysics and photochemistry. In this work, a spectroscopic-

computational approach is established to quantitatively explore the photophysical and 

photochemical mechanisms of hypericin at the single-molecule level. 

The foundational research of hypericin has been systematically examined and 

reviewed by H. Falk and his colleagues.[167,173-178] Earlier conformational and 

tautomeric analyses were carried out at the force-field theory level, identifying four 

conformers and ten tautomers, along with a qualitative potential energy surface and 

the corresponding energy barriers, similar as illustrated in Figure 4-2(a). However, 

such force-field-based descriptions suffer from limited accuracy, particularly for 

transition states. In the following, a state-of-the-art theoretical study at the (time-

dependent) density functional theory ((TD-)DFT) level will be employed to 

quantitatively map the conformational and tautomerization processes. Furthermore, 
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the conformational cycle will be expanded into a three-dimensional (3D) landscape, 

by introducing a new coordinate for hydrogen(H)-flipping at the hydroxyl (-OH) ends. 

Last but not least, transition states governing the tautomerization process will be 

characterized and analyzed. 

 
Figure 4-1: (a) Hypericum perforatum. commonly known as St John’s wort,[179] the natural 

source of hypericin. (b) Molecular structure of Hypericin (PM-Q7,14) featuring an extended -
conjugated system. The methyl substituents at the bay region induce a distinct distortion of 
the aromatic parent backbone. 

Conformational Isomerization of Hypericin 

Hypericin is a dye molecule with an extended -conjugated system, whereby two 

methyl substituents at the bay region induce a distortion of the aromatic parent 

backbone (Figure 4-1(b)). Moreover, the structural diversity arises from six hydroxyl (-

OH) and two carbonyl (C=O) groups, along with two methyl (-CH3) groups at the bay 

region of the naphthodianthrone core, giving rise to multiple conformational and 

constitutional isomers.[167] Following the established nomenclature,[176] the most stable 

conformer is PM-Q7,14, denoting carbonyl (C=O) groups positioned at sites 7 and 14 

(Figure 4-1(b)).  

In this work, a quantitative description of conformational isomerization, arising from 

torsions within the molecular scaffold and its substituents, was revealed.[103] They are 

classified as the “propeller” (PM-Q, PP-Q) and the “butterfly” (BM-Q, BP-Q) types (see 

Figure 4-2). As discussed in the pioneering work of H. Falk and his co-

workers,[167,176,177] the conformer pairs PM-Q/PP-Q and BM-Q/BP-Q are isoenergetic 

enantiomers related by reflection symmetry, while the conformer pairs PM-Q/BM-Q and 

PP-Q/BP-Q are diastereomers. The “propeller” forms are energetically favored, with a 
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lower Gibbs free energy of 0.09 eV. The conformational interconversion proceeds via 

two transition states: 1T (hydroxyl-plane distortion) and 2T (methyl-plane distortion), 

with computed Gibbs free energy barriers of ∆EGibbs(1T)=2.55 eV and ∆EGibbs(2T)=3.45 

eV, respectively. The larger barrier for 2T originates from the pronounced steric 

hindrance between the adjacent methyl substituents at the bay region (see Figure 

4-2(b)).  

In addition to the skeletal torsions, hypericin exhibits a new conformational coordinate, 

corresponding to the hydrogen(H)-flipping at the hydroxyl groups, see Figure 4-2(b). 

In this process, two hydroxyl protons alternately engage in forming an intra-molecular 

hydrogen (H) bond with neighboring hydroxyl oxygen atoms, modulating the directions 

of the H-bond (upwards vs. downwards). Owing to the C2 molecular symmetry of 

hypericin, proton transfer in this bond-shifting process leads to a structurally equivalent 

species. The energy barriers in this coordinate are estimated to be 1.50 eV for 

“propeller” and 2.48 eV for “butterfly” conformers, respectively. 
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Figure 4-2: (a) Conformational equilibria of the most stable neutral conformers of hypericin 
with carbonyl (C=O) groups at positions 7 and 14 (highlighted in red). The upper panel 
illustrates the conformational isomerization cycle, including transition states (1T and 2T). The 
lower panel introduces a newly identified coordinate of hydrogen(H)-flipping at the hydroxyl 
ends at the bay region. Reproduced from Q. Liu et al., Adv. Photonics Res 2021,[103] with the 
permission of © Wiley‐VCH. (b) Optimized ground- and transition-state geometries of the 
relevant conformers. The “propeller” and “butterfly” forms arise from torsional distortions of the 
molecular backbone and its substituents. The H-flipping occurs at the bay region, yielding a 
structurally equivalent species due to C2 symmetry. Calculations were performed at the D3-
B3LYP/6-311G(d) level. 

  

https://doi.org/10.1002/adpr.202000170
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Tautomerization of Hypericin 

The peripheral protons of hypericin can undergo structural interconversion, commonly 

referred to as tautomerization, resulting in the formation of multiple constitutional 

isomers (tautomers). Previous computational studies, as well as our own work, 

identified ten energetically accessible tautomers, interconnected via single-proton 

transfer pathways (see Figure 4-3).[92,103,173,176,177] Due to the low energy barriers and 

the fast interconversion rates, experimental evidence for tautomerization has 

historically remained elusive; neither direct observation nor indirect identification 

through conventional characterization techniques has been able to resolve distinct 

tautomers or capture their dynamic interconversions. However, quantum-chemical 

calculations can provide mechanistic insights by resolving the potential energy surface 

(PES) that governs such interconversions.  

Conceptually, tautomerization can be classified into two categories depending on the 

origin of the proton donor: intra- and inter-molecular tautomerization. Figure 4-3 

illustrates the ten possible tautomeric structures. Starting from the thermodynamically 

most stable tautomer PM-Q7,14, the migration of a peri-positioned proton to an adjacent 

carbonyl oxygen results in the formation of a new hydroxyl group, leading to five intra-

molecular tautomers (blue structures in Figure 4-3). In contrast, inter-molecular 

tautomerization is mediated by an external proton donor, such as a proton-rich host; 

herein, proton migration occurs not only at the peri but also at the bay region (green 

structures in Figure 4-3).  

Theoretical studies provide a clear picture of the geometrical and electronic description 

of these tautomers (for details, see Table 4-1). Two key torsional angles, OH and Me, 

are defined to describe the degree of structural distortion in the parent backbone (see 

Figure 4-3). This distortion is induced by steric hindrance between hydroxyl and methyl 

substituents at the bay region. The Gibbs free energies EGibbs and the relative 

stabilities ∆EGibbs for all tautomers were systematically investigated, as summarized in 

Table 4-1. Among these accessible species, PM-Q1,7, PM-Q7,13, and PM-Q3,7 exhibit the 

lowest relative Gibbs free energy (∆EGibbs≈0.4-1.3 eV) and are therefore expected to 

actively participate in the dynamic tautomerization network. 
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Figure 4-3: Intra-molecular [blue] and inter-molecular [green] tautomerization network of 
hypericin. The thermodynamically most stable tautomer, PM-Q7,14, defined as the carbonyl 
(C=O) groups at positions 7 and 14, serves as the central species. Intra-molecular proton 
transfer (blue arrows) yields five tautomers, while additional tautomers (green structures) 
require inter-molecular proton donation, typically facilitated by the local environment. The 
orange panel highlights the tautomerization between PM-Q7,14

 and PM-Q7,13, accessible via (i) 
a single-proton transfer pathway with a higher energy barrier of 1.58 eV; and (ii) a stepwise 
two-proton transfer mechanism involving an intermediate state PM-Q7,14-H*

 (gray) and two lower 

energy barriers of 0.79 eV and 1.10 eV. Two key torsional angles (OH, Me, defined in Scheme 
4-1) that reflect the parent backbone distortion are defined in PM-Q7,14. Calculations were 
performed at the D3-B3LYP/6-311G(d) level.  
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Table 4-1: Optimized geometries and relative electronic, Gibbs free energies of  five intra-
molecular [blue] and four inter-molecular [green] tautomers of PM-Q7,14. An intermediate state 
PM-Q7,14-H* is given to elucidate the possible intra-molecular tautomerization pathways 

between PM-Q7,14 and PM-Q7,13. The dihedral angles OH and Me represent torsional distortions 
induced by hydroxyl and methyl groups, respectively, at the bay region of the hypericin 
backbone. These angles reflect deviations from planarity and are key indicators of local 
structural deformation. The definitions and positions of these angles are illustrated in Scheme 
4-1. Calculations were performed in vacuum and in methanol (MeOH, PCM model) at the D3-
B3LYP/6-311G(d) level of theory. 

 

 



Results and Discussion 

 
Page | 52 

Table 4-2: Optimized geometries and relative electronic, Gibbs free energies of transition 
states, involved in the intra-molecular tautomerization between PM-Q7,14 and PM-Q7,13. Two 
mechanistic pathways are considered: (i) a single-proton pathway via TS1; and (ii) a stepwise 
two-step pathway via an intermediate state PM-Q7,14-H* with two transition states: TS2 and TS3. 

The dihedral angles OH and Me represent torsional distortions induced by hydroxyl and methyl 
groups, respectively, at the bay region of the hypericin backbone. The definitions and positions 
of these angles are illustrated in Scheme 4-1. Calculations were performed in vacuum and in 
methanol (MeOH, PCM model) at the D3-B3LYP/6-311G(d) level of theory. 

 

In a second step, an investigation was conducted on the transition states (TS) 

associated with the representative intra-molecular tautomeric pair, PM-Q7,14⇄PM-Q7,13. 

As illustrated in the beige panel of Figure 4-3, two distinct pathways become possible. 

The single-proton pathway proceeds via the transition state TS1, and encounters a 

substantial barrier of 1.58 eV due to the pronounced geometrical distortion observed 

at position 14. Alternatively, this process can proceed via a two-step mechanism 

involving an intermediate state (PM-Q7,14-H*), where the first proton transfer occurs at 

position 1 with an energy barrier (TS2) of 0.79 eV, followed by a second proton transfer 

at position 14 with an energy barrier (TS3) of 1.10 eV (Table 4-1 and Table 4-2). This 

two-step pathway, characterized by minimal geometrical distortions (∆OH, ∆Me≈1˚) 

at the bay region, is energetically preferred and is more likely to prevail in experiments. 

These angles quantify deviations from planarity and are defined in Scheme 4-1. 

In summary, quantum-chemical calculations provide a detailed understanding of the 

stereochemistry of hypericin, including conformational isomerization, tautomerization, 

as well as the corresponding potential energy landscape and transition states. 

However, the direct experimental verification of tautomerization dynamics and the 

identification of individual tautomers remain challenging due to their subtle structural 

variations and fast interconversion rates. This limitation calls for advanced 

experimental strategies, as addressed in the following section. 
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4.1.2  Monitoring Tautomerization in Single Hypericin 

Molecules3 

This section is centered on a spectroscopic-computational approach to monitor 

tautomerization dynamics of hypericin at the single-molecule level. Tautomerization, 

driven by the rearrangement of the carboxyl (C=O) and hydroxyl (-OH) groups, results 

in a distinct reorientation of the S0-S1 electronic transition dipole moment (TDM). By 

direct observation of TDMs by our home-built confocal microscope with higher-order 

laser modes, in combination with quantum-chemical calculations for accurate 

orientation information, individual tautomeric species can be unambiguously identified. 

Our home-built single-molecule imaging and spectroscopy experiments were 

performed at ambient conditions using our home-built setup, for instrumentation 

details, see Figure 3-2. Figure 4-4(a) illustrates a typical fluorescence image of single 

hypericin molecules at a 10×10 μm2 scale. This fluorescence image presents isolated 

diffraction-limited bright spots with Gaussian intensity profiles; the close-up views on 

the right further reveal the single-molecule behaviors, including photobleaching and 

fluorescence intensity fluctuations. The corresponding spectroscopic data (Figure 

4-4(b)) exhibit the characteristic photoblinking and the subsequent photobleaching. 

Such variations in emissivity (or dynamic intensity fluctuations) can be attributed to the 

(temporal) dark states, primarily involving triplet-state transitions or other less- or non-

emissive states.[180] Photon antibunching measurements confirm the presence of 

single molecules within a minimum spatial distance of 1 μm. 

  

 

3  The experimental work in this section was performed by Dr. Quan Liu and Dr. Frank 

Wackenhut. 
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Figure 4-4: (a) Typical fluorescence images of single hypericin molecules embedded in PVA 
acquired by our home-built single-molecule confocal microscope (10×10 μm2 scan area, 10 
ms per pixel). The isolated diffraction-limit spots exhibit Gaussian intensity profiles. The close-
up images (right) highlights the characteristic single-molecule features, including long-lived 
dark state and (stepwise) fluorescence intensity fluctuations. Reproduced from L. Wang et al., 
ChemPhysChem 2024[2], with the permission of © Wiley‐VCH. (b) Representative 
fluorescence intensity time trace showing characteristic photoblinking behavior under 
continuous excitation, with an abrupt transition to a dark state (the corresponding fluorescence 

lifetime is F=3.2 ns). Photo antibunching confirm the presence of single hypericin molecules 
embedded in PVA matrix under ambient conditions. 

https://doi.org/10.1002/cphc.202400374
https://doi.org/10.1002/cphc.202400374
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When embedded in a rigid polymer matrix, hypericin exhibits considerably slowed 

tautomerization compared to its rapid dynamics (up to MHz) in solution, allowing 

individual tautomers to persist for seconds or minutes.[1,89,91,92,103,181-184] Stepwise 

fluorescence intensity variations (Figure 4-4(b)) serve as signatures of tautomerization 

events. The fixed molecular orientation within the polymer leads to TDM reorientations 

during tautomerization, resulting in apparent fluorescence fluctuations due to their 

varying alignment with the excitation field. 

In order to determine the absolute TDM orientation, azimuthally (APDM) and radially 

(RPDM) polarized doughnut modes were employed.[92] As shown in Figure 4-5, an 

abrupt image pattern flip accompanied by fluorescence intensity changes, 

independent of lifetime changes, indicates tautomerization events. The APDM 

exclusively probes the in-plane TDM component, while RPDM reveals both in-plane 

and out-of-plane components. The shape and size of the asymmetric two-lobe pattern 

observed in APDM and RPDM allow for a full three-dimensional (3D) reconstruction 

of the TDM orientation. 

Figure 4-5 shows a sequence of images for three representative molecules (arranged 

in pairs: a1-a2, b1-b2, c1-c2, d1-d2). Molecule 1 exhibits stable patterns, indicating 

the absence of tautomerization. Molecule 2 displays ambiguous ring shapes in a1 and 

c1, suggesting that tautomerization occurs faster than the image acquisition time. For 

molecule 3, four distinct excitation patterns are clearly distinguished, confirming the 

coexistence of the four stable tautomers of hypericin. Correlating experimental 

observations with quantum-chemical calculations and applying a rotation matrix to the 

ensemble of the TDMs of all potential tautomeric species, the tautomerization 

trajectory was determined in accordance with the imaging sequence: PM-Q3,7 ⇢ PM-

Q1,7 ⇢ PM-Q7,14 ⇢ PM-Q7,13. 

This spectroscopic-computational approach marks the first successful direct 

observation of single-molecule tautomerization. It establishes a solid foundation for 

further advancing this methodology to control tautomerization rates and systematically 

investigate nano-environmental effects, as elaborated in the following sections. 
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Figure 4-5: Representative excitation patterns of three single hypericin molecules embedded 
in PVA, recorded using azimuthally (APDM) and radially (RPDM) polarized doughnut modes 
(10×10 μm2 scan area, 10 ms per pixel). Panels a1-d1 are excited with APDM, selectively 
probing the in-plane TDM component, while panels a2-d2 display RPDM excitation, revealing 
both in-plane and out-of-plane TDM components. Molecule 1 exhibits stable patterns, 
indicating the absence of tautomerization. Molecule 2 shows ambiguous ring-shaped patterns, 
suggesting that tautomerization occurs faster than the acquisition time. Molecule 3 displays 
four distinct excitation patterns, corresponding to the four different tautomers.  Inset images in 
red squares (1.2×1.2 μm2) present simulation results. Colored arrows correspond to the 
transition dipole moments (TDMs) of the tautomers. (e) The TDM orientation of Molecule 3 
and its in-plane projection, which reveal the reorientation associated with tautomerization. 
Reprinted with permission from Q. Liu et al., J. Phys. Chem. Lett. 2021, 12, 3, 1025.[92] © 2021 
American Chemical Society.  

4.1.3  Controlling Tautomerization in Single Hypericin 

Molecules 

Proton migration around the perimeter (the “outer” part) renders hypericin highly 

sensitive to interactions with its local (nano-)environment. Since tautomerization 

proceeds via quantum tunneling, the available residence time in the excited state 

directly governs the probability of proton transfer. Thus, controlling the excited-state 

fluorescence lifetime provides an effective strategy to regulate tautomerization rates. 

This section demonstrates two complementary approaches: (i) chemical modification 

via different polymer hosts and isotope effects, and (ii) photonic modification via the 

embedding hypericin inside a /2 Fabry-Pérot microcavity. 

 Chemical Modification via Polymer Hosts and Isotope Effects 

The local chemical environment, as reflected by macroscopic parameters such as the 

dielectric constant, oxygen permeability and solvent and/or water content of the 

polymer, can play a significant role in influencing the excited-state lifetime, dark state 

dynamics and probe survival time (defined as the duration before a long-lived dark 

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03459
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state or a total photobleaching).[2,182] From a computational perspective, these 

observations point to the geometrical and electronic changes that occur in the excited 

states. This section is dedicated to the investigation of specific probe-host interactions. 

For this purpose, PVA and PMMA were selected due to their transparency and high 

light transmittance (Scheme 4-1). 

 
Scheme 4-1: Chemical structures of hypericin and the host polymers: PVA, deuterated PVA 

(D-PVA), and PMMA. Two key dihedral angles at the bay region of hypericin, Me (methyl, 

green) and OH (hydroxyl, blue) groups, are highlighted. 

The ensemble fluorescence lifetime of hypericin embedded in a PVA polymer host 

was reported by us earlier,[182] giving an average lifetime F=4.2±0.9 ns and a quantum 

yield of F=12 %±1 %. Such ensemble values have been utilized as benchmarks for 

subsequent single-molecule studies. In stark contrast, single-molecule spectroscopic 

data have revealed substantial heterogeneity, arising from specific probe-host 

(hypericin-polymer) interactions and variations in molecular orientation. 

To systematically modulate the local chemical nano-environment, hypericin was 

embedded into two representative polymer hosts: polyvinyl alcohol (PVA) and 

poly(methyl methacrylate) (PMMA). The most notable feature of PVA is the prevailing 

hydroxyl group (see Scheme 4-1), which can form hydrogen (H/D) bonds with 

hypericin; thus facilitating a substantial non-covalent interaction between the probe 

and the polymer host. Notably, stepwise fluorescence intensity fluctuations observed 

prior to the long-lived dark state, as shown in  Figure 4-6(a), indicate tautomerization 

events. These intensity changes result from the reorientation of the transition dipole 

moment (TDM) due to proton migration, directly reflecting the tautomerization process 

at the single-molecule level. In contrast, PMMA can be considered as an “innocent” 

polymer host, as it lacks functionalities that cause specific strong probe-host 
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interactions; however, its low oxygen permeability limits the photobleaching, while 

enhancing its photostability (see Figure 4-6).[185] PVA is higher in polarity. Hosts with 

a higher dielectric constant generally lead to a higher reaction field in response to the 

static electric dipole moment of an embedded molecule (for further details, see Ref.[186-

188] and literature cited therein). For simplification, we denote the systems as H- or D-

hypericin in H- or D-PVA, H- or D-hypericin in PMMA. 

 
Figure 4-6: Representative fluorescence intensity time traces of single D-hypericin molecules 
embedded in (a) D-PVA and (b) PMMA under ambient conditions. The traces show 
characteristic single-molecule photoblinking behavior, with D-PVA exhibiting stronger 
photoblinking compared to PMMA. In (a), stepwise fluorescence intensity fluctuations 
observed prior to the long-lived dark state indicate tautomerization dynamics. 

To quantitatively evaluate the single-molecule nano-environmental and isotope effects 

on hypericin, statistical analysis of survival time and photoblinking dynamics was 

performed (Figure 4-7). Here, the survival time is defined as the period until the long-

lived dark state (and/or irreversible photobleaching) occurs, while the photoblinking 

behavior is characterized by the on-off (bright-dark) ratio, expressed as the proportion 

of the “on” period (bright state) relative to the total survival time. A reduced on-off ratio 

indicates more pronounced photoblinking. As illustrated in Figure 4-7, hypericin in 

PMMA exhibits significantly longer survival times and higher on-off ratios compared to 

PVA, for both H- and D-hypericin species. Deuteration further reduces the survival 

time and enhances photoblinking, indicative of its impact on non-radiative decay 

pathways (vide infra).  

Figure 4-8 complements these findings by providing fluorescence lifetime distributions, 

which clearly show longer lifetimes for hypericin in PMMA relative to PVA, with a 

further moderate increase upon deuteration. These observations collectively highlight 

the critical role of both polymer hosts and isotope effects in modulating the excited-

state dynamics of hypericin. 



Results and Discussion 

 
Page | 59 

 
Figure 4-7: Statistical analysis of photoblinking and survival times of single H-(D-)hypericin 
embedded in different polymer hosts. (a,b) Histograms of the on-off (bright-dark) ratios, 
quantifying the fraction of the total survival time spent in the on (bright) state; (c,d) Survival 
time distributions. Hypericin in PMMA exhibits significantly longer survival times and higher 
on-off ratios than in PVA, indicating suppressed photoblinking and enhanced photostability. 
Deuteration further shortens survival times and enhances photoblinking dynamics. Sample 
size: n=115 (H-Hyp/H-PVA), n=121 (D-Hyp/D-PVA), n=131 (H-Hyp/PMMA), n=104 (D-
Hyp/PMMA). Orange bars represent overlapping values. Reproduced from L. Wang et al., 
ChemPhysChem 2024,[2] with the permission of © Wiley‐VCH. 

 
Figure 4-8: Histograms of derived single-molecule fluorescence lifetimes F for single H/D-
hypericin molecules in (a) PVA (n=172), (b) D-PVA (n=147), (c) PMMA (n=175) and (d) PMMA 
(n=159). The red curves correspond to fitted normal distributions associated with the mean 

values (). Deuteration leads to a modest increase in lifetime (ΔF≈0.1 ns) due to reduced 
internal conversion (IC), in line with the calculated zero-point energy reduction of 0.37 eV. This 
subtle isotope effect is particularly evident in PVA due to additional probe-host H-(D-) bonds. 
Reproduced from L. Wang et al., ChemPhysChem 2024,[2] with the permission of © Wiley‐
VCH. 

https://doi.org/10.1002/cphc.202400374
https://doi.org/10.1002/cphc.202400374
https://doi.org/10.1002/cphc.202400374


Results and Discussion 

 
Page | 60 

The observed host-dependence and isotopic effects can be rationalized by the 

interplay of inter- and intra-molecular effects. The inter-molecular contributions 

primarily originate from specific interactions between hypericin and the polymer host. 

To elucidate such interactions, ground- and transition-state geometries of hypericin 

were optimized using both implicit methanol (MeOH, PCM model) and explicit polymer 

cluster models (PVA, PMMA). The results reveal that H-(D-)hypericin embedded in H-

(D-)PVA experiences pronounced structural distortion, particularly at the bay region. 

The formation of the inter-molecular H-(D-)bonds between H-(D-)hypericin and the 

hydroxyl groups of H-(D-)PVA restricts the conformational freedom of hypericin, 

leading to a more distorted geometry compared to that in PMMA. These geometrical 

differences are particularly evident in the calculated dihedral angles (defined at the 

bay and peri regions, see Scheme 4-1), which directly characterize the deformation of 

the aromatic scaffold of hypericin (see Table 4-3). 

Table 4-3: Calculated hypericin geometries at the ground (GS) and the transition (TS) state in 
methanol (MeOH, PCM), and explicit polymer cluster models (PVA, PMMA), using D3-
B3LYP/6-31G(d) level of theory. Dihedral angle definitions are provided in Scheme 4-1. 

 

The intra-molecular contribution arises from the deuterium isotope effect. Although 

deuteration causes only minor structural changes, it significantly alters the non-

radiative decay pathways.[189-191] The non-radiative decay component (knr) comprises 

internal conversion (IC), vibrational relaxation (VR), intersystem crossing (ISC) 

towards the triplet manifold, and other photochemical channels such as 

tautomerization. Deuteration reduces the zero-point vibrational energy of 0.37 eV, and 

consequently affects vibrationally mediated processes such as internal conversion 

(IC),[192] while leaving the intersystem crossing (ISC) channel essentially unaffected.[36] 

The rate kIC can be estimated from Fermi's golden rule.[9] Here, kIC decreases with 

decreasing vibrational frequency, so that kIC decreases upon deuteration because of 

smaller energy spacing between vibrational quanta.[14] In contrast, deuteration shows 
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a negligible effect on the radiative rate (kr) as it is related to the oscillator strength (𝑓) 

and energy (E) of the emitting state via the Strickler-Berg relation,[193] which remain 

largely unchanged upon deuteration. 

Despite the suppression of IC, the observed isotope effect on the fluorescence lifetime 

F=1/(kr+knr) of hypericin and related aromatic hydrocarbons[194] is modest. This can 

be rationalized by the dominant role of ISC (kISC≫kIC) in hypericin, consistent with its 

efficient population of triplet states.[195]  

 Photonic Modification via a /2 Fabry-Pérot microcavity4 

In addition to chemical control, tautomerization of hypericin can be photonically 

modulated by tailoring the radiative decay rate kr via the Purcell effect. This is achieved 

by enclosing molecules inside a /2 Fabry-Pérot microcavity, which selectively alters 

the local density of optical states (LDOS). The microcavity consists of two parallel 

mirrors (see Figure 4-9(a)), with an adjustable spacing d that can be finely tuned to 

fulfill the resonance condition between the cavity mode and the hypericin emission. 

The cavity mirror spacing d can be determined from the transmission spectra. 

To construct the microcavity (Figure 4-9(a)), the bottom mirror was prepared on a 

cleaned cover slip by sequentially evaporating 1 nm Cr, 30 nm Ag, and 50 nm SiO2, 

while the top mirror was a convex lens with a 25.8 mm curvature radius covered with 

1 nm Cr, 50 nm Ag, and 50 nm SiO2 layers, respectively. The Cr layer serves as an 

adhesion layer, while the SiO2 layer acts as a spacer to protect the two mirrors from 

mechanical damage and to avoid quenching of the molecule on top of the silver film.  

Figure 4-9(c) shows single-molecule fluorescence lifetime distributions of single 

hypericin molecules measured under different cavity spacings d. The distribution 

recorded under free-space conditions shown in  Figure 4-9(b) serves as a reference 

for quantifying cavity-induced lifetime modulation. When the cavity is tuned to be on 

resonance with the emission spectrum of hypericin, a significant reduction in the 

 

4 The transfer matrix method (TMM) simulation in this section was performed by Dr. Quan Liu 

and Dr. Frank Wackenhut. 
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excited-state lifetime is observed compared to free-space conditions, consistent with 

the Purcell effect. 

Figure 4-9(d) further compares experimental results with simulations as a function of 

cavity spacing d. The Purcell effect can either reduce or increase the fluorescence 

lifetime by up to threefold, depending on whether the emitted photons are on or off 

resonance within the microcavity. In this simulation, the non-radiative rate (knr) is 

assumed to remain constant, and only the radiative rate (kr) is modulated by the Purcell 

effect. The observed agreement between experiment and simulation confirms that the 

lifetime reduction originates exclusively from the Purcell-enhanced radiative decay. 

Two lifetime minima, located at cavity spacings of 170 nm and 390 nm, correspond to 

the Purcell factor maxima. The reduced fluorescence lifetime effectively limits the 

residence time available for proton transfer, thereby suppressing the tautomerization. 

 
Figure 4-9: (a) Schematic drawing of a /2 microcavity embedding single hypericin molecules 
in a PVA matrix between two silver mirrors. Fluorescence lifetime histograms of single 
hypericin molecules in (b) free space, as reference; and (c) the microcavity at two 
representative mirror spacings: 162 nm [red] and 197 nm [green], both demonstrating a 
fluorescence lifetime reduction under resonance conditions. (d) Fluorescence lifetime of the 
ensemble (10−5 M, black curve) and single hypericin molecules (10−9 M, magenta dots) as a 
function of mirror spacing d. The solid curves are the best fit to the respective experimental 
data of the ensemble (blue curve) and single molecules (orange curve). Reproduced from L. 
Wang et al., J. Chem. Phys. 7 January 2022; 156 (1): 014203,[1] with the permission of AIP 
Publishing. 

https://doi.org/10.1063/5.0078117
https://doi.org/10.1063/5.0078117
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Beyond its impact on fluorescence lifetimes, the anisotropic local density of optical 

states (LDOS) within the microcavity strongly affects transition dipole moments (TDMs, 

𝜇⃗) depending on their orientation. As predicted by Fermi's golden rule,[53] the radiative 

rate (kr) of a molecule, represented by the TDM 𝜇⃗, can be calculated as  

𝑘r,c(𝑑, 𝑧) ∝ 𝑆(𝜔)|𝜇⃗ ∙ 𝜀𝑐|
2𝜌(𝜔, 𝑑, 𝑧) (4‐1) 

where the fluorescence spectrum S() of hypericin is obtained experimentally;[182] the 

cavity mode field 𝜀𝑐(𝜃, 𝜙) is a vector property; the local density of optical states (LDOS) 

in the cavity (,d,z) depends on the frequency , the mirror spacing d and the position 

z of the molecule in the microcavity. Both 𝜀𝑐(𝜃, 𝜙)  and (,d,z) can be derived 

numerically using the transfer matrix method (TMM).[105] The spectral-averaged 

Purcell factor P(d,z) is defined as the ratio of the radiative rate in the microcavity kr,c 

to the free-space radiative rate kr 

𝑃(𝑑, 𝑧) =
𝑘r,c
𝑘r
=
∫𝑆(𝜔)|𝜇⃗ ∙ 𝜀𝑐|

2𝜌(𝜔, 𝑑, 𝑧) sin 𝜃 𝑑𝜃𝑑𝜑𝑑𝜔

∫𝑆(𝜔)|𝜇⃗ ∙ 𝜀|2𝜌(𝜔) sin 𝜃 𝑑𝜃𝑑𝜑𝑑𝜔
(4‐2) 

and the fluorescence lifetime inside the microcavity F,c can be expressed as  

𝜏F,c =
1

P𝑘r + 𝑘nr
(4‐3) 

Notably, for a specific single molecule, the orientation of its TDM critically determines 

the strength of the Purcell effect, with the most significant enhancement occurring 

when the TDM lies parallel to the mirror surface and coincides with a LDOS maximum.  

Hence, for molecules with fixed orientation embedded in an optical microcavity, 

changes in TDM orientation are typically correlate by variations in fluorescence 

properties, such as lifetime and intensity. As shown in Figure 4-10, single-molecule 

fluorescence trajectories exhibit stepwise fluorescence lifetime jumps, accompanied 

by intensity changes. Such variations serve as “fingerprints” of tautomerization-

induced TDM reorientation, illustrating that photonic control not only modulates 

tautomerization but also directly reveals real-time observation of molecular dynamics. 
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Figure 4-10: Fluorescence intensity time traces [top] and the respective fluorescence lifetime 
trajectories [bottom] are shown for four individual molecules in a microcavity at the following 
cavity mirror spacing: (a) 162 nm, (b) 197 nm, (c) 212 nm, and (d) 197 nm. The binning time 
is 10 ms for time traces and 1 s for lifetime trajectories. Reproduced from L. Wang et al., J. 
Chem. Phys. 7 January 2022; 156 (1): 014203,[1] with the permission of AIP Publishing. 

4.1.4  Summary and Perspectives 

In this work, we established a comprehensive spectroscopic-computational framework 

for an in-depth investigation of hypericin at the single-molecule level. We 

systematically analyzed its stereochemistry, photophysics and photochemistry, and its 

pronounced sensitivity to the nano-environment. Combining quantum-chemical 

calculations with our home-built single-molecule imaging and spectroscopy, we 

successfully identified individual tautomeric species and directly observed 

tautomerization processes.  

Furthermore, tautomerization rates can be effectively modulated by tailoring the 

fluorescence lifetime via (i) chemical modification through different polymer hosts and 

isotope effects, and (ii) photonic modification (Purcell effect) via embedding hypericin 

inside a /2 Fabry-Pérot microcavity. This spectroscopic-computational framework not 

only provides fundamental insights into the photophysics and photochemistry of 

hypericin, but also serves as a cornerstone for the next chapters, where we will extend 

this approach to case-specific systems and explore its general applicability in other 

optical platforms, i.e. surface-enhanced Raman scattering (SERS) systems, 

showcasing its potential as a universal strategy for probing optical responses 

modulated by nano-environments effects. 

https://doi.org/10.1063/5.0078117
https://doi.org/10.1063/5.0078117
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4.2  Photophysics and Origins of Single Donor-

Acceptor-Donor Triads 

In a recent study, a series of donor-acceptor-donor (DAD) triads was reported to 

exhibit fluorescence on-off switching with high-contrast ratios.[196] An external stimulus 

allows the long-spacer candidates (n ≥ 6) to switch between two distinct 

conformations.[196] However, the underlying switching mechanism remains unclear, 

and the photokinetics in solution have not been systematically elucidated. Therefore, 

an in-depth investigation of the complex photokinetics of DADn triads with varying 

flexible spacer lengths was conducted.  

 
Scheme 4-2: [Left] chemical structures of the acceptor (Ac), donor (N-Et-Cz) and donor-
acceptor-donor (DADn) triads. [Right] Representative extended and stacked forms of an 
explementary triad: DAD4. 

4.2.1  Principal Photophysics of DADn Triads 

As shown in Scheme 4-2, the DADn triads consist of a highly fluorescent p-

distyrylbenzene-type (DCS) unit as the acceptor (A), linked to two carbazole donors 

(D). The D and A moieties are covalently connected by a flexible non-conjugated 

spacer of varying lengths, namely an alkoxyl bridge, O(CH2)n, where n=4, 6, 8, 10. 

High-contrast fluorescence on-off switching in the solid state can be induced by 
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external stimuli such as mechanical force, temperature etc.[196] This has been 

attributed to the conformational isomerization between extended and stacked forms, 

corresponding to two distinct local minima along the potential energy surface (PES). 

The reference acceptor molecule (Ac) has the same structure as the acceptor moiety 

of the triads, but carries hexyloxy-groups (OC6H13) at the central ring. In addition, the 

compound N-ethylcarbazole (N-Et-Cz) serves as the reference donor molecule. 

All-organic -conjugated materials have attracted significant attention due to their 

versatile applications in organic solar cells (OSCs), organic light-emitting diodes 

(OLEDs), and organic field-effect transistors (OFETs). A key challenge in designing 

such materials lies in understanding the complex photophysical deactivation pathways. 

Among these, photoinduced charge-transfer (CT) states are critical for device 

performance. From a mechanistic perspective, effective population of the low-lying CT 

state (first excited state, S1) upon direct or indirect photoexcitation requires a short 

spatial distance between donor (D) and acceptor (A) units. This can be achieved by (i) 

intra-molecular D–A systems connected directly[197-199] or via short spacers[199-203], or 

(ii) inter-molecular D:A complex. The generated CT state can be emissive, if the 

radiative rate kr can successfully compete with the non-radiative rate knr. On the other 

hand, systems with large D–A separations generally prevent efficient population of 

such CT states upon direct photoexcitation. Nevertheless, CT states can still be 

dynamically generated in liquid solution in their excited states, commonly termed an 

exciplex;[67,74,204] these typically occur in systems of mixed D and A species, in which 

high concentrations promote the formation of encounter complexes such as [D–A*] or 

[D*–A] during the S1 lifetimes F. 

A summary of the basic photophysics in the current work is illustrated in Scheme 4-3. 

Upon photoexcitation, an excited donor (D*) transfers its energy entirely to the 

acceptor (A) via resonant energy transfer (ET), generating an excited acceptor (A*); 

the latter A* can also be generated via direct photoexcitation of A. From here, A* can 

be deactivated by (i) direct return to the ground state S0 via emission or non-radiative 

decay (the latter typically includes internal conversion (IC), with subsequent vibrational 

relaxation (VR)), (ii) the photoinduced electron transfer (eT), or (iii) a dynamic exciplex 

formation.  
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The electron-transfer (eT) process creates a radical ion pair [D·+…A·-], i.e. commonly 

termed a “charge-separated” (CS) state within extended forms,[205] which is 

subsequently deactivated via back electron transfer (BeT) to the ground state S0.[205,206] 

Alternatively, an exciplex [D·+A·-] is formed via a pre-associated complex [DA*]; this 

is a reversible dynamic process with an association constant ka, and a dissociation 

constant kd. The specific signature of the exciplex is a red-shifted, structureless 

fluorescence with a prolonged lifetime. 

 
Scheme 4-3: Deactivation scheme of donor-acceptor-donor (DADn, n=4,6,8,10) triads within 
the singlet manifold under direct photoexcitation of D or A, generating excited donor (D*) or 
excited acceptor (A*). Apart from (i) direct deactivation from the excited acceptor [D–A*], (ii) 

electron transfer (eT) forms a free radical ion pair [D·+…A·-]; this process competes with (iii) 

the dynamic exciplex formation [D·+A·-]. The rate constants (s-1) for DAD10 and DAD4 are 

obtained from a photokinetic analysis (see text). Reproduced from S. Feng et al., Adv. Mater. 
2023,[3] with the permission of © Wiley‐VCH. 

4.2.2  Photokinetics of DADn Triads: Exciplex Formation5 

As shown in Figure 4-11, the absorption spectrum of the reference acceptor (Ac) 

shows a structureless “double-hump” feature with maxima at 347 nm and 445 nm. The 

 

5 The ensemble spectroscopic work in this section was performed by Dr. Siyang Feng under 

the supervision of Dr. Reinhold Wannemacher and PD Dr. Johannes Gierschner. 

https://doi.org/10.1002/adma.202306678
https://doi.org/10.1002/adma.202306678
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ensemble absorption spectrum of DADn in Figure 4-11 indicates a superimposed 

feature of those of the reference acceptor (Ac) and the reference donor (N-Et-Cz) 

molecules alone. Besides, there is no evidence to suggest the involvement of charge-

transfer (CT) states, indicating that DADn triads tend to exhibit the extended form in 

solution. In contrast to absorption, the ensemble fluorescence properties vary 

significantly with the spacer length n. The fluorescence spectra of DAD10 and DAD8 

are almost identical, closely resemble that of Ac. However, there is a slight broadening 

on the longer wavelengths. On the contrary, DAD4 indicates only a shoulder at this 

short wavelength (SW) at 535 nm but a significant portion at the long wavelength (LW) 

at 623 nm. Further ensemble spectroscopic studies confirm the existence of the 

prompt lifetime PF; this is observed to decrease strongly and monotonically with 

increasing spacer length n versus Ac, particularly in polar solvents, like in chloroform 

(CHCl3). Moreover, no concentration dependence was found upon dilution. All 

evidence suggests that the LW is a result of an intra-molecular exciplex between the 

donor (D) and acceptor (A) moieties, i.e., the interconversion from the extended to 

stacked form, in which a CT state is formed dynamically by the folding of the spacer 

during the excited-state lifetime. This is consistent with the observed broad features 

of the LW emission, as typically found as a “fingerprint” of an exciplex.[207-214] Spectral 

decomposition (as indicated as dashed lines in Figure 4-11) for all DADn triads 

indicates the exciplex (the stacked form) is responsible for the LW tails. 

The rate constants for exciplex formation were determined via photokinetic analysis of 

available spectroscopic data, based on a three-state model: the ground state [D–A], 

the excited-state acceptor [D–A*], and the pre-associated exciplex [DA*]. The excited-

state lifetimes of the excited acceptor [D–A*] and the exciplex [D·+A·-] remain relatively 

constant, with A
-1≈3×108 s-1 and ex

-1≈1×108 s-1, respectively, although the radiative 

kr and non-radiative rate knr show somewhat variations. The rate constant of electron-

transfer (eT) quenching increases from keT,A≈1×107 s−1 for DAD10 to ≈1×108 s−1 for 

DAD4 due to the shortened D–A separation. Meanwhile, the energy of the radical ion 

pair [D·+…A·  -] remains fairly constant according to the TD-DFT calculations. In 

contrast, the association rate for the pre-associated species [DA*] increases 

significantly, from ka≈4×108 s−1 for DAD10 (corresponding to an association time of 
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ta=2.5 ns) to ka≈4×109 s−1 for DAD4 (ta=0.25 ns). This difference indicates that the 

radical ion pair formation is a minor pathway in comparison with the exciplex formation. 

 
Figure 4-11: Absorption (left) and fluorescence (right) spectra of the compounds in 10 M 
chloroform (CHCl3) at room temperature. The fluorescence spectrum of DAD8 [blue] is nearly 
identical to that of DAD10 [black], and is therefore shown as superimposed. Dashed lines 
indicate the long-wavelength (LW) components, obtained by spectral decomposition. For 
reference, the absorption and fluorescence spectra of the donor N-ethyl-carbazole (N-Et-Cz) 
are shown. Reproduced from S. Feng et al., Adv. Mater. 2023,[3] with the permission of © 
Wiley‐VCH. 
 
Table 4-4: Spectroscopic data of the compounds in chloroform (CHCl3) at room temperature, 
including short (SW) and long (LW) wavelength emissions with their corresponding emission 

maxima max. Individual lifetimes (amplitudes) i (Ai) are obtained from multi-exponential fits, 

obtained at det=536 nm, 680 nm for SW and LW, respectively; PF is the mean (intensity-

weighted average) prompt lifetime (i.e. of the short components 1,2). F,tot is the total 

fluorescence quantum yield, and F,i are the quantum yields of the SW and LW components, 
determined by spectral decomposition of the steady-state data in Figure 4-11 via the fractional 
intensities xSW,LW. 

 

a) the accuracy is limited by the IRF (ca. 50 ps); 
b) intensity-weighted averaged lifetime; PF=(A11

2+A22
2)/(A11+A22). Differences in PF for 

SW and LW detection are within the experimental error of the setup; 
c) det=524 nm; d) det=505 nm. 

https://doi.org/10.1002/adma.202306678
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Diffusion Model 

To rationalize the association rate ka extracted from the spectroscopic data, an initial 

estimation was made in a simple diffusion model. To further understand the 

conformational dynamics involved in exciplex formation, particularly the transition from 

the extended to the stacked form, molecular dynamics (MD) simulations were 

conducted to visualize the folding process. 

As the exciplex association/dissociation (ka/kd) is a reversible process, the competition 

between electron transfer (eTA) and exciplex formation cannot be described in a purely 

stochastic model due to the guided trajectory imposed by the molecular  spacers. 

Nevertheless, as a first approximation, we assume that the extended and stacked 

forms can be bridged by a free diffusing donor (carbazole, Cz) unit in a simplified three-

dimensional (3D) diffusion model. The diffusion constant D is then approximated by 

the 3D Stokes-Einstein equation 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑅
(4‐4) 

where R is the radius of the uncharged (spherical) particle. The corresponding 

diffusion length LD in three dimensions (3D) is then  

𝐿D,3D = √6𝐷𝑡 (4‐5) 

while for a one-dimensional (1D) case, it is given by 

𝐿D,1D = √2𝐷𝑡 (4‐6) 

MD simulations of free Cz yielded a diffusion constant D=1.1±0.3×10-5 cm2/s in 

chloroform (CHCl3), in good agreement with the literature value D=1.3±0.3×10-5 cm2/s 

in water[215] and acetonitrile[216]. The effective diffusion lengths LD were derived from 

the optimized geometries of the extended and stacked forms, corresponding to Cz 

displacement distances of 1.2 nm for DAD4 and 1.9 nm for DAD10. Diffusion constants 

extracted from MD simulations are presented in Figure 4-12 and Table 4-5. 
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Figure 4-12: Mean squared displacement (MSD) analysis of free carbazole (Cz) in three 
dimensions (3D) across different explicit solvents at 298.15 K (room temperature, RT) and 77 
K (low temperature, LT). Accurate error estimates are shown in the parentheses.  

 

Table 4-5: Calculated diffusion constants of carbazole in three dimensions (3D) for different 
solvents, extracted from the mean squared displacements (MSD) analysis shown in Figure 
4-12. 

 

Table 4-6: Exciplex association times (ta) for DAD4 and DAD10 in chloroform (CHCl3) as 
determined from experiment (exp), a free three-dimensional (3D) diffusion model, a quasi-
one-dimensional (1D) diffusion model, and molecular dynamics (MD) simulations. 
Reproduced from S. Feng et al., Adv. Mater. 2023,[3] with the permission of © Wiley‐VCH. 

 

https://doi.org/10.1002/adma.202306678


Results and Discussion 

 
Page | 72 

The experimental and calculated exciplex association times ta for DAD4 and DAD10 

in chloroform (CHCl3) are summarized in Table 4-6. The free diffusion model in 3D 

(1D) predicts the reference association times ta,3D (ta,1D) of 0.18 ns (0.55 ns) for DAD4, 

and 0.46 ns (1.4 ns) for DAD10, respectively. The experimental value for DAD4 

(ta,exp=0.25 ns) falls between the calculated 3D and 1D diffusion limits, which appears 

reasonable, consistent with a partially guided folding trajectory. The experimental 

value for DAD10 shows a larger deviation, suggesting greater structural constraints. 

To further investigate the conformational dynamics, MD simulations were carried out 

for both DAD4 and DAD10, starting from their extended geometries. Full structural 

relaxation in explicit solvent at different temperature (298.15 K and 77 K) was 

performed to capture intrinsic molecular flexibility and spacer-guided folding behavior. 

Gyrate analysis, implemented in Gromacs, was employed to monitor the folding 

process by computing the time-resolved radius of gyration Rg and its components (Rg,x, 

Rg,y, Rg,z) along the x-, y-, and z-axes over time. As shown in Figure 4-13, the 

simulations reveal a distinct collapse in molecular size upon folding, indicated by a 

sharp decrease in the radii of gyration Rg, corresponding to the transition to the 

stacked state. 

 
Figure 4-13: Representative gyration analysis of DAD4 in dichloromethane (DCM) at 298.15 
K, showing the total and the axial components of the radius of gyration. The inset figure 
indicates one complete folding event, [right] from an extended (#1281) to a stacked (#1473) 
conformation. Reproduced from S. Feng et al., Adv. Mater. 2023,[3] with the permission of © 
Wiley‐VCH.  

https://doi.org/10.1002/adma.202306678
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Quantum-Chemical Treatment6 

In order to gain further insight into the underlying photokinetics from a thermodynamic 

perspective, quantum-chemical calculations were conducted to elucidate the 

geometrical and electronic features, as well as optical responses upon photoexcitation.  

In this case study, the functional B97XD was applied to optimize the ground state 

(S0) geometries, due to the inclusion of long-range correlation and dispersion 

correction. Subsequently, the functional PBE0 was employed for the time-dependent 

(TD) treatment, given its good agreement with the experimental observations. Despite 

ongoing challenges in accurately treating excited states with (partial) charge-transfer 

(CT) character, it has been shown that standard functionals like PBE0 and B3LYP can 

still perform reliably for states with very pronounced CT character; that is, the HOMO 

is predominantly localized on the donor (D) and the LUMO on the acceptor (A) with a 

vanishing oscillator strength 𝑓CT),[197,199,217,218] as in this case study. 

The optimized extended (C2 symmetry) and stacked (Ci symmetry) conformers 

correspond to two local minima on the potential energy surface (PES), as confirmed 

by the absence of imaginary frequencies. The stacked conformation exhibits a lower 

electronic energy, by 1.54 eV in the case of DAD4; this is due to the “sandwich-like” 

Coulomb interaction between donor (D) and acceptor (A) moieties. However, the exact 

D–A positioning depends sensitively on the spacer length due to the nature of the  

bonds. In DAD4, the D units are situated on top and bottom of the central -cyano-

styryl moiety of A, while in those with longer spacers, the donors tend to position 

themselves on the outer -cyano-styryl moieties of A. Furthermore, the p-

distyrylbenzene-type (DCS) acceptor backbone demonstrates pronounced “twist 

elasticity”, and responds sensitively to the D positioning. This is reflected in two key 

torsional angles, as shown in Table 4-7. The stacked forms show greater geometric 

distortion in comparison with the reference acceptor Ac. As the spacer length 

 

6  The quantum chemistry work in this section was performed by Dr. Siyang Feng and 

Liangxuan Wang. 
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increases, the change in torsional angles becomes more significant, leading to 

spectral drift, as discussed later in Section 4.2.3. 

 

Figure 4-14: Optimized stacked geometries of all DADn triads calculated at B97XD/6-311G(d) 
level in chloroform (CHCl3, PCM model) (front view: left; side view: right).  

 

Table 4-7: Calculated differences in electronic and Gibbs free energies, along with inner and 
outer torsional angles for all DADn triads at the ground state (S0). All calculations were 

performed at the B97XD/6-311G(d) level in chloroform (CHCl3, PCM model). 

 

On the basis of the optimized ground-state geometries, the minimum energy reaction 

pathway connecting the extended and the stacked forms was estimated by locating 

the energy barrier along the potential energy surface. The calculated energy barriers 

are 0.10 eV for DAD4 and 0.22 eV for DAD10. In the absence of external stimuli, this 

conformational interconversion can thus be considered thermodynamically barrierless, 

and is expected to be predominantly governed by kinetic factors. 
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4.2.3  Monitoring Exciplex Formation in Single DAD4 

Triads7 

So far, we have established a basic understanding of the complex photophysical 

deactivation pathways of DADn triads with varying spacer lengths. However, the 

driving force for this dynamic intra-molecular exciplex formation remains unclear. 

Investigating this single-molecule behavior in response to its nano-environment may 

offer deeper mechanistic insights into the competition between exciplex formation and 

photoinduced electron transfer. In addition, the dynamic nature of exciplex formation 

manifests in a strong dependence on local environmental parameters, including 

solvent polarity and viscosity, temperature variation, and the free volume of the 

polymer host. 

In this preliminary experiment, DAD4 was selected as a model compound for single-

molecule investigation under both ambient and cryogenic conditions. At low 

temperature (82 K), the absence of oxygen significantly enhances the photostability of 

the system, resulting in an extended survival time upon photoexcitation. The 

characteristic blinking behavior observed in Figure 4-15 confirms the detection of 

individual DAD4 molecules.  

Furthermore, two distinct molecular conformations were identified in Figure 4-15: the 

extended DAD4 (ex-DAD4) gives a single short-wavelength (SW) emission band at 

around 535 nm, whereas the stacked form (st-DAD4) exhibits dual emission at 550 

nm (SW) and 600 nm (long-wavelength, LW). Notably, a spectral shift is observed at 

the 30th frame in Figure 4-15(b), which is attributed to structural fluctuations involving 

the torsional angles within the acceptor backbone. As shown in Table 4-8, an 

increased torsional angle leads to a higher electronic energy at the ground state, and 

a corresponding blue shifted in emission.  

These findings lay the groundwork for future experiments aimed at statistically 

analyzing the photophysics of single DADn triads under different environmental 

 

7 The cryogenic work in this section was led by Jakob Keck. 
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conditions. Future efforts will focus on elucidating the mechanism of the exciplex 

formation and probing nano-environmental effects in this system. Ultimately, such 

understanding may allow for fine control over the competition pathways, including the 

acceptor emission, exciplex formation, and quenching by photoinduced electron 

transfer (eT), through precise control of the environmental factors.  

 
Figure 4-15: Time-resolved single-molecule fluorescence spectra for DAD4, recorded at 82 K 
with 3 s exposure time per frame (100 frames for (a) and 120 frames for (b)). DAD4 molecules 
were immobilized in PMMA matrix at a concentration of 10-10 M. Two conformations were 
observed, (a) the extended-DAD4 (ex-DAD4) exhibits a single short-wavelength (SW) 
emission at ~535 nm; and (b) the stacked-DAD4 (st-DAD4) shows dual emission bands at 550 
nm (SW) and 600 nm (long-wavelength, LW). A sudden spectral shift was observed around 
the 30th frame in (b), attributed to structural fluctuations in the acceptor core. An increased 
torsional angle (marked in red circles) contributes to a blue-shifted emission spectrum. 
 
 
Table 4-8: [Left] calculated differences in electronic and Gibbs free energies for DAD4 with 
different torsional angles at the ground state (S0). [Middle] Corresponding short-wavelength 
(SW) and long-wavelength (LW) emission peaks, along with the corresponding oscillator 
strengths (𝑓) from TD-DFT. [Right] The key torsional angle is highlighted in yellow. Ground-

state geometry optimizations were performed at the B97XD/6-311G(d) level, and the time-
dependent (TD) part was done using the PBE0 functional. All calculations employed the 
implicit PCM solvent model in chloroform (CHCl3).  
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4.2.4  Summary and Perspectives 

In this work, we have successfully extended the spectroscopic-computational 

methodology to a stimulus-responsive system of donor-acceptor-donor (DADn) triads 

with varying spacer lengths, addressing its complex excited-state photokinetics. By 

combining ensemble spectroscopy, molecular dynamics simulations, quantum-

chemical calculations and single-molecule spectroscopy, we revealed the dynamic 

interplay between conformational interconversion, charge-transfer interactions, and 

nano-environmental modulation.  

Our results show that the intra-molecular exciplex formation [D·+A·-] proceeds via a 

dynamic folding mechanism of the flexible spacer, which kinetically outcompetes the 

formation of the radical ion pair [D·+…A·-] generated via photoinduced electron transfer 

(eT). The efficiency of exciplex formation is strongly influenced by spacer length, 

conformational freedom, and the local nano-environment, as evident by both 

ensemble and single-molecule measurements. The photokinetic analysis, supported 

by the diffusion model, highlights the crucial role of the spacer-guided dynamics in 

controlling the exciplex association rate. Molecular dynamics simulations provide 

direct visualization of the folding trajectories, while quantum-chemical calculations 

offer detailed mechanistic insights into conformational preferences and the correlation 

with the spectral variations. Importantly, single-molecule experiments proved 

particularly valuable for capturing in situ conformational fluctuations and exciplex 

dynamics, which are inaccessible via ensemble measurements. 

This work marks a significant step towards validating our spectroscopic-computational 

approach for investigating single-molecule exciplex photophysics under controlled 

nano-environmental conditions. Future work will aim to elucidate how the nano-

environment governs exciplex dynamics and to modulate competing relaxation 

pathways. Such mechanistic understanding is anticipated to guide the rational design 

of stimuli-responsive materials for advanced applications in optoelectronics, sensing, 

and other molecular devices with tailored excited-state properties. 
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4.3  Photophysics and Surface-Enhanced Raman 

Scattering of Rhodamine 6G: A Computational 

Perspective 

The confinement of optical fields within a cavity strongly modifies the light-matter 

interactions, leading to significant photonic enhancements. In addition to the /2 

Fabry-Pérot microcavity discussed in Section 4.1.3, metal nanostructures offer even 

greater field enhancements by confining light at the nanoscale, forming plasmonic 

nanocavities. This characteristic feature of metals serves as the fundamental 

mechanism for a host of radiative and scattering processes associated with 

nanophotonic systems, particularly in the context of surface-enhanced Raman 

scattering (SERS).[219-221] As one of the most sensitive analytical techniques, SERS 

greatly amplifies inelastic light scattering by factors up to 108 or even larger, enabling 

single-molecule detection in some cases.[221]  

The principal mechanism driving SERS is the excitation of localized surface plasmon 

resonances (LSPRs) in noble metal nanostructures such as gold (Au) and silver 

(Ag).[222-228] Upon photoexcitation, collective oscillations of free electrons are induced, 

generating intense local electromagnetic fields at plasmonic “hot spots”, particularly at 

sharp edges or within nano/picometer gaps. These enhanced fields dramatically boost 

the Raman signals of nearby molecular adsorbates.[4] 

In this work, a nanoparticle-on-mirror (NPoM) geometry[229,230] has demonstrated 

enormous Raman enhancements due to a highly confined and amplified 

electromagnetic field within the nanocavity. This NPoM configuration consists of 

rhodamine 6G (R6G, chemical structure shown in Scheme 4-4) located within the sub-

nanometer gap between a gold nanoparticle and an ultrasmooth gold mirror. While the 

dipolar plasmonic gap mode (D-mode) has been extensively investigated,[231,232] 

recent evidence highlights the importance of higher-order resonances, such as 

quadrupolar (Q-mode) contributions, especially under resonant excitation at the 

wavelength around 636 nm. 
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In order to systematically examine the polarization-dependent optical responses of 

single NPoM configurations, a linearly polarized beam as well as azimuthally (APDM) 

and radially (RPDM) polarized doughnut modes were employed.8 Complementing the 

experimental work, a generalized boundary element method (BEM)9 was used to 

obtain their local field distributions within the nanocavity. In addition, (TD-)DFT 

calculations were performed to assign characteristic vibrational modes and evaluate 

peak-specific SERS enhancements. 

 

Scheme 4-4: (a) Structural formula and (b) DFT-optimized ground-state geometry of 
rhodamine 6G (R6G) in ethanol (EtOH). R6G consists of a planar xanthene chromophore 
([right], blue, XT plane) with two ethylamine groups and one ethyl benzoate group ([right], red, 
EB-plane), giving it a net positive charge. (b) In the optimized geometry, the ethylamine group 

adopts the shown orientation with the torsional angle ≈66˚. Upon adsorption on a gold 
surface (see Figure 4-18(b)), the C-N bonds align with the XT-plane, while the benzoate group 

forms an EB-plane tilted relative to the XT-plane ≈63˚. Notably, the torsional angle  
responds sensitively to environmental conditions. Geometry optimization was carried out at 
the D3-B3LYP/6-311G(d) level using an implicit solvent model (PCM, EtOH). Reprinted with 
permission from F. Schneider et al., J. Phys. Chem. C, 44, 18807 (2024),[4] © 2024 American 
Chemical Society.  
  

 

8 The Raman spectroscopic work in this section was performed by Felix Schneider under the 

supervision of Prof. Dr. Dai Zhang. 

9 The BEM simulation in this work was performed by Lukas Lang under the supervision of Prof. 

Dr. Monika Fleischer. 

https://doi.org/10.1021/acs.jpcc.4c03962
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4.3.1  Principal Photophysics of Rhodamine 6G (R6G) 

Rhodamine 6G (R6G) is a highly fluorescent xanthene dye (chemical structure shown 

in Scheme 4-4), consisting of a planar xanthene chromophore (XT plane), two 

ethylamine groups and one ethyl benzoate (EB plane) group. Due to its excellent 

photostability and photophysical properties, R6G has been widely used as a laser 

dye,[233,234] a fluorescence standard (for quantum yield[235] and polarization[236]), as well 

as a molecular probe in bioimaging and sensing applications.[237-244] 

R6G exhibits a strong absorption maximum around 530 nm, accompanied by 

fluorescence emission in the 540-570 nm range, characterized by a small Stokes shift. 

R6G possesses a high fluorescence quantum yield of approximately 95%.[245] As 

shown in Figure 4-16, the narrow emission profile originates from a minimal change in 

bond length alternation (∆BL) between the ground and excited states, which can be 

rationalized by its resonance structures and frontier molecular orbital characteristics.[60]  

To explore solvent effects, the ground- and first excited-state geometries of R6G were 

optimized both in the presence and absence of the Cl⁻ counterion, corresponding to 

the fully associated and dissociated cationic forms expected in less polar and polar 

solvents, respectively (i.e., chloroform and ethanol). In ethanol (Figure 4-16(b)), the 

emission spectrum exhibits a full width at half maximum (FWHM) of 0.20 eV (39 nm), 

while in chloroform (Figure 4-16(a)), ion pairing leads to a broadened FWHM of 0.23 

eV (51 nm), in good agreement with the simulated spectra.[61] Notably, this ion-pairing 

effect in R6G is considerably less pronounced than in cyanine dyes.[57-59] This is 

ascribed to the high sensitivity of cyanines to the electric field induced by the 

counterion;[57] while R6G undergoes only localized C–C bond shortening or elongation, 

yielding much smaller ∆BL variations. Therefore, xanthene dyes are expected to be 

more resilient against solvent effects in comparison with cyanines.  
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Figure 4-16: Experimental (black) and calculated absorption (blue, Abscalc) and emission (red, 
Emcalc) spectra of rhodamine 6G (R6G) in two model configurations, both featuring a torsional 

angle of =66º. (a) R6G cation paired with Cl‒ ion (simulating the associated form in 
chloroform); (b) isolated R6G cation in methanol (MeOH, simulating the dissociated form in 
ethanol). Fully converged convoluted spectra at the same temperature were obtained with the 

time-dependent method at 298.15 K, including a Gaussian broadening G of 0.07 eV (full width 
at half maximum, FWHM). Energy offsets of 0.06 eV (absorption) and 0.09 eV (emission) were 
applied to align with experimental data.  Experimental spectra were measured in (a) 
chloroform (CHCl3)[61] and (b) ethanol[246] for comparison. Geometry optimizations were carried 
out at the D3-B3LYP/6-311G(d) level using an implicit solvent model (PCM, MeOH). All the 

emission spectra were further corrected by the -2-factor when converted into the wavelength 
scale. 

4.3.2  Surface-Enhanced Raman Scattering: A 

Computational Study 

Rhodamine 6G (R6G) is extensively employed as a prototypical analyte in surface-

enhanced Raman scattering (SERS) studies due to its large Raman scattering cross-

section, high sensitivity, well-defined spectral “fingerprint”, and excellent adsorption 

onto metal nanostructures.[247,248]  

Polarization-resolved experimental SERS spectra (Figure 4-17(c)) reveal distinct 

enhancement patterns depending on the molecular vibrational modes and the 

polarization. Raman peaks at 610 cm-1 (aromatic C−C−C in-plane bending), 771 cm-1 

(C−C−C aromatic in-plane bending and C−C−H out-of-plane bending) and 1642 cm-1 

(aromatic C−C stretching) experience the strongest enhancement under linear and 

radial polarizations, with the latter giving the highest overall intensities. In contrast, the 

bands at 1311 cm-1 (aromatic C−C stretching, C−N−H in-plane bending), 1358 cm-1 

(aromatic C−C stretching, C−N−H bending), and 1504 cm-1 (aromatic C−C stretching) 
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show significantly stronger enhancement under radial polarization, while 1189 cm-1 

(aromatic C−C in-plane stretching) is preferentially enhanced under azimuthal 

polarization. 

To rationalize the polarization-dependent enhancement factors for individual Raman 

peaks, vibrational mode analysis was conducted for both solvated and surface-

adsorbed R6G (Figure 4-18). Particular attention was given to the adsorption geometry, 

specifically the molecular orientation with respect to the gold surface and the torsional 

angle (, defined in Scheme 4-4(a)) between the XT and EB planes.[249,250] In this study, 

a cluster model was applied to provide a realistic electronic structure of the system. 

We adopted the suggested adsorption geometry, in which the XT core lies flat on a 

bilayer gold surface, with the nitrogen atoms of the ethylamine groups oriented toward 

the surface, and the ethyl and EB groups bent out of plane (see Figure 4-18(b)).[249,251] 

This geometry corresponds to the thermodynamically most stable conformation. To 

account for local conformational dynamics within the SERS "hot spot", rotational 

averaging in the x-y plane was applied, allowing the ensemble-averaged experimental 

spectra to be reliably simulated using this thermodynamically favored adsorption 

geometry. For comparison, a complete vibrational analysis of R6G in ethanol was also 

performed. 

Time-dependent DFT calculations predict an S0→S1 vertical transition energy of 2.66 

eV (=466 nm). As the experimental excitation wavelength (=636 nm, 1.95 eV) lies 

close to the first absorption maximum max=530 nm (2.34 eV),[246] pre-resonance 

conditions were considered with an energy offset of 0.32 eV. Figure 4-18(a) shows 

both non-resonance and pre-resonance Raman spectra of free R6G in ethanol, and 

non-resonance Raman spectrum of R6G adsorbed on a gold surface in the range from 

250 cm-1 to 2000 cm-1. Due to computational limitations, calculations with a larger 

basis set were restricted to free R6G in ethanol. For consistency, the starting geometry 

in solution was taken from the surface-adsorbed R6G structure and subsequently re-

optimized in the solvated environment. Interestingly, the Raman spectrum of solvated 

R6G shows better agreement with the experiment compared to the cluster model, 

which may be attributed to the use of the larger basis set with diffuse functions. 

Therefore, the solution-phase calculation was used as a reference for vibrational mode 

assignment. 



Results and Discussion 

 
Page | 83 

Comparison of the vibrational profiles highlights the strong dependence of Raman 

frequencies and intensities on the chemical and photonic environment, particularly for 

modes involving C−N−H and C−C−H bending in the amino groups. Furthermore, 

spectral clustering and vibrational mode mixing often result in overlapping bands, 

complicating spectral assignments. Therefore, we focused on three well-isolated 

vibrational modes (Figure 4-18): 1=394 cm-1, 2=610 cm-1 (both with a significant 

component perpendicular to the XT-plane, i.e. in-plane and out-of-plane modes), and 

3=1189 cm-1 (with exclusive nuclear displacements within the XT-plane, i.e. in-plane 

mode).  

Strikingly, while 3 shows maximal Raman intensity under azimuthal polarization, 1 

and 2 are preferentially enhanced under radial polarization (Figure 4-17(c,d)). These 

observations are consistent with the proposed adsorption geometry, in which the XT 

plane of R6G lies parallel to the gold substrate, enabling anisotropic coupling between 

specific vibrational modes and the spatially structured optical fields in the nanoparticle-

on-mirror (NPoM) cavity. 

 

Figure 4-17: Polarization-resolved surface-enhanced Raman spectra of rhodamine 6G (R6G) 

under excitation at ex=636 nm. Acquisition time taq=30 s per spectrum, averaged over 10 
measurements; laser power: 36 μW. (c) Averaged background-subtracted Raman spectra of 
R6G in nanoparticle-on-mirror (NPoM) configuration under linear (black), radial (red) and 
azimuthal (blue) polarization, compared to a confocal measurement without nanoparticles 
(green). (d) Comparison of averaged peak-integrated Raman intensities under different 
polarizations. While radial polarization leads to the strongest enhancement, distinct vibrational 
modes show pronounced polarization-dependent responses. Reprinted with permission from 
F. Schneider et al., J. Phys. Chem. C, 44, 18807 (2024),[4] © 2024 American Chemical Society. 

https://doi.org/10.1021/acs.jpcc.4c03962
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Figure 4-18: (a) Calculated Raman spectra of R6G in ethanol (EtOH, PCM model; top) and 
adsorbed onto a flat gold surface (bottom), obtained at D3-B3LYP/6-311+G(d) level. (b) 
Optimized adsorption geometry: the XT chromophore lies parallel to a bilayer gold surface; 
the ethylamine nitrogen atoms are oriented toward the surface, while the ethyl and EB groups 
bend out of plane. Atom color code: carbon (cyan), oxygen (red), nitrogen (blue), hydrogen 
(white), gold (pink). (c) Displacement vectors of three representative vibrational modes of free 

R6G in ethanol: 1=394 cm-1 (calculated at 411 cm-1) and 2=610 cm-1 (calculated at 629 cm-

1), both with strong perpendicular components; 3=1189 cm-1 (calculated at 1206 cm-1), with 
displacements confined within the XT plane. 
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4.3.3  Summary and Perspectives 

This work further extends the applicability of our spectroscopic-computational 

framework to plasmonic nano-environments. By integrating experimental observations 

with quantum-chemical modeling, this holistic and comprehensive methodology 

demonstrates its versatility and robustness in deciphering polarization-dependent 

surface-enhanced Raman scattering (SERS) responses. It provides a unified platform 

for connecting electronic structures, vibrational dynamics, and nano-environmental 

interactions across complex nano-photonic systems.  

A key innovation in this work lies in the use of a cluster model to explicitly define the 

molecular geometry of surface-adsorbed R6G. This approach enables a realistic 

description of the adsorption conformation, which is critical for the accurate prediction 

of vertical excitation energies and for assigning vibrational frequencies of the molecule. 

This combined approach enabled us to correlate vibrational mode-specific 

enhancement and different laser polarizations. These findings highlight the critical role 

of the molecular orientation and higher-order plasmonic resonances in modulating the 

Raman responses, offering experimentally tunable parameters for optimizing SERS 

performance. 

Despite these advancements, accurately modeling the local plasmonic field remains 

challenging, especially for more complex architectures such as tip-enhanced Raman 

scattering (TERS). Further developments in modeling such complex systems will be 

crucial for deepening our understanding of nano-optics, and for further establishing 

SERS as a powerful and reliable analytical technique across various scientific domains. 
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