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Abstract  
 

In fluorescence spectroscopy, the fluorescence quantum yield Фfl serves as an important metric 

that quantifies the efficiency with which a fluorophore converts absorbed photons into emitted 

light. The relative method, commonly employed for determining fluorescence quantum yield, 

involves comparing the yield Фfl of a compound to that of a reference material with a known 

yield. In the first study of this thesis, three new reference compounds with emission spectra 

covering the UV/Vis range have been identified for determining low fluorescence quantum 

yields, with yields ranging from 10-5 to 10-4. These include thymidine in water for the blue, 

dibenzoylmethane in ethanol for the green, and malachite green chloride in water for the red 

region of the spectrum. These substances are chosen for their ease of handling, photostability, 

commercial availability, and the mirror-image symmetry observed between their absorption and 

fluorescence spectra. This symmetry suggests that the same electronic states are involved in 

both the absorption and emission processes, justifying the use of the Strickler-Berg relationship. 

Additionally, the fluorescence excitation spectra of these compounds closely match their 

absorption spectra, ensuring that the emissions measured are indeed from the compounds being 

studied. The fluorescence quantum yields Фfl of the compounds were first determined using the 

relative method and then compared with the one according to the Strickler-Berg analysis in 

conjunction with time resolved fluorescence spectroscopy. The fluorescence quantum yield 

values obtained from both methods show agreement within their respective error margins. 

The second study of this thesis investigates the photophysical properties of a specific 

copper(I) carbene complex, [1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]-(2-

picoline)copper(I) tetrafluoroborate (abbreviated as NHCCuPy), by femtosecond spectroscopy 

and quantum chemistry across various solvents. Copper(I) complexes, with intriguing 

luminescent properties, are increasingly emerging as viable alternatives to heavy metal-based 

complexes like iridium and platinum, which are commonly used in organic light-emitting 

diodes (OLEDs). NHCCuPy exhibits significant sensitivity to environmental conditions, as 

evidenced by its performance in different media. While embedded in a poly(methyl 

methacrylate) (PMMA) matrix or processed as a powder, the complex shows a high 

fluorescence quantum yield. Conversely, this yield dramatically decreases when the complex 

is in the form of single crystals or in solution. Employing the fluorescence Kerr gate setup with 

high sensitivity allowed for a detailed comparative analysis of the small emissions from 

NHCCuPy and 2-picoline (the ligand). 

The third study of this thesis is concerned with femtosecond fluorescence and transient 

absorption experiments on the photophysics of 2-cyanoindole in solution. The chromophore of 

the naturally occurring fluorescent amino acid tryptophane is indole. Therefore, unnatural 

amino acid derivatives with functionalized indoles are of great interest as fluorescent probes in 

protein studies. For instance, the fluorescence quantum yield of 2-cyanoindole is strongly 

sensitive to the solvent. Its fluorescence quantum yield in water is as small as 4.4⋅10-4 and 

increases to a value of 0.057 in tetrahydrofuran. 2-Cyanoindole can, thus, represent a promising 

fluorescence probe in hydration studies of proteins. In water, its fluorescence decays within 8 

ps, irrespective of the excitation wavelength. For short wavelength excitation (266 nm) the 

initial fluorescence anisotropy is close to zero. For excitation with 300 nm, it amounts to ~ 0.2. 

This is in accordance with the energetic proximity of two singlet states (La and Lb). The 

transition from the La to Lb state occurs in less than 100 fs. For all solvents studied in this work, 
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a bi-exponential decay was observed. In water, femtosecond transient absorption reveals that 

the fluorescence decay is solely due to internal conversion to the ground state. In aprotic 

solvents such as acetonitrile and tetrahydrofuran, the fluorescence decay is prolonged, with time 

constants of ~900 ps and ~2.6 ns respectively, where intersystem crossing to the triplet state 

contributes to the decay. 
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1. Motivation 
 

Fluorescence, defined as the emission of light by a material after absorbing light, has a rich 

history that spans several centuries. It began in the early 16th century when the phenomenon 

was first observed in the blue glow of wood extracts [1]. Over the years, the understanding of 

fluorescence evolved significantly. An early highlight was George Stokes’s seminal work in 

1854 [2]. He observed how substances could absorb light at one wavelength and emit at a longer 

one, naming the phenomenon “fluorescence” inspired by the mineral fluorite. By the 20th 

century, fluorescence spectroscopy emerged as a key technique, enabling quantitative analysis 

of fluorescence phenomena [3]. Subsequently, the introduction of the fluorescence microscope 

further improved biological investigations such as the study of cellular structures [4, 5]. The 

field continued to evolve with the development of time resolved fluorescence spectroscopy in 

the latter half of the century. By the 1980s, advancements in instruments have enabled time 

resolved fluorescence measurements with femtosecond (fs) resolution, allowing for tracing of 

ultrafast processes [6, 7]. 

Its applications now span from fundamental sciences like photophysics, photochemistry, 

and photobiology to practical uses in everyday items such as text markers [8, 9] and electronic 

devices [10, 11]. Fluorescence spectroscopy and time resolved fluorescence spectroscopy have 

emerged as powerful tools to exclusively monitor the behaviors of the (singlet) excited states 

without interference of contributions from the ground and triplet states or photoproducts (see 

Chapter 1). As the spectroscopic signatures of a fluorophore can be sensitive to its environment, 

fluorescence signals can report on static and dynamic properties of this environment [12, 13]. 

Its sensitivity has also enabled detection at the single molecule level [14-17]. It is particularly 

useful for exploring the structure and dynamics of biological macromolecules like nucleic acids 

and proteins [18, 19]. In these studies, naturally occurring amino acid residues, such as 

tryptophan, can be employed as the reporters of local environments within proteins [13, 20]. 

Substituting intrinsic tryptophan residues with analogs that exhibit distinct spectroscopic 

properties can expand the applications of tryptophan as a fluorescence probe [21]. 

 In fluorescence spectroscopy, the fluorescence quantum yield (Фfl) is an important 

parameter that measures the efficiency of light emission by fluorophores after photon 

absorption. For individual emitters, it offers insights into radiative transitions, along with 

fluorescence lifetime, spectrum, and fluorescence anisotropy [22]. Typically, the yield Фfl is 

determined by comparing it to reference materials with known quantum yields. However, these 

references often have high yield Фfl values, posing a challenge in measuring compounds with 

lower yield Фfl. This includes some of the key biological substances such as DNA and RNA 

bases, which have very small yields Фfl (~10 -4) [23]. The first study of this thesis addresses this 

issue by identifying new reference materials that improve the reliability of Фfl measurements 

for compounds with low yields Фfl. 

 The second study of this thesis examines the photophysics of a specific copper(I) 

carbene complex in solution for the first time. This complex shows significant sensitivity to its 

environment, as evidenced by its performance across different media. When embedded in a 

poly(methyl methacrylate) (PMMA) matrix or processed as a powder, the complex exhibits a 

high fluorescence quantum yield of 0.87 [24]. However, in single crystals and solutions, this 

yield decreases dramatically. Among the various spectroscopic techniques employed in this 

work, a method termed “fluorescence Kerr gating” was utilized for fluorescence spectroscopy, 



2 

 

with a detailed description provided in Chapter 1. This setup was chosen for its high sensitivity 

in detecting small fluorescence signals. 

 The third study of this thesis explores the photophysics of 2-cyanoindole by 

femtosecond spectroscopy. Indole is the chromophore of the natural fluorescent amino acid 

tryptophane [12]. It was shown that the fluorescence lifetime and quantum yield of 2-

cyanoindole is strongly dependent on the solvent [25], and thereby can serve as a promising 

probe for protein hydration studies. The fluorescence lifetime of this compound in water was 

not determined in this study due to the limited time resolution. Therefore, the third study of this 

thesis aims at the fluorescence lifetime of 2-cyanoindole in this solvent (water). Additionally, 

indole and its derivatives, including 2-cyanoindole, exhibit two close lying excited states, La 

and Lb [26]. This study further employed time resolved fluorescence anisotropy experiments to 

identify the emissive state (La or Lb) of 2-cyanoindole. 

In these three studies, fluorescence spectroscopy serves as the common technique, 

highlighting its versatility and importance across various contexts. Both steady state and time 

resolved fluorescence spectroscopy provide exclusive information on the singlet excited states 

and offer insights into different photophysical aspects. 

 This thesis is a cumulative one and is structured into the following chapters. Chapter 1 

provides a focused summary of photophysics, followed by the techniques of time resolved 

spectroscopy employed in this thesis. In Chapter 2, a background on fluorescence quantum 

yield is provided, followed by an overview on the contributions of the Kerr gate setup to the 

copper(I) carbene complex study. Chapter 3 provides a background on fluorescence anisotropy. 

References are compiled in chapter 4. The three publications resulting from this thesis, which 

have been published in peer-reviewed journals, are reproduced in Chapter 5. 
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1.1. Fundamentals of Photophysics and Time Resolved Spectroscopy 
 

Photophysics explores the physical processes of molecules and atoms when they interact with 

light, encompassing the absorption and emission of light, as well as the population and 

depopulation of excited states. Photophysical processes are often depicted and explained with 

the aid of a Jablonski diagram (see Figure 1.1). This diagram was first introduced by Aleksander 

Jablonski in 1933 [27, 28]. 

 

Figure 1.1. The Jablonski diagram provides a detailed visualization of key photophysical processes. It features 

thick horizontal lines to denote the vibrational ground states of electronic states (S0, S1, ..., Sn and T1, ..., Tn), and 

thin, grayish horizontal lines to represent excited vibrational levels. It is commonly assumed that the ground state 

is a singlet one (S0), as is often the case for organic molecules. Vertical upward arrows illustrate absorption 

processes. Excitation from the electronic ground state to the lowest excited state is depicted in blue (marked by 

), while excitation to higher states is shown in purple (marked by ). Transient absorption from an excited state 

to upper ones is shown in orange (marked by ). Downward vertical arrows illustrate radiative transitions, 

symbolizing fluorescence in green (marked by ) and phosphorescence in red (marked by ). Non-radiative 

transitions between electronic states are depicted by wavy horizontal arrows, with internal conversion labeled as 

 and intersystem crossing as . Additionally, angled, light gray arrows illustrate vibrational relaxation within 

an electronic state. Adapted from ref. [29]. 

 

The diagram displays various electronic states, including the ground state (S0) and 

excited ones (S1, …, T1, …). In thermal equilibrium, the molecule is in the electronic ground 

state, which for most organic molecules is a singlet state (S0). The absorption of a photon 

triggers a transition from a lower energy state, commonly S0, to a higher state of the same 

multiplicity such as S1. Typically, such electronic excitations are also accompanied by 

vibrational excitations within the same electronic state, a phenomenon referred to as a vibronic 

transition. Additionally, not only the ground state but also the excited states of the molecule are 

capable of absorbing photons, leading to what is known as transient absorption (TA). 

Within an electronic state, different vibrational levels exist. An electronic transition 

typically first populates higher vibrational states, from which the molecule may relax to a lower 
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vibrational energy level within the same electronic state through vibrational relaxation (VR). 

From that level the molecule may return to the ground state through radiative decay processes. 

If this transition occurs from a singlet state, it is termed fluorescence [12]. Non-radiative 

transitions between electronic states can occur while preserving multiplicity, known as internal 

conversion (IC), or change the multiplicity (e.g., S1 → T1) through intersystem crossing (ISC). 

Emission from triplet states is referred to as phosphorescence (radiative decay). According to 

Kasha’s rule [30], the emission usually occurs from the lowest excited state (S1 or T1), because 

the energy gaps between higher excited states are generally smaller compared to the substantial 

energy gap between the lowest excited state (S1 or T1) and the ground state (S0) [31]. This larger 

energy gap often results in slower internal conversion from S1 → S0 or T1 → S0 than radiative 

processes. Also, transitions (internal conversion) from higher to lower excited states (e.g., S2 

→ S1, T2 → T1, or T2 → S1) typically occur much faster than radiative processes [32]. 

Consequently, emission spectra often reflect the energy gap between S1 → S0 or T1 → S0, and 

are usually independent of the excitation wavelength. Although Kasha’s rule applies to many 

organic compounds [33, 34], numerous exceptions can be found [35, 36]. 

 

process time scale 

absorption ~ 1 as 

VR 100 fs – 1 ps 

IC 1 ps – 1 µs 

ISC 1 ps – 1 s 

fluorescence 1 ns – 10 ns 

phosphorescence 1 µs – 1 ms 

 

Table 1.1. Typical time scale for some photophysical processes [35]. 

 

According to Table 1.1, absorption events occur on a very short time scale, a duration 

which is too short for significant nuclear displacement. When a molecule absorbs a photon, the 

electron density is redistributed almost instantaneously. In contrast, the atomic nuclei, which 

have masses much greater than that of the electrons, respond more slowly to this change and 

initially, their relative positions remain unchanged. This phenomenon underlines the Franck-

Condon (FC) principle [37, 38], which in its “classical” version states that positions and 

momenta of nuclei do not change during the absorption process. Prior to the absorption, the 

nuclei are assumed to be located at the minima of the potential energy curves and to have zero 

momentum. This assumption is in conflict with Heisenberg’s uncertainty principle. As during 

the photon absorption the position of the nuclei are assumed to be constant, the transition occurs 

vertically (see Figure 1.2 a). The respective arrow marking this transition ends at the upper 

potential energy curves. This point corresponds to the turning point of a classical vibration 

where the momentum is zero. According to the quantum mechanical FC principle, the 

probability of an electronic transition between states is determined by the overlap of their 

vibrational wavefunctions across multiple levels. Franck-Condon factors, derived from squared 

overlap integrals, allow for approximations of the shapes and locations of absorption and 

emission bands, as well as the signal intensities and positions of spectral lines through vibronic 

transitions. Whereas the classical FC principle can only predict the energetic position of the 

absorption maxima, the quantum mechanical one yields the vibronic envelope of a transition 

(see Figure 1.2 b). 
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The emission spectrum of a molecule often appears at longer wavelengths than the 

absorption spectrum, a phenomenon known as the Stokes shift, which is a measure of the 

amount of energy that is transferred to the solvent during VR (see Figure. 1.2 c). The absorption 

and emission spectra commonly exhibit a so-called mirror-image relationship. This occurs due 

to the similarity in vibrational energy levels involved during both absorption and emission [12]. 

Accordingly, taking into account the Stokes shift, the fluorescence spectrum appears as a 

mirror-image of the absorption spectrum, shifted to lower energies (see Figure. 1.2 c).  

 

 

Figure. 1.2. Schematic diagram illustrating the Franck-Condon (FC) principle and Stokes shift. a: Classical 

version of FC principle. Vertical arrows represent absorption (upward) and emission (downward) transitions. The 

classical FC principle can only predict the energetic position of the absorption and emission maxima. b: Quantum 

mechanical FC principle. Horizontal lines denote vibrational levels within each electronic state. Vertical arrows 

represent absorption (upward) and emission (downward) transitions. The quantum mechanical FC principle 

predicts the vibronic envelope of a transition. c: Depiction of normalized absorption and fluorescence spectra. The 

spectral shift between the absorption and fluorescence peaks, known as the Stokes shift, is highlighted. A mirror-

image relationship is often observed between the absorption and emission spectra, attributable to the similarity in 

vibrational energy levels involved during both processes. Different vibronic transitions responsible for the 

progressions are depicted. These progressions, illustrated by the envelopes in both spectra, may be observed or 

may be washed out due to the solvent contributions. Adapted from ref. [29]. 

 

Strickler-Berg relationship 

 

The relationship between absorption and emission described by A. Einstein [28, 39] does not 

exactly apply to molecules in solution, as they typically exhibit broad absorption and emission 

bands. In such cases, the radiative rate constant, which quantifies the molecule’s capability for 

spontaneous emission, can be correlated with the integrated absorption strength using formulas 

developed by Lewis and Kasha [40], Förster [41], Strickler and Berg [42], Birks and Dyson 

[43], and Ross [28, 44]. 

In this thesis, only the Strickler and Berg [42] relationship is relevant. Strickler and Berg 

formulated the following expression to determine the radiative rate constant krad (equations 1.1 

and 1.2); 
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끫殰끫殾끫殾끫殾 =
8끫欖ln(10)끫殠0끫殶2끫殂끫歨 〈끫欐�−3〉−1 ∫ 끫欬(끫欐�)끫殾끫欐�끫欐� ,  (1.1) 〈끫欐�−3〉−1 =

∫ 끫殌끫殦끫殦(끫欐�)끫殾끫欐�∫ 끫欐�−3끫殌끫殦끫殦(끫欐�)끫殾끫欐�.  (1.2) 

 끫殠0 represents the speed of light, n is the refractive index of the solvent, and 끫殂끫歨 is Avogadro’s 

number. The term 〈끫欐�−3〉−1 is computed via equation (1.2) with the fluorescence spectrum 끫殌끫殦끫殦(끫欐�) 

as an input. The term accounts for the cubic dependence of spontaneous emission on the 

wavenumber 끫欐�. Calculating this involves integrating over the fluorescence spectrum 끫殌끫殦끫殦(끫欐�) 

with respect to the wavenumber 끫欐�. The term ∫ 끫欬(끫欐�)끫殾끫欐�끫欐�  represents the area integral of the 

absorption band. The Strickler-Berg relationship holds only when the spectral bands considered 

are a result of the same electronic transition (e.g., S0 → S1 and S1 → S0). 

 

Solvent Effects 

 

Based on the Franck-Condon principle, transitions into different vibrational levels within the 

same electronic transition—known as vibrational progressions—occur with different 

probabilities. Therefore, these transitions, which vary in signal strength, should be visible in 

both the absorption and emission spectra. In fact, this is particularly the case for spectra 

obtained in the gas phase [12]. However, in solution, the vibrational progressions might appear 

weak (be smeared out) and difficult to observe, depending on the specific characteristics of the 

solvent (see also Figure 1.2 c). In solutions, the visibility of vibrational progressions is 

determined by the strength of the interactions between the molecules of the solvent and the 

solute. In non-polar solvents, where only weak van der Waals forces are present, vibrational 

progressions are partially observed. Conversely, in polar or protic solvents, the intense dipole-

dipole and hydrogen bonding interactions lead to a significant broadening of both absorption 

and emission spectra, making it difficult to discern vibrational progressions [12]. 

 

Figure 1.3. Schematic representation of solvent effect on molecular electronic states. Left: Schematic illustration 

of different solvatochromic shifts resulting from different dipole moments of ground- µG and excited state µE. 
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Right: Schematic representation of the dynamic solvation effects on the Stokes shift when µE > µG in a polar 

solvent. Adapted from ref. [29]. 

 

Apart from influencing the shape of the absorption and emission bands, the solvent 

environment can further impact the position of the bands, i.e., the (absorption and emission) 

transition energy and thereby also the excited state lifetime. Shifts in the energy of the transition 

can be observed when compared to a vacuum or between solvents differing in polarity and 

proticity. These shifts dominantly arise from the interactions between the molecule’s electric 

dipole moment and the dipole moments of the surrounding solvent molecules. For the ground 

state these stabilizations are related to solvation energy (see Figure 1.3 left). Upon excitation, 

the molecule’s dipole moment may change, leading to different solvation energies for the 

ground and excited states, thereby altering their relative energies compared to those in a 

vacuum. This change typically results in shifts in the energy levels of the transitions. If the 

dipole moment of the ground state (|μG|) is smaller than that of the excited state (|μE|), the excited 

state becomes more stabilized, resulting in a bathochromic (red) shift, referred to as positive 

solvatochromism. Conversely, if the dipole moment of the ground state (|μG|) exceeds that of 

the excited state (|μE|), it leads to a hypsochromic (blue) shift due to greater stabilization of the 

ground state by the solvent molecules—a phenomenon known as negative solvatochromism 

[12]. The dependence of fluorescence on solvent polarity has, for instance, been widely applied 

in biological studies, including in the analysis of protein fluorescence [45-49]. Tryptophan, a 

naturally fluorescent amino acid, is extensively utilized as an intrinsic fluorescence probe in 

protein hydration studies [50-53]. It serves as a reporter that reveals information about the local 

environment of amino acid residues within proteins. For example, in polar solvents, tryptophan 

exhibits a red shift in fluorescence, indicating that the amino acid residue is likely on the surface 

of the protein, interacting with water molecules. Conversely, in non-polar surrounding, a blue-

shifted fluorescence suggests that the tryptophan residue is buried within the protein, shielded 

from the solvent and presumably isolated by a non-polar environment [54]. Despite the 

extensive applications of tryptophan as a fluorescence probe, it does have limitations, including 

complex decay kinetics, among others [55-57]. Therefore, some derivatives of tryptophan have 

been developed to expand (improve) its applications. The fluorescence characteristics of these 

derivatives can sometimes exhibit even greater sensitivity to the solvent polarity compared to 

the intrinsic form [21, 58-62]. 

Furthermore, the proticity of the solvent also affects the energy levels of electronic 

transitions. Protic solvents capable of forming hydrogen bonds can significantly contribute to 

solvation energy, thereby changing the energies of the electronic states involved [12]. In 

molecules with heteroatoms, the electron density in the n-orbital is partially localized on the 

heteroatom and promotes the formation of H-bonds. The associated stabilization of the n-orbital 

causes a negative solvatochromism of nπ* transitions with increasing solvent proticity [12]. 

Additionally, some chemical reactions can occur between the solute and the solvent, 

including excited state proton transfer reactions that involve the loss or gain of a proton. In the 

excited state, electron redistributions can shift electron density towards or away from functional 

groups, altering their pKa. This can be observed in some aromatic compounds such as phenol 

[63] and naphthol [64-68], where the aromatic ring systems withdraw electron density from the 

hydroxyl groups in the excited state, consequently increasing their acidity. These molecules are, 

thus, photoacids. Molecules that can accept a proton in the excited state are considered 
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photobases, including compounds like acridine [69]. Rapid proton transfer reactions can 

quickly deplete the excited state population, and thereby decreasing the excited state lifetime 

[70, 71]. 

Besides influencing the maximum of a transition band relative to the vacuum or between 

solvents of different polarity or proticities, solvents may also influence the position of emission 

bands as well as the separations between the lowest absorptions band and emission bands 

(Stokes shifts). This shift is typically observed in fluorescence emission by comparing the 

absorption and emission spectra, where the emitted wavelengths are longer than those of 

absorption (see Figure 1.3 right). In thermal equilibrium, solvent molecules are oriented in the 

most energetically favorable arrangement around the solute molecule in the ground state. Upon 

light absorption, the molecule becomes vertically excited (according to the Franck-Condon 

principle), altering its electron density distribution and concomitantly the dipole moment. Thus, 

in the excited state the solvent molecules are not optimally aligned. Over time, the solvent 

molecules reorganize to stabilize the molecule’s new electronic state through a process known 

as dielectric relaxation. This adjustment typically takes between 100 femtoseconds and several 

picoseconds depending on the size of the solvent molecules [72, 73]. Since the emission process 

also occurs vertically, the solvent molecules initially have an energetically unfavorable 

orientation when the molecule returns to the ground state. Following this, the solvent molecules 

reorganize within the typical timeframe for dielectric relaxation. Solvent relaxation can 

sometimes lead to significant Stokes shifts. For instance, in proteins, tryptophan residues 

typically absorb light at 280 nm, while their emission is observed around 350 nm [12, 74]. 

Similar to the dependency of fluorescence on solvent polarity, the Stokes shift also plays an 

important role in numerous biological studies [75, 76]. 

 

Methods of Time Resolved Spectroscopy Applied 

 

In this section, the methods of time resolved spectroscopy employed to obtain the presented 

results are listed and elaborated on. Additionally, the operating principles and the setups utilized 

for the experiments in this thesis are outlined. For specific descriptions of the experimental 

details and the results, see Chapter 5. 

 

fs-Fluorescence Spectroscopy via Kerr Effect 

 

Fluorescence spectroscopy with femtosecond time resolution relies on the concept of optical 

gates, all of which are based on optical non-linearities [77, 78]. An optical gate, in general, is 

an optical element that initially blocks the light path. A short pulse (switching or gate pulse) 

induces an optical effect that opens the gate and allows the beam to pass through. The gate light 

includes a variable delay line; by adjusting the length of this line, it is possible to determine 

when the optical gate opens, and the sample light (fluorescence) can be detected [78]. The 

relevant third-order non-linearity utilized to implement this gate is the optical Kerr effect [78, 

79]. This effect describes how the refractive index 끫殶 depends on the intensity of the (gate) light 

according to equation 1.3; 
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끫殶(끫毂) = 끫殶0 +  끫殶2끫歸(끫毂)끫殨. (1.3) 

Here, 끫殶0 represents the conventional refractive index, and 끫殶2 parameterizes the non-linear 

contribution. When exposed to a gate pulse, the non-linear refractive index of a medium in the 

direction parallel to the electric field vector of the gate pulse (끫殶∥) differs from that in the 

perpendicular direction (끫殶⊥ = 끫殶0), resulting in temporary birefringence within the medium 

[79]. In birefringent media, the optical axis serves as a reference for describing spatial 

orientations, where directions are defined as parallel or perpendicular to this axis [79]. If the 

polarization direction of the incoming fluorescence light is not exactly parallel or perpendicular 

to the optical axis, the perpendicular and parallel components pass through the medium at 

different phase velocities. This results in a phase shift after passing through the medium, which 

typically leads to an elliptical polarization of the light [79]. 

 

 

Figure 1.4. Schematic representation of an optical Kerr gate. A Kerr medium (KM) is positioned between two 

orthogonal wire-grid polarizers (P1 and P2). Purple arrows indicate the planes of polarization. Note that although 

the wire-grid polarizers are illustrated with the beam path parallel to their grid lines, the actual configuration has 

the beam passing perpendicularly through the grids.  

 

Based on the optical Kerr effect, an optical gate can be realized. Initially, a polarizer 

selects one specific polarization direction of the fluorescence light from the excited sample (see 

Figure 1.4). A second polarizer, oriented perpendicularly and acting as an analyzer, blocks the 

path of this polarized light towards the detector. Between the polarizers, an isotropic medium 

(Kerr medium) is positioned for which, in its normal state, the indices obey 끫殶⊥ = 끫殶0 =  끫殶∥, thus 

preserving the polarization of the light. Upon exposure to a gate pulse, the Kerr medium 

becomes birefringent, temporarily rotating the polarization of the incoming light. For this time 

interval, some of the fluorescence light can subsequently pass through the analyzer. The relative 

delay between the excitation and gate light allows for detecting fluorescence decay at specific 

intervals. 

The first optical Kerr gate was introduced in 1969 by Duguay and Hansen, who utilized 

a liquid Kerr media [80]. They were able to measure fluorescence decays starting from 10 ps 

[81]. However, their setup was constrained by the gate opening time, which is determined by 

the pulse duration of the gate pulse (8 ps) and the relaxation time of the liquid CS2 (2 ps). 

Initially, the use of Kerr gates in emission spectroscopy was not a primary focus; 

instead, their main application was in the measurement of the temporal characteristics of laser 

pulses using the FROG technique (frequency-resolved optical gating) [82]. Kerr gates were also 
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used to suppress fluorescence in optical imaging of objects [83] and time resolved resonance 

Raman spectroscopy [84]. At the onset of the 21st century, Kerr gates were increasingly 

reported in connection with emission spectroscopy, particularly in Japan by Takeda et al. [85] 

and Kanematsu et al. [86-88], and in Germany by Schmidt et al. [89]. The significant 

improvement of these setups was made by in replacing the liquid Kerr medium with optical 

glass. Due to the absence of rotational relaxation, the medium responds almost instantaneously 

[90, 91], enabling femtosecond time resolution.  

 

Figure 1.5. Setup for femtosecond fluorescence measurements with the optical Kerr effect. Colored lines indicate 

the beam paths. The fundamental of a Ti:Sa laser/amplifier is marked in light red, the excitation in blue, the gate 

in dark red, and fluorescence in green. Cassegrains (C1, C2, C3), polarizers (P1, P2), and Kerr medium (KM) are 

marked with their corresponding symbols. The positions of other components of the setup including the Ti:Sa 

laser/amplifier, NOPA (non-collinear optical parametric amplifier), OPA (optical parametric amplifier), nonlinear 

optical crystals, such as β-barium borate (BBOs), dichroitic mirrors, photodiodes, and the delay line are shown. 

The Shamrock 303 spectrograph coupled with an iDus 420 CCD-Camera is also indicated. Aperture and lenses 

are not included in the scheme. 

 

In the femtosecond spectroscopy group of Peter Gilch, the present Kerr gate setup (see 

Figure 1.5) was built by Ramuna Mundt and Gerald Raoul Ryseck, based on an original design 

by Schmidt et al [89]. It has also been characterized in detail by Ramona Mundt [92] and Anna 

Reiffers [29]. The 800 nm fundamental from a Ti:Sa laser/amplifier can be converted to 

different pump wavelengths. Using a beam splitter, a portion of the fundamental 800 nm beam 

is directed through nonlinear optical crystals, such as β-barium borate (BBO), for frequency 

doubling (SHG, Second Harmonic Generation), resulting in a wavelength of 400 nm. This 

wavelength can then be further modified through sum frequency generation (SFG, Sum 

Frequency Generation) to produce a wavelength of 266 nm. Additionally, using another beam 

splitter, a portion of the fundamental beam is fed into a non-collinear optical parametric 

amplifier (NOPA) to generate wavelengths between ~490 and ~740 nm. These wavelengths can 

subsequently be frequency doubled using BBO crystals, achieving wavelengths from ~ 235 nm 

to ~350 nm. Four dichroic mirrors select the desired wavelength. The excitation beam is 

directed through a lens in a flow cell cuvette which continuously refreshes the sample. The 
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fluorescence light generated at the sample is collected and collimated by a Cassegrain reflector 

(C1). It consists of a concave and a convex spherical mirror to prevent additional chirp caused 

by the dispersion of the collected light. The polarization direction of the collimated beam is 

selected through a polarizer (P1) and then focused by another Cassegrain reflector (C2). At the 

focus, the beam passes through the Kerr medium. The light is then recollimated by a third 

Cassegrain (C3) and directed to a second polarizer (P2), or analyzer. The light is then guided 

towards the detector by two mirrors and a lens. The detector includes a Shamrock 303 

spectrograph coupled with an iDus 420 CCD camera. Additionally, a small mirror attached to 

C1 directs the pump pulse towards a photodiode detector, which continuously monitors the 

pump intensity throughout the measurement. 

The high intensity of the gate pulse can cause multi-photon absorption (MPA) in the 

Kerr medium, resulting in undesired emissions [86, 93]. To suppress MPA, a portion of the 

fundamental beam is converted to a wavelength of ~ 1200 nm using a two-stage optical 

parametric amplifier (OPA). This conversion can significantly reduce parasitic emission signals 

caused by MPA in quartz glass [89]. The gate beam (80 fs) is then reflected by two mirrors 

positioned on a delay line. Another mirror, along with a lens, focuses the gate beam onto a small 

reflective mirror attached to C2, aligning the beam to pass through the Kerr medium. An 

additional small mirror on C3 focuses the gate pulse towards the photodiode detector. The 

photodiode detectors allow for detecting data on both excitation and gate intensities, facilitating 

subsequent signal corrections. The timing and duration of the gate pulse relative to the 

excitation pulse are controlled to detect the fluorescence decay at specific intervals. This is 

achieved by using a single light source for both pulses, which are initially split in a semi-

reflective mirror. To adjust the path length of the gate pulse, two mirrors on a delay line are 

moved, thereby varying the distance the pulse travels to reach the Kerr medium. By selecting 

various delay times between the gate and pump pulses, the optical gate can be opened at specific 

times after the initial impact of the pump on the sample, enabling the measurement of emission 

signals at specifically chosen delay times. 

The spectra recorded at specific delay times 끫毂끫歮 after excitation are indicated as 끫歸(끫欌, 끫毂끫歮)끫殺끫殺끫殺끫殺/끫殨끫殾끫殨끫殨. The contributions of the background signals to these spectra need to be 

subtracted. Therefore, background spectra for pump only 끫歸(끫欌)끫殺끫殺끫殺끫殺 and gate only 끫歸(끫欌)끫殨끫殾끫殨끫殨 are 

recorded. The spectrum for pump only is dominated by the fluorescence leakage through the 

closed polarizer P2. It is linearly proportional to the intensity of the pump P. Using a 

photodiode, this intensity can be recorded for the pump only condition (P0) and for each delay 

time (끫殆(끫毂끫歮)). In the Kerr medium, third harmonic generation (THG) of the gate light occurs 

throughout, with a particularly strong contribution at the interface between air and quartz glass 

due to the change in refractive indices. At a wavelength of ~ 400 nm, this signal can contribute 

to a parasitic background to the gate only spectrum (끫歸(끫欌)끫殨끫殾끫殨끫殨) and must, therefore, be 

subtracted in such cases. THG of the gate pulse, a third-order nonlinear process, scales cubically 

with the intensity of the gate pulse. This intensity was also measured for the gate only condition 

(G0) and for each delay time (끫歴(끫毂끫歮)) using a photodiode. In the equation below (equation 1.4), 

the term within square brackets accounts for the correction of these background contributions 

[94]. 

끫歲(끫欌, 끫毂끫歮) = �끫歸(끫欌, 끫毂끫歮)끫殺끫殺끫殺끫殺/끫殨끫殾끫殨끫殨 −  끫歸(끫欌)끫殺끫殺끫殺끫殺 ⋅ �끫殆(끫毂끫歮)끫殆0 � −  끫歸(끫欌)끫殨끫殾끫殨끫殨 ⋅  �끫歴(끫毂끫歮)끫歴0 �3� 
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⋅  
끫殆0끫殆(끫毂끫歮)

 ⋅  � 끫歴0끫歴(끫毂끫歮)
�2 ⋅ 끫殌끫殌끫殶끫殌 (끫欌) ⋅ � 끫欌끫欌끫歬끫歬끫殦�2

                                                    (1.4) 

 

Besides the background, the signal also fluctuates with intensities of the pump and gate. 

This can be corrected using the expressions 
끫殆0끫殆(끫殨끫歮)

 and � 끫歴0끫歴(끫殨끫歮)
�2

 for the pump and gate intensities, 

respectively [94]. Since the gate efficiency varies quadratically with the gate intensity, a 

squared term is included to reflect this dependency [78]. To account for the spectral sensitivity 

of the components in the setup, the correction function 
1끫殌끫殨끫殶끫殌 (끫欌) 

 is applied, which can be 

determined using a black body radiator [95, 96]. It emits an ideal spectrum (끫歸(끫欌)끫殬끫殾끫殨끫殾끫殦) which is 

calculated using the following formula (equation 1.5): 끫歸(끫欌)끫殬끫殾끫殨끫殾끫殦 =  
2끫欖끫歬0끫欌4  

1끫殌(
ℎ끫歬0끫欌끫歼끫歪끫殎)−1 . (1.5) 

 According to equation 1.5, the spectrum of the radiator depends on the temperature T, 

alongside the constants for the speed of light in vacuum c0, Planck’s constant h, and the 

Boltzmann constant kB. As a function of wavelength, this formula represents the radiation as 

photons per second, area and wavelength interval. The spectrum of a suitable lamp is 

approximated as 끫歸(끫欌)끫殬끫殾끫殨끫殾끫殦 and can be calculated using the known temperature T of the lamp. 

The lamp spectrum 끫歸(끫欌)끫殺끫殨끫殾끫殌끫殺끫殾끫殨끫殾 is recorded. Its shape is affected by sensitivity curve 끫殌끫殌끫殶끫殌 (끫欌) 

of the instrument according to equation 1.6. 끫歸(끫欌)끫殺끫殨끫殾끫殌끫殺끫殾끫殨끫殾 =  끫歸(끫欌)끫殬끫殾끫殨끫殾끫殦 ⋅  끫殌끫殌끫殶끫殌 (끫欌). (1.6) 

With 끫殌끫殌끫殶끫殌 (끫欌) the recorded spectra can be corrected. To adjust for the wavelength 

dependency of the gate efficiency, a factor 끫欌2 is additionally applied [97]. To normalize the 

signals according to their order of magnitude, the correction factor is related to the central 

wavelength of the spectrum or the grating in the monochromator λCwl. The data were 

subsequently corrected for the time zero dispersion [89], relying dispersion parameters given 

in ref. [98] and [99]. The solvent was also measured and corrected in the same way as the 

sample. The solvent contributions were then subtracted after proper scaling [94]. 

 

Time Resolved Transient UV/Vis Spectroscopy 

 

Transient absorption spectroscopy allows to track time dependent absorption changes (ΔA) 

upon photoexcitation. These absorption changes can be of positive or negative signals. Positive 

transient absorption signals indicate increased absorption by the photo-excited sample at certain 

wavelengths, due to excited state absorption or ground state absorption of photoproducts (ESA; 

Figure 1.6 orange). Negative signals arise when the probe beam detects either reduced 

absorption which is known as ground state bleaching (GSB, Figure 1.6 blue), or an increase in 

probe intensity due to stimulated emission (SE, Figure 1.6 green). Each of these processes can 

contribute simultaneously to the observed transient absorption signal. 
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Figure 1.6. Diagram of excited state absorption, ground state bleach, and stimulated emission in fs-TA and ns-TA 

spectroscopy. The scheme illustrates the processes involved in fsTA spectroscopy, including excited state 

absorption (ESA), ground state bleach (GSB), and stimulated emission (SE). As an illustration, three wavelengths 

λ1, λ2, and λ3 of the probe beam are shown. The diagram emphasizes changes in the intensity of these wavelengths 

I(λ1, λ2, λ3) probe with and without photoexcitation (pump), depicted in the top right and top left respectively, to 

demonstrate the formation of ΔA(끫欌, 끫毂끫歮). Adapted from ref. [100]. 

 

Signal changes can be measured using femtosecond transient absorption spectroscopy, 

which covers time scales ranging from ~ 10 fs to ~10 ns. For longer delay times, extending the 

delay path can lead to beam broadening. Therefore, nanosecond transient absorption 

spectroscopy (nsTA) is used to cover the processes spanning from ~20 ns to several 

milliseconds. 

 

fs-Transient UV/Vis Spectroscopy 

 

The setup for UV/Vis absorption spectroscopy with femtosecond time resolution has 

been previously described in detail in other works [29, 100-104]. It operates on the pump-probe 

principle, which is closely related to the pump-gate principle described in the previous section. 

It utilizes two distinct laser beams—both derived from the same femtosecond pulsed laser 

source—as outlined in Figure 1.7. The pump beam is designed to photoexcite the sample, while 

the spectrally broad probe beam probes the absorption of the sample at a precise time interval 

following the photoexcitation. The same laser source used for the Kerr gate setup was employed 

in this setup. The process of generating the excitation wavelength for the pump beam also 

follows a similar method as described for the Kerr gate setup. The pump beam’s excitation 

wavelength is set through frequency doubling and, if necessary, further modified by sum 

frequency generation, employing nonlinear optical crystals like β-barium borate (BBO) for 

these processes. With a fundamental wavelength of 800 nm from a Ti:Sa femtosecond laser, 

the resulting wavelengths are 400 nm and 266 nm, respectively. Other wavelengths ranging 

from ~470 nm to ~700 nm can be generated using non-collinear optical parametric 

amplification (NOPA). The output wavelengths from the NOPA can also be frequency doubled 
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to achieve wavelengths between ≈235 and ≈350 nm.  To introduce a controlled delay between 

the pump and probe beams, a delay stage is placed along the path of the pump beam. This stage 

adjusts the length of the light path to the sample, thereby translating a physical distance into a 

temporal delay. It allows for time delays ranging from ~ 40 fs to ~ 4 ns. The broad probe pulse 

is generated through a white light generation process, where focusing the femtosecond laser 

beam onto a transparent medium like a CaF2 crystal causes nonlinear processes that broaden 

the spectrum [105, 106]. This probe beam then passes through the continuously refreshed 

sample in a flow cell cuvette, is dispersed by a grating, and is ultimately detected by a 

photodiode array. 

 

 

Figure 1.7. Scheme of the setup for femtosecond transient absorption measurements. The wavelengths of the pump 

and probe are shown with the corresponding spectral colors. The generated white light, passing through a CaF2 

plate, is represented by a yellow line. Polarizers and λ/2 plates, marked as PL and λ/2 respectively, and with their 

combination form an attenuation unit. Lenses and apertures are not depicted in the scheme. Adapted from ref. 

[100]. 

 

ns-Transient UV/Vis Spectroscopy 

 

Unlike fsTA, which uses an optical delay-based pump-probe arrangement, nsTA utilizes an 

electronically triggered detection system. This enables continuous and complete scanning of 

the time range from 20 nanoseconds to milliseconds by employing a continuous wave (CW) 

probe light to measure changes in light intensity after the excitation pulse is applied. 

In the setup used in this thesis for ns flash photolysis, changes in the probe light’s 

intensity over time are detected using a photomultiplier (PM). Typically, the temporal 

resolution of the measurement is determined either by the sampling rate of the oscilloscope, 

which records the signal from the PM, or by the electronic response time of the PM itself. 
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Figure 1.8. Scheme of the commercial setup for nanosecond transient absorption measurements used in this thesis. 

The spectrally broad light emitted by a pulsed xenon arc lamp is illustrated with a yellow line. A (scanning) 

monochromator is employed to select individual wavelengths at a time, which are then detected by a 

photomultiplier. Adapter from ref. [100]. 

 

The excitation source in this commercial setup (LP980 from Edinburgh) is a nanosecond 

Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12) pulsed laser, which 

outputs a fundamental wavelength of 1064 nm (see Figure 1.8). The fourth harmonic (266 nm) 

is generated for the photoexcitation of the sample through nonlinear optical processes. To 

accommodate the need for a long (and spectrally broad) probe pulse in nsTA, a separate light 

source, specifically a xenon flash lamp, is employed. This lamp provides stable, high intensity 

white light pulses over hundreds of microseconds, making it ideal for probing. 
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2. Fluorescence Quantum Yields—Background 
 

The fluorescence quantum yield (Фfl) is a key parameter in investigating the photochemical and 

photophysical properties of molecules and represents the ratio of emitted photons to absorbed 

photons. This ratio serves as an indicator of a dye’s fluorescence efficiency [12]. The yield Фfl 

is a dimensionless number ranging from 0 to 1, or sometimes expressed as a percentage. For 

individual emitters, the fluorescence quantum yield provides insight into radiative transitions, 

in combination with the fluorescence lifetime, fluorescence spectrum, and fluorescence 

anisotropy [22]. The yield Фfl, along with the absorption coefficient (ε), determines the 
sensitivity for detecting specific analytes or targets. The product of the yield Фfl and ε, known 

as “brightness” [107], is crucial for evaluating and comparing the performance of fluorescent 

labels and dyes and thereby facilitating the design of new fluorescent probes and sensors. The 

yield Фfl is also essential for numerous applications in biological and medical diagnostics, 

including fluorescence correlation spectroscopy (FCS) and Förster resonance energy transfer 

(FRET) [108, 109]. Additionally, the yield Фfl plays an important role in characterizing 

materials used in organic light-emitting diodes (OLEDs) [10]. The yield Фfl, along with 

luminescence data, also facilitate the assessment of material purity [110, 111]. 

The term “fluorescence quantum yield” as well as a method to determine it were first 

introduced by Vavilov for organic dyes in solution [112]. In his work he also for the first time 

showed that the value of the yield Фfl can approach unity. Since then, numerous studies have 

been conducted to improve and refine the measurement of fluorescence quantum yields. The 

first relative determination of fluorescence quantum yield using a known standard was 

established by Parker and Rees [113], who reproduced the quantum yield value of 0.55 for 

quinine sulfate in 0.1 N H2SO4, originally reported by Melhuish through absolute 

determinations [114]. Most fluorescence quantum yield measurements are reported for 

compounds in solution. However, yields have also been determined for organic compounds in 

the gas phase [115-117], in crystalline states, and on solid surfaces [118-122]. Additionally, 

measurements for multichromophoric biomacromolecules have been reported [123-125]. 

In general, determinations of the yield Фfl can be categorized into absolute and relative 

methods [126]. Absolute techniques include determinations through calorimetric approaches or 

by using instruments equipped with an integrating sphere detector. Absolute calorimetric 

methods for determining fluorescence quantum yields involve measuring the temperature 

increase caused by light absorption in a sample and were commonly reported in the literature 

prior to the 1990s [127, 128]. An absolute method that has been utilized in more recent years is 

thermal lensing (see Figure 2.1) [129-133]. This technique relies on a property of laser beams 

as they pass through a sample of absorbing molecules. The laser typically exhibits a Gaussian 

intensity distribution with radially symmetric intensity [133]. Therefore, when it passes through 

an absorbing medium, it unevenly heats the medium due to its intensity profile [125]. This 

results in localized heating within the sample, creating a temperature profile. As the refractive 

index of the sample is temperature-dependent, this temperature gradient induces a 

corresponding gradient in the refractive index, thereby forming a thermal lens. This lens acts 

similarly to an optical lens, altering the path of the traveling beam to cause either focusing or 

defocusing. The development of the thermal lens over time can be observed by monitoring 

changes in the beam expansion and intensity, which are detected by a suitably positioned 

detector from a distance. The non-radiative decay, indicated by heat generation within the 
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sample, is quantified through the changes caused by the thermal lens, thereby enabling the 

calculation of the fluorescence quantum yield. This method, like other absolute calorimetric 

methods provides a direct measure of non-radiative decay processes in the sample. Although 

the setup for most of the calorimetric measurements is relatively simple compared to other 

methods, the precision required to detect slight temperature changes is crucial, which can pose 

challenges in terms of sensitivity and accuracy, especially in comparison to the conventional 

fluorometers [110, 125]. Therefore, this method is not very suitable for weakly emissive 

compounds [125]. In this technique, samples with high absorbance are often used to enhance 

temperature sensitivity, which can sometimes lead to issues with reabsorption. This method has 

the advantage of being insensitive to scattering and independent of the sample’s geometry 

[134]. 

 

 

Figure. 2.1. Experimental setup for thermal lensing measurements. The diagram illustrates the path of light from 

a source through a lens, focusing on a sample. A shutter controls light exposure, the photodiode detects changes 

in light intensity. Data is analyzed and visualized using an oscilloscope connected to the photodiode. The figure 

was inspired by ref. [125, 135].  

 

Nowadays, most of the absolute determinations rely on integrating sphere setups. The 

integrating sphere was originally introduced by de Mello et al. in 1997 [136]; however, the 

fundamental principle had already been published by the same group two years earlier [137, 

138]. As shown in Figure 2.2, an integrating sphere setup consists of a hollow spherical cavity 

with its interior coated with a highly diffuse white scattering material. This setup is designed to 

capture light emitted by a sample in all directions. When a sample, which can be in solution or 

solid state, is placed inside the sphere and illuminated by a controlled light source, it absorbs 

light and fluoresces. The scattering coating on the sphere’s interior ensures that light emitted 

by the sample is uniformly diffused across the sphere, allowing for a portion of the emitted light 

to be collected regardless of the direction of emission. Light intensity emitted by the sample, as 

well as the light absorbed, are measured by the detector. The fluorescence quantum yield is then 

calculated by comparing the intensity of the emitted light to the intensity of the absorbed light 

[139, 140]. In integrating sphere setups, polarization effects are effectively neutralized due to 

the extensive scattering and reflections within the sphere, which randomize the light’s 

polarization [126, 138]. Similar to thermal lensing, reabsorption effects may also be 

problematic here and can be intensified by the multiple scattering events [110]. This can 

introduce inaccuracies if not properly accounted for. Additional uncertainties may arise from 

non-uniform coatings on either the sphere or sample holders and from variability in how 

samples are positioned within the sphere [126]. 
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Figure 2.2. Fluorescence quantum yields determined by an integrating sphere. The setup includes a light source 

directed at a sample holder inside the sphere to excite the sample. Light emitted by the sample is diffused uniformly 

by the integrating sphere’s reflective interior, ensuring that a portion of the emitted light is captured. A baffle 

positioned within the integrating sphere ensures that the detector does not capture the initial reflections of the 

incident or emitted light. The detector is mounted directly on the wall of the integrating sphere. The emitted light 

is then analyzed by a spectrometer connected to a computer for spectral analysis. The figure was inspired by ref. 

[141]. 

 

With regard to relative methods, one reported approach utilized Raman scattering 

signals from neat solvents to determine fluorescence quantum yields. Chekalyuk et. al. [142] 

proposed using the spontaneous Raman scattering signal of the solvent as an internal standard 

for measuring the fluorescence of highly dilute dye solutions. In their studies, they employed 

an attenuated laser beam to prevent saturation effects in fluorescence measurements and 

calibrated the fluorescence signal against the Raman scattering at the 3440 cm-1 water line. 

They employed available data for the differential Raman scattering cross-section of solvents at 

specific excitation wavelengths and measured the absorption cross-section of the chromophore 

using a conventional spectrophotometer. This approach enabled them to determine the 

fluorescence quantum yields of quinine sulfate, fluorescein, and rhodamine 6G in aqueous 

solutions. The method is quite convenient, yet its application has been limited to specific 

solvents and has not been applied to others. It is particularly suited to dilute solutions of strong 

emitters, enabling straightforward quantification of the Raman signal. Although this method 

may hold potential for compounds with small fluorescence quantum yields, doubts have been 

raised regarding the reliability of using Raman signals as calibration tools in laser-induced 

fluorescence measurements [125, 143]. 

The most commonly used method for the determination of the yield Фfl is the relative 

method which is readily accessible through conventional spectrofluorometers [144]. Most 

potential errors and sources of uncertainty mentioned for other methods also apply to this 

method. However, one important advantage of this approach is its effectiveness for moderately 

or weakly emissive compounds [125]. Common spectrofluorometers nowadays are sufficiently 

sensitive to accurately measure compounds with small fluorescence quantum yields in optically 

dilute solutions, which enhances measurement accuracy and minimizes the risk of errors 

associated with less sensitive equipment [125]. In this method, the fluorescence intensity of a 

sample is compared to that of a reference with a known quantum yield under the same 

experimental conditions. Reference materials with well-established fluorescence quantum 
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yields are, thus, essential for such measurements. However, as Brouwer [145] highlight, most 

of these reference compounds have high yield Фfl, typically above 0.5. This approach is 

practical for high-yield fluorophores but poses challenges when studying chromophores with 

much lower yields. In molecules with small fluorescence quantum yields, non-radiative 

processes, which compete with fluorescence emission, predominate. Upon photon absorption, 

the deactivation of the excited state is governed by the relative kinetic rate constants of various 

processes, a concept illustrated by the Jablonski diagram discussed in chapter 1. The fate of an 

excited state can be considered a random event with multiple potential outcomes, such as 

fluorescence, internal conversion, intersystem crossing, energy transfer to surrounding 

molecules, or other non-radiative processes (see Figure 2.3) [146]. The probability of each 

outcome is determined by the rate constant of the specific process relative to the combined rate 

constants of all deactivation processes. Specifically, the probability that a singlet excited state 

deactivates through photon emission—fluorescence—is given by the rate constant of 

fluorescence emission (krad) relative to the sum of the rate constants of all deactivating processes 

(krad+Σknr, where Σknr encompasses all non-radiative processes) [144]. For chromophores 

undergoing allowed transitions, radiative rate constants krad are typically on the order of 108 s- 1, 

while non-radiative rate constants knr may approach the vibrational frequency, estimated at 

~1013-1014 s-1 [146]. Consequently, the lower boundary for the yield Фfl of the order of 10-6 to 

10-5 can be approximated using the equation 2.1; 

 끫毮끫殦끫殦 =
끫殰끫殾끫殾끫殾끫殰끫殾끫殾끫殾+끫殰끫殶끫殾 (2.1) 

 

 

Figure 2.3. Schematic representation of the various pathways through which the first excited state may deactivate, 

emphasizing the stochastic nature of these processes. The probability of the excited state deactivating through 

fluorescence is determined by the ratio of krad to krad + Σknr, where Σknr denotes the sum of the rate constants for 

all non-radiative pathways capable of deactivating S1. The figure was inspired by ref. [144]. 

 

Applying the relative method to determine such small fluorescence quantum yields is 

often limited by the available reference materials, which predominantly exhibit high quantum 

yields. This presents a challenge, underscoring the necessity for standards with smaller, well-

validated fluorescence quantum yields that span various spectral ranges. Such standards enable 

more accurate quantitative comparisons. By aligning the fluorescence intensities of the sample 

and reference within the optimal detection range, instrument measurement errors can also be 

minimized. 
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 In the recently published publication entitled “References for Small Fluorescence 

Quantum Yields” [147], three compounds are identified with fluorescence quantum yields in 

the range of 10- 5 to 10-4 covering the UV/Vis spectral range. The fluorescence quantum yields 

Фfl of the compounds were first determined using the relative method. For comparison, these 

yields were also calculated using the relationship between the yield, the radiative rate constant 

krad, and the fluorescence lifetime (끫欞끫殦끫殦), as detailed in equation 2.2; 끫毮끫殦끫殦 = 끫殰끫殾끫殾끫殾끫欞끫殦끫殦. (2.2) 

The radiative rate constant krad was obtained via the Strickler-Berg relation [42] (see chapter 

1), and the fluorescence lifetime 끫欞끫殦끫殦 was measured using the time resolved fluorescence Kerr 

gating setup. The fluorescence quantum yield values obtained from both methods closely 

aligned within their respective error margins. The results of this study are summarized in a 

publication which is reproduced in Chapter 5. 

 

2.1. Copper(I) Carbene Complexes 
 

In the evolving landscape of materials science, particular emphasis has been placed on 

developing cost-effective and environmentally friendly alternatives to heavy metal-based 

complexes, like iridium and platinum, commonly used in organic light emitting diodes 

(OLEDs). Copper(I) complexes, with intriguing luminescent properties, are emerging as 

promising candidates for this replacement [148-151]. 

In this context, the study “Femtosecond Spectroscopy and Quantum Chemistry of a 

Linearly Coordinated Copper(I) Carbene Complex” [104] was conducted to investigate the 

photophysical characteristics of a specific copper(I) carbene complex: [1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene]-(2-picoline)copper(I) tetrafluoroborate, referred to as 

NHCCuPy. This complex demonstrates significant environmental sensitivity, as evidenced by 

its performance in various media. When incorporated into a poly(methyl methacrylate) 

(PMMA) matrix or processed as a powder, the complex exhibits a high fluorescence quantum 

yield of 0.87 [24]. However, this yield dramatically decreases in single crystals and solutions, 

where it becomes orders of magnitude smaller. 

This study further explores the behavior of NHCCuPy in different solvent environments, 

both coordinating and non-coordinating, to understand these variations in luminescence. 

Notably, when the complex is dissolved in solution, the quantum yield is in the order of ~ 10−5, 

contrary to its performance in PMMA [24]. This complex includes 2-picoline as a ligand. The 

association of the ligand to the copper(I) ion is an equilibrium process and, thus, in solution, 

free 2-picoline molecules and ones bound to copper(I) may coexist. Both species may contribute 

to the fluorescence signal of the solution. 

 This study utilized both steady state and time resolved spectroscopy to investigate the 

photophysics of NHCCuPy in different environments. Among the techniques employed was 

the fluorescence Kerr gate setup, which is particularly advantageous not only for time resolved 

measurements but also for recording steady state fluorescence spectra. This setup was 

specifically chosen for its high sensitivity to very low emission levels, making it ideal for 

detecting potential impurities and very small fluorescence signals. This setup, as described in 

chapter 1, was operated with an open gate, to record the steady state fluorescence spectra in this 
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study. This configuration allowed for a detailed comparison of the emission properties of 

NHCCuPy and 2-picoline, providing insights into how each component contributes to the 

overall luminescence. The results of this study are summarized in a publication which is 

reproduced in chapter 5. 
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3. Fluorescence Anisotropies—Background 
 

The term “anisotropy” was first defined by Aleksander Jablonski to describe the polarized 

emission observed in solutions [27, 152]. Over time, this concept has emerged as an important 

tool in various fields of biochemical fluorescence applications [153]. For instance, anisotropy 

experiments can provide insights into the size and shape of proteins [154], or assess how rigid 

different molecular environments are [155, 156]. This technique is applied in exploring protein 

dynamics and other biomolecular behaviors, revealing the impacts of structural changes or 

molecular interactions [157, 158]. For instance, it plays a key role in studying protein 

denaturation and in examining protein interactions that affect rotational behavior [159, 160]. 

Fluorescence anisotropy is also instrumental in clinical diagnostics, particularly in 

immunoassays, where it effectively measures analyte concentrations [161, 162]. Additionally, 

it offers detailed insights into the rotational dynamics under different environmental conditions, 

making it invaluable for studying membrane-bound fluorophores [12, 163, 164]. 

Anisotropy experiments rely on the concept of photoselective excitation of molecules 

using polarized light [12]. Light is an electromagnetic wave, characterized by oscillating 

electric and magnetic fields that are perpendicular to each other. When the electric field 

oscillates in a single plane and maintains a consistent orientation relative to the direction of 

propagation, the light is known as linearly polarized [165]. Absorption of light induces a 

transition from the ground electronic state (a) to an excited one (b). In quantum mechanics, one 

approach to approximately describe molecular electronic transitions involves the use of 

transition dipole moments (TDMs) 끫欎끫殾끫殜 [166]. Here the assumptions are made that the excitation 

light is polarized along the z-axis and propagates along the x-axis through a sample containing 

randomly oriented molecules (see Figure 3.1). The absorption probability (Pθ) depends on the 

square of the dot product of the electric field 끫歰�⃗  and the TDM (�끫⃗欎끫殾끫殜 ⋅ 끫歰�⃗ �2
) and is proportional to 

cos2(θ) (see equation 3.1); 끫殆끫欆 ∝ �끫欎끫殾끫殜 ⋅ 끫歰�⃗ �2
 ∝ cos2(θ).  (3.1) 

Here, θ represents the angle between the transition dipole moment and the polarization direction 

of the electric field. The absorption probability is maximal when the alignment is parallel (θ = 

0∘) and is zero when perpendicular (θ = 90∘). This indicates the probability that a molecule with 

a specific orientation will become excited. To account for the probability associated with a 

specific angle θ, the sin(θ) term is included to average the probability of excitation across the 

ensemble. As a result, molecules whose TDMs are oriented in specific directions will 

experience a preferential excitation (see Figure 3.1). This phenomenon (photoselection) can be 

quantitively described by the equation 3.2; 〈끫殆끫欆〉 ∝ cos2(θ) ⋅ sin(θ). (3.2) 

This selective excitation can be observed in the emission signal when polarizers are used 

in front of a detector. Taking into account the cos2(θ) ⋅ sin(θ) distribution, the polarization 

characteristics of the emitted light form a dumbbell shape, as depicted in Figure 3.1, indicating 

that the polarization of the emitted light is symmetrically distributed around the z-axis. 

Molecules with TDMs closely aligned with the z-axis polarization are more likely to be excited, 

resulting in stronger emission signals along the z-axis. Conversely, as the orientation angle 

nears 90∘, the emission intensity diminishes, reaching zero in the x-y plane. Accordingly, for 



23 

 

the conditions that the molecules do not rotate and undergo the same electronic transition during 

both absorption and emission, the intensity of light emitted parallel to the polarization direction 

of the excitation (끫歸∥) is typically three times greater than that emitted perpendicularly (끫歸⊥). To 

describe the extent of polarization of the emission, a parameter known as fluorescence 

anisotropy has been defined and can be quantified using the equation  3.3 [12], 끫殾 =  
끫歸∥− 끫歸⊥ 끫歸∥+ 2끫歸⊥ .  (3.3) 

Here, 끫歸∥ and 끫歸⊥ represent the intensities of light emitted parallel and perpendicular to the 

excitation polarization, respectively. The denominator in this equation represents the total 

fluorescence intensity (끫歸끫殨끫毂끫殨끫殾끫殦), which includes contributions from all three Cartesian axes 

(끫歸끫殨끫毂끫殨끫殾끫殦= 끫歸x + 끫歸y + 끫歸z). Given the symmetric distribution of the emission in the xy-plane (끫歸y=끫歸x), 

the total intensity simplifies to 끫歸끫殨끫毂끫殨끫殾끫殦= 끫歸z+ 2끫歸x=끫歸∥ + 2끫歸⊥. 

 

 

Figure 3.1. Fluorescence anisotropy measurement. Light propagates from left to right. Polarized excitation light 

aligned along the z-axis excites the sample. In the sample, molecules are oriented randomly. The resulting emission 

is symmetrically distributed around the z-axis. A rotatable polarizer allows for selective detection of the y- or z-

components of the emission. The intensities 끫歸∥ and 끫歸⊥are then measured by a detector positioned behind the 

polarizer. The image of the dumbbell-shaped emission distribution was taken from ref. [12], and redrawn. 

 

Assuming the molecules are immobile and undergo non-degenerate transitions, the 

(initial) anisotropy 끫殾 can range from -0.2 to 0.4 [12]. A maximum value of 0.4 is observed when 

the same electronic transition is involved in both absorption and emission processes, and the 

angle 끫毺—the angle between the transition dipole moments for excitation and emission—is 0°. 

Conversely, a minimum value of -0.2 is obtained when the angle 끫毺 reaches 90°, typically 

observed when the absorbing and emitting states are different. For the angle 끫毺 =54.7°, both 끫歸∥ 
and 끫歸⊥ yield the same value, resulting in an anisotropy of zero. Generally, the anisotropy 끫殾 is 

associated with the angle 끫毺 according to the equation 3.4; 끫殾 =
3끫殠끫毂끫殌2(끫毺)−15   (3.4) 

When molecules can rotate between the time of absorption and emission, this rotation 

can lead to the depolarization of the emitted light. Rotational diffusion, characterized by random 

rotational movements (tumbling) of fluorophores in solution, is a common cause of 
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fluorescence depolarization [12]. This process causes the anisotropic distribution of excited 

molecules, initially aligned by photoselection, to gradually evolve towards isotropy [12, 28]. 

The decay of anisotropy from its initial value, 끫殾0, due to rotational diffusion can be 

described by an exponential law (equation 3.5): 끫殾(끫毂) = 끫殾0 끫殌− 
끫毂끫欞끫殾  (3.5)  

where 끫殾0 is the initial anisotropy, 끫毂 represents time, and 끫欞끫殾 is the rotational relaxation time, 

which characterizes the time scale at which the fluorophore can tumble within its environment. 

The time constant 끫欞끫殾 is estimated using the Debye-Stokes-Einstein relation (equation 3.6) [12, 

28]:  끫欞끫殾 =
끫殒끫殒끫殰끫殞끫殎 (3.6) 

Here, 끫殒 denotes the hydrodynamic volume of the molecule, 끫欄 the viscosity of the solvent, 끫殰b 

the Boltzmann constant, and 끫殎 the temperature. For small molecules in solutions with low 

viscosity, the typical time constant is on the order of 40 ps [12]. When this time constant is 

shorter than the fluorescence lifetime, the fluorescence emission tends to exhibit an isotropic 

ensemble, resulting in a time-averaged anisotropy that approaches zero. However, for very 

short-lived chromophores where the fluorescence lifetime is comparatively short, the 

fluorescence tends to retain much of its initial polarization during the lifetime of fluorescence. 

With the aid of time resolved techniques, it is possible to record both the initial anisotropy 끫殾0 

as well as the decay time 끫欞끫殾 [167].  

Besides rotational diffusion, another mechanism, among others, may also contribute to 

the decay of anisotropy, namely electronic excitation energy transfer [12]. In this process, 

energy is transferred when a molecule in an excited state (referred to as the donor) releases 

energy, which is then transferred to another molecule in its ground state (termed the acceptor). 

This transfer of energy can occur within a single molecule between different moieties or across 

distinct molecules. Using anisotropy measurements this transfer can be monitored [168-170].  

 Anisotropy measurements are also applied to study and interpret the dynamics of 

molecular excited states. They are particularly useful for distinguishing between different 

electronic transitions, which may have transition dipole moments oriented differently [171-

173]. For instance, indole and its derivatives are known to have two closely lying excited states 

(La and Lb) [26, 171, 174, 175]. For most derivatives of indole, the angle between the transition 

dipole moments of these states can vary between 20° and 90° [26, 171, 174, 175]. Thereby, 

transitions between these states can lead to significant fluorescence depolarization. The 

dynamics of these processes can be investigated using time resolved fluorescence anisotropy 

[176]. In the publication “The photophysics of 2‑cyanoindole probed by femtosecond 
spectroscopy” [177], we specifically examined the cyano derivative of indole, 2-cyanoindole, 

using time resolved fluorescence anisotropy to assign the emission to an excited state (La or 

Lb). The results of this study are summarized in a publication which is reproduced in Chapter 

5. 
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Femtosecond Spectroscopy and Quantum Chemistry of a
Linearly Coordinated Copper(I) Carbene Complex

Oliver Nolden,[a] Jennifer Kremper,[a] Wiebke Haselbach,[a] Mahbobeh Morshedi,[a]

Jasper Guhl,[b] Philipp Schmeinck,[c] Christel M. Marian,*[b] Christian Ganter,*[c] and

Peter Gilch*[a]

Linearly coordinated copper(I) carbene complexes, such as [1,3-

bis(2,6-diisopropylphenyl)imidazol-2-ylidene]-(2-picoline)copper(I)

tetrafluoroborate (1), exhibit promising photophysical properties

with regard to organic light emitting diode (OLED) applications.

Their emission characteristics strongly depend on the surrounding

(crystal, matrix, and solution). Here, the behavior of 1 in solution is

scrutinized by steady state as well as femtosecond spectroscopy.

In coordinating solvents, like acetonitrile and alcohols, 1 is shown

to bind solvent molecules as ligands. In non-coordinating solvents,

femtosecond UV/Vis absorption spectroscopy reveals a tri-expo-

nential decay with time constants of 0.3 ps, 900 ps, and 0.7 μs. The
time constants are assigned with the aid of quantum chemistry. A

more complex decay is observed in coordinating solvents.

Introduction

Copper(I) complexes might provide a cheap and more earth

abundant alternative for existing emitters for organic light

emitting diodes (OLED) based on iridium or platinum.[1] These

heavy elements, due to strong spin-orbit coupling, provide

high intersystem crossing (ISC) and phosphorescent rate

constants with emission quantum yields up to unity.[2] Yet, they

possess clear disadvantages compared to their copper(I)

analogues. In addition to economic and ecological issues,[3]

undesired non-radiative deactivation of iridium or platinum

complexes may occur due to the d6 or d8 configurations of the

respective ions.[4] In copper(I) complexes with their d10 config-

uration deactivating metal centered excitations are absent.

Therefore, copper(I) complexes are presently intensively inves-

tigated with regard to their application as second and third

generation OLED emitters. Emitters of these generations make

use of phosphorescence as well as thermally activated delayed

fluorescence (TADF).[5]

For a systematic approach regarding the luminescent

properties of copper(I) complexes, it is necessary to understand

the elementary photophysical and photochemical processes

that are involved. As for many transition metal complexes,

these compounds show complicated excited state kinetics due

to their high density of states and the ability for fast

intersystem crossing.[6] These processes can only be traced by

(ultrafast) time-resolved spectroscopy. While most copper(I)

complexes being investigated are of trigonal or tetragonal

geometry,[7] research on linearly coordinated complexes is still

scarce. Within the class of linearly coordinated copper(I)

complexes a focus was laid on those bearing N-heterocyclic

carbene ligands.[7–8]

In a recent study by some of the present authors, the

luminescence of a linearly coordinated copper(I) complex

bearing an N-heterocyclic carbene (NHC) ligand (1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene) as a σ-donor and 2-pico-

line as a π-acceptor ligand (compound 1, Scheme 1) was

investigated.[9] This complex caught our attention since as a

powder and in poly(methyl methacrylate) (PMMA) matrix it
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exhibits emission quantum yields as high as 0.87. In single

crystals and solutions of the compound, the yields are orders of

magnitudes smaller. Quantum chemical computations attribute

this to the presence (luminescence) or absence (no lumines-

cence) of the coordinating counterion BF4
�.[10] In the complex

with coordinated BF4
�, the lowest excited state is an emissive

state with metal-to-ligand charge-transfer (MLCT) character. In

absence of BF4
�, a dark locally excited triplet state is the lowest

one. Heretofore, the excited state kinetics of the complex have

only been traced in solid state. Here, we augment this by time-

resolved spectroscopy in solution covering a time range of

100 fs to 10 μs.
As the complex 1 has the tendency to bind additional

ligands and to connect with earlier experiments,[9] we intended

to study 1 in the non-coordinating solvent dichloromethane

(DCM). Yet, in femtosecond experiments on 1 dissolved in DCM

and on neat DCM the formation of a white precipitation was

observed. During screening for suitable solvents pronounced

changes in the absorption spectrum of 1 in weakly coordinat-

ing solvents like acetonitrile (MeCN) and 2-propanol were

observed. In the course of steady state and time-resolved UV/

Vis experiments, further indications for the interaction of 1 with

MeCN and 2-propanol were observed. Based on these exper-

imental observations, two structures that might form in the

presence of coordinating solvents are suggested and their

spectral properties computed quantum chemically. To the best

of our knowledge, no study has yet discussed the coordinating

interaction of linearly coordinated copper(I) complexes with

solvent molecules in depth. Therefore, the findings of this study

constitute an important step towards elucidating the structural

interactions of linearly coordinated complexes with a solvent

environment. However, due to experimental and quantum

chemical ambiguities we refrain from giving a distinct answer

to which species is present. In 2,2,2-trifluoroethanol (TFE) the

absorption signatures of 1 resembles the one in DCM. There-

fore, for the characterization of 1 in non-coordinating surround-

ings TFE was used. Furthermore, emission spectroscopy was

applied giving indications for coordinating interactions of the

counterion with the copper center in non-coordinating sol-

vents.

Materials and Methods

Samples and general conditions: 1 was synthesized according to a

previously published protocol and completely characterized.[9] The

purity of 1 was verified by 1H-NMR, 13C{1H}-NMR, ESI mass

spectrometry and elemental analysis (see SI, Figure S1). The

analytical data obtained agree well with the literature.[9] 2-Picoline,

tetrabutylammonium tetrafluoroborate and

tris(bipyridine)ruthenium(II) chloride were supplied by Sigma

Aldrich, dichloromethane (Fisher Chemical, HPLC gradient grade),

tetrahydrofurane (Sigma Aldrich, inhibitor free, >99.8%), 2,2,2-

trifluorethanol (Apollo Scientific, >99%), acetonitrile (ChemSolute,

HPLC gradient grade), 2-propanol (Sigma Aldrich, 99.9%) were

used as solvents. If not mentioned otherwise all measurements

were performed under argon or nitrogen atmosphere. All measure-

ments were performed at room temperature (~20 °C).

Steady state spectroscopy: The UV/Vis absorption spectra were

recorded with a two-beam Lambda 19 spectrometer from Perkin

Elmer GmbH using standard 1-cm- or 1-mm-path-length fused

silica cells. Unless otherwise noted the fluorescence was recorded

in right-angle detection with a FluoroMax-4 from Horiba Scientific.

The sample absorption at the excitation wavelength was ~0.05 for

a path length of 1 cm to avoid inner filter effects. As references for

the determination of the emission quantum yields thymidine in

water ðFlum=1:32 ÿ 10�4 [11]) and tris(bipyridine)ruthenium(II)

chloride in water (Flum;air =0.028[12]) were employed. For the

comparison of the emission of 1 and 2-picoline a fluorescence Kerr

gate instrument as described in Ref. [13] was used. The instrument

was operated with an open gate, i. e. steady state spectra were

obtained. Samples were excited by 266 nm laser pulses obtained

by frequency tripling of 800 nm femtosecond pulses. All emission

spectra were corrected for the spectral sensitivities of the

respective instruments. In order to convert the fluorescence spectra

recorded with constant wavelength band pass into the wave-

number representation, intensities were multiplied by the respec-

tive wavelength squared.[14]

Femtosecond transient absorption spectroscopy: The femto-

second transient absorption (fsTA) setup has been described

elsewhere in detail.[15] A 1 kHz Ti : Sa laser amplifier system

(Coherent Libra) served as pulse source. The output wavelength is

800 nm and the pulse duration is 100 fs. To yield 266 nm pump

pulses, the 800 nm laser output was frequency tripled using β-
barium borate crystals. The pump pulse energy at the sample was

adjusted to ~1 μJ and the beam had a focal diameter of 160 μm
(full width at half maximum (FWHM)) on the sample. The

absorption change was probed with a white light continuum

generated in CaF2 with a diameter of 100 μm on the sample. The

relative polarization of the pump and probe beam was set to the

magic angle. The time resolution was ~180 fs. The spectra were

recorded at 139 time delay settings between �1 to 1 ps on a linear
and from 1 ps to 3.4 ns on a logarithmic time scale. For every delay

setting, 2000 spectra were recorded and the data were averaged

over 4 succeeding delay scans. The instrumental shift of time zero

with wavelength was determined via the optical Kerr effect and

corrected for. To remove signal contributions of the solvent and to

account for time-zero femtosecond artifacts, a separate measure-

ment of the solvent was subtracted with proper scaling depending

on the absorption of the sample solution.[16] The solution was

pumped through a fused silica flow cell (custom made, Hellma

Analytics) with 1 mm path length. The samples absorption at the

excitation wavelength was set to 0.7 per mm.

Nanosecond transient absorption spectroscopy: The nanosecond

transient absorption (nsTA) data were acquired with a laser flash

photolysis spectrometer LP980 from Edinburgh Instruments in a

right-angle geometry. The fourth harmonic (266 nm) of the output

wavelength of a Nd:YAG laser (Spitlight 600, InnoLas) with a

repetition rate of 5 Hz and a pulse duration of 12 ns (FWHM) was

utilized for photoexcitation. The diameter of the pump beam was

~8 mm. The average pulse energy amounted to 2 mJ. A pulsed

xenon lamp (Osram XBO 150 W/CR OFR) was used as a probe

beam. The transmitted probe light was detected by a photo-

multiplier (Hamamatsu, PMT-900) after being dispersed by a

grating monochromator. To obtain transient spectra, every 5 nm

kinetic traces were recorded and averaged over 64 acquisitions.

The solution was pumped through a fused silica flow cell (Hellma

Analytics) with a path length of 5 mm in pump and 10 mm in

probe direction. The samples absorption at the excitation wave-

length was set to 1.6 per cm.

Data analysis: Wavelength and time dependent data were

analyzed globally using a multi-exponential trial function convo-

luted with the instrumental response function (IRF, Eq. (1)):[17]
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DA l; tð Þ ¼ IRF ÿ
Xn

i¼1

DAi lð Þ ÿ e�
t
ti : (1)

The fit yields a decay associated difference spectrum (DADS)

DAi lð Þ for each time constant ti .

Quantum chemical calculations: The optimized geometries were

obtained from Kohn-Sham density functional theory (DFT) for the

ground state, from time dependent-DFT (TD-DFT) for the singlet

excited states and from the Tamm-Dancoff approximation (TDA-

TDDFT) for triplet excited states. A PBE0 functional, the GD3

dispersion correction, and a def2-SV(P) basis set for all atoms as

implemented in Gaussian were used.[18] The copper core was

treated with a cc-pVDZ-PP basis set in conjunction with the

Stuttgart-Köln MCDHF RSC ecp.[19] Solvent effects were accounted

for with the standard IEF-PCM.[20] Its point charges were exported

from Gaussian to Turbomole, to be used for the DFT/MRCI

calculations.[21] The DFT/MRCI calculations used the optimized

geometry, including the point charges, and employed the R2018

Hamiltonian,[22] the same basis, but the BH-LYP functional.[22–23] For

the calculation of ISC rate constants in the Condon approximation,

the spin-orbit coupling (SOC) matrix elements were calculated via

SPOCK, and the vibrational overlap via VIBES.[24] Based on the

computed oscillator strengths fi, absorption coefficient spectra ɛi ~nð Þ
were obtained. Herein, the relation between the spectral integral

covering an electronic transition band and fi according to

Equation (2)[25] was employed.

f i ¼
4e0mec

2
0

e20
ÿ
ln10

NA

Z
∞

0

ei ~nð Þd~n (2)

In the equation, e0 is the vacuum electric permittivity, me the

electron mass, c0 the speed of light in vacuum, e0 the elementary

charge, and NA the Avogadro constant. The band ei ~nð Þ was

modelled with a Gaussian. Its width (FWHM) was chosen to match

approximately the experimental one.

Results

Steady state measurements

1 dissolved in DCM, TFE, MeCN and 2-propanol features an

absorption band lowest in energy with a maximum around

260 nm (see Figure 1 and S3 in the supporting information (SI)).

The band is strongly affected by the solvent. In DCM, the

highest peak absorption coefficient (~18000 M-1cm�1) is re-

corded and the band is structureless. The spectrum of 1 in TFE

resembles the one in DCM. For MeCN and 2-propanol as

solvents, the absorption is blue-shifted compared to DCM.

Furthermore, peak absorption coefficients are smaller and a

vibrational progression becomes discernable. This progression

is very similar to the one of the free 2-picoline ligand (see

Figure 1a).

Figure 1. Absorption properties of 1 in different solvents. a) Absorption spectra (absorption coefficients as a function of wavelength) of 1 in DCM (red), TFE

(orange), and MeCN (blue). The respective spectra of 2-picoline in TFE and MeCN (orange and blue dotted respectively) are shown for comparison. b) Impact

of the addition of MeCN to absorption spectra of 1 dissolved in DCM. The initial concentration c01 of 1 amounted to 5 ·10
�5 M and remains constant

throughout the experiment. Initial MeCN concentrations c0MeCN ranged from 0.8 ·10�2 M (red) to 2 M (blue). Circles mark isosbestic points. c) Dependence of the

absorption at 260 nm on the initial concentration of MeCN c0MeCN (values from Figure 1b). The diamonds mark experimental values, the line a fit as described in

the text based on eq 3–6.
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These differences might originate from a “simple” solvato-

chromic effect or from a chemical reaction with the solvent

(e.g. coordination). A titration experiment favors the latter

interpretation (see Figure 1b). For very low MeCN concentra-

tion, the spectrum of 1 in DCM is recorded. Upon MeCN

addition the absorption decreases between 255 nm and

280 nm and increases beyond that region. Clear isosbestic

points are seen at 255 nm and 280 nm. Singular value

decomposition shows that only two singular values are

necessary to describe the behavior. This and the isosbestic

points suggest an equilibrium of two species. To quantify the

chemical equilibrium, a fit of the concentration dependence

based on Equations (3–6) was performed. In this treatment, the

addition of one equivalent of MeCN is assumed.

KD ¼
c1 ÿ cMeCN

c1�MeCN
(3)

c1 þ c1�MeCN ¼ c01 (4)

cMeCN þ c1�MeCN ¼ c0MeCN (5)

A ¼ ðe1�MeCN ÿ c1�MeCN þ e1 ÿ c1Þ ÿ d (6)

In these equations, KD is the dissociation constant of 1

coordinated by MeCN (1-MeCN). c1, cMeCN, and c1�MeCN are the

equilibrium concentrations of compound 1, MeCN, and the

complex 1-MeCN, respectively. c01 and c0MeCN are the initial

concentrations of 1 and MeCN (prior to equilibration). The

absorption A depends on the concentrations c1 and c1�MeCN and

the respective absorption coefficients e1 and e1�MeCN as well as

the path length d=1 cm. A fit based on these equations

provides a good description of the experimental behavior at

260 nm (see Figure 1c). During this fit only two parameters

were varied, namely the dissociation constant KD and the

absorption coefficient of 1-MeCN. According to this fit, the

dissociation constant KD equals 0.05ÿ0.006 M and e1�MeCN

equals 13415ÿ33 M�1cm�1. An analysis based on the assump-

tion that 1 binds two equivalents of MeCN and releases one

equivalent of 2-picoline was also performed (see Scheme 2 and

SI, Figure S2 and Eq. S1–S4). The respective diagram reveals

systematic deviations between experimental results and the fit.

We, thus, favor the addition of one equivalent. Similar

observations were made for a titration experiment using 2-

propanol as a solvent for 1. The titration experiment and

respective fitting (based on one equivalent of 2-propanol)

yields a KD value of ~2 M (see SI, Figure S3). This indicates a less

favored reaction of 1 with 2-propanol compared to MeCN.

The titration experiment shows that 1 and MeCN react to

form a novel complex. Experiments with 1 and 2-picoline have

revealed the tendency of 1 to transform into a trigonal complex

with two ligands in addition to the NHC ligand.[9] In the present

context, two MeCN molecules might coordinate (Scheme 2,

structure 2a) and replace the 2-picoline ligand. Alternatively,

one MeCN molecule might additionally coordinate to the Cu

atom in complex 1, leading to the trigonal planar species 2b

(see Scheme 2). In order to better understand which species are

present, we attempted to synthesize and investigate the bis-

acetonitrile complex 2a by performing the synthetic procedure

for 1 without adding 2-picoline and replacing the solvent THF

with MeCN. However, all attempts to obtain 2a in analytically

pure form failed due to its instability. In solution, it undergoes a

rapid conversion to the bis(NHC) copper(I) tetrafluoroborate

and presumably one equivalent of tetrakis(MeCN)-copper(I)

tetrafluoroborate. The former one can be detected by 1H-NMR-

spectroscopy and ESI mass spectrometry (see SI, Figure S4).

However, this finding indicates that 2a cannot be present in

significant concentrations in solution of 1 in MeCN, since its

conversion products are not observed in those solutions. Based

on this argument together with the results from the titration

experiment (see Figure 1b), we assume that compound 2b is

the only other species present in solution of 1 in MeCN under

the given conditions.

Also, the emission spectra of 1 are solvent dependent (see

Figure 2). In MeCN it exhibits a maximum of emission around

350 nm while in the non-coordinating solvents the emission

curves show a maximum around 500 nm in line with previous

measurements of 1 in PMMA films.[9] Contrary to the measure-

ment in PMMA in which the luminescence quantum yield is

Scheme 2. Proposed structures of 1 in MeCN with a) two MeCN molecules

replacing one 2-picoline (2a) b) one MeCN coordinating to 1 forming the

trigonal complex 2b.

Figure 2. Emission spectroscopy on 1 in different solvents and PMMA.

Normalized absorption spectra (solid lines) and emission spectra (dashed

lines) are shown for 1 in DCM (smoothed, red), TFE (smoothed, orange),

MeCN (smoothed; blue) and PMMA (grey). For the recording of the emission

spectra the excitation wavelength was set to 260 nm as marked as magenta

vertical line in the absorption spectra. Due to the low overall signal level and

the diminishing spectral sensitivity between 600 and 700 nm, the shape of

the emission spectra there might deviate from the “true” form.
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0.87,[9] 1 in MeCN solutions features an apparent quantum yield

of approx. 10�5. It is worth mentioning that the emission

maximum of 1 in MeCN is similar to that of 2-picoline in MeCN

(328 nm and 324 nm, respectively; see SI, Figure S5). For

identical absorption at the excitation wavelength, the emission

signal of 1 dissolved in MeCN amounts to ~0.03 of the 2-

picoline signal. Assuming that in MeCN one equivalent of 2-

picoline would be released if 2a was formed (see above) and

accounting for inner filter effects one would expect a reduction

by 0.3. Thus, also emission spectroscopy disfavors the presence

of compound 2a.

Earlier studies on 1 as a powder had suggested that

emission of 1 is mostly due to a species in which the

counterion BF4
� interacts with 1. To check whether this is also

responsible for the emission in solution, spectra as a function

of the BF4
� concentration were recorded (see Figure 3). It is

clearly visible that the emission increases with the addition of

the counterion BF4
�. This suggests that as in solid state and

polymer matrices the interaction of 1 with BF4
� increases the

luminescence.[9] Furthermore, comparing the apparent quan-

tum yield of luminescence of 1 in DCM (Φlumÿ10�5) with 1 in

PMMA (Φlumÿ0.87[9]) it can be derived that only a small amount

of 1 is present as luminescent BF4
� coordinated complex (see

Scheme 3). The increase of the emission signal with BF4
�

concentration does not saturate in the accessible range. There-

fore, no dissociation constant KD and emission quantum yield

for the 1–BF4
� complex can be derived.

Time-resolved measurements

Time-resolved UV/Vis absorption spectroscopy was conducted

using femtosecond (100 fs–3 ns) as well as nanosecond

(100 ns–10 μs) transient absorption techniques. The combined

results from both techniques for 1 in TFE are shown as contour

plots in Figure 4. Due to aforementioned difficulties with DCM

and 266 nm laser pulses, here, results are only shown for TFE as

a solvent. However, one successful scan on 1 dissolved in DCM

reveals very similar spectro-temporal signatures as 1 dissolved

in TFE (see SI, Figure S6). This further underlines DCM and TFE

are both non-coordinating.

Negative signal contributions originating from stimulated

emission (SE) or ground state bleach (GSB) are not observed

and throughout the whole time frame and for all wavelengths

positive signals of excited state absorption (ESA) are detected.

Directly after photoexcitation a strong ESA signal covering the

complete detection range shows maxima at ~350 and 620 nm.

Within less than one picosecond this signature gives way to

one which is essentially flat with a shallow maximum at

~550 nm. On a time scale of ~1 ns, the fsTA signal is seen to

rise. In the course of this rise a difference spectrum with peaks

at ~350, 450, and 550 nm forms. This distinctive pattern also

appears in the nsTA experiment. This experiment reveals a

microsecond lifetime for the carrier of this signature. “Late”

femtosecond and “early” nanosecond spectra overlay favorably.

This indicates that no kinetic component is missed due to the

gap in the temporal coverage between 4–100 ns.

A global fit analysis was performed on the data to evaluate

the kinetics of 1. The data are fitted satisfactorily using three

time constants, with τ1=0.3 ps, τ2=900 ps, τ3=0.68 μs. The
resulting decay associated difference spectra (DADS1-3) are

shown in Figure 5. Additionally, the DADS for an ‘infinite’ delay

Figure 3. Impact of the addition of BF4
� salt to the emission spectra of 1 dissolved in DCM. a) Emission spectra of 1 in DCM solution with increasing amount of

counterion BF4
� ranging from 0.3 ·10�4 M (purple; equals initial concentration of compound 1) to 12.6 · 10�4 M (red). Tetrabutylammonium tetrafluoroborate

was used as BF4
� salt. Attempts to record an emission spectrum of a tetrabutylammonium tetrafluoroborate DCM solution under identical conditions resulted

in a signal of essentially zero as depicted by the black dotted line. b) Plot of the emission intensity dependence on the concentration of BF4
� ions (values from

Figure 3a).

Scheme 3. Equilibrium between BF4
�-coordinated and uncoordinated spe-

cies of 1 in non-coordinating solvents. The equilibrium is expected to be

predominantly on the linear species (left).
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time, accounting for remaining signature in the fsTA experi-

ment at a delay time of ~4 ns, is compared with the DADS

resulting from the decay observed in the nsTA experiment. The

similarity of these spectra confirms the above statement that

no process is missed due to the temporal gap.

The respective DADS1 shows a minor positive amplitude

around 350 nm with a minimum around 450 nm followed by a

rise for longer wavelengths peaking at 650 nm. Those positive

amplitudes reveal a decay of the ESA signal, indicating that a

transient species with strong absorption at 650 nm deactivates

into a state that shows less absorption. As the transient spectra

between 1 and 100 ps are almost without any features,

contributions from a rising signal are absent. The DADS2 is

negative throughout the complete spectral range. It, thus,

describes a spectrally broad signal rise. Minima at ~350, 430,

and 560 nm coincide with the maxima in the DADS3. Thus, the

buildup of a species is described. The DADS3 describes the

decay of this species presumably to the ground state.

Comparable kinetics are observed for 1 in DCM. The respective

results of the global fit analysis and respective DADS1-3 are

shown in Figure S7.

Femtosecond and nanosecond time-resolved experiments

were also performed on 1 dissolved in MeCN (see Figure 6). As

for the time-resolved experiments of 1 in TFE or DCM, no

negative signal contributions are observed. However, the

spectro-temporal behavior of 1 in MeCN is very distinct from

Figure 4. Time-resolved spectroscopy data acquired for 1 in TFE. The excitation was tuned to 266 nm. In the contour representation (central), the difference

absorption signal is color-coded. Vertical lines mark spectral positions for the time traces plotted on the left while horizontal lines mark certain delay times for

the difference spectra plotted on the right. The last decay associated difference spectrum (DADS) from the fsTA experiment is compared to the DADS

obtained from the nsTA experiment.

Figure 5. Decay associated difference spectra obtained from the fsTA and

nsTA experiments of 1 in TFE. The bright green line shows the DADS for an

infinite delay time from fsTA experiment, dark green shows the DADS for the

time constant from the nsTA experiment of τ3=0.68 μs.
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the one of 1 in TFE or DCM. Right after excitation, two broad

ESA bands are observed. One peaks around 330 nm, the other

one at ~650 nm. In contrast to the feature at 330 nm, which

shows a slower decay of around 10 ps, the broad band at

~650 nm decays within picoseconds. Another ESA band

peaking at 440 nm appears around 100 ps. This band decays

together with the band at 330 nm into a slightly less

pronounced ESA feature. The decay of this signature is then

observed in the nsTA experiment. Again, “late” femtosecond

and “early” nanosecond spectra overlay favorably indicating

that no kinetic component is missed due to the gap in the

temporal coverage between 4–100 ns.

In a global analysis, data could be fit satisfactorily using

four time constants with τ1=2.6 ps, τ2=40 ps, τ3=235 ps, and

τ4=2.5 μs. Respective DADS1-4 are shown in Figure 7. The first

DADS1 only bears positive amplitudes indicating that a positive

transient absorption signal is decreasing with the respective

time constant of 2.6 ps. For the band peaking at ~700 nm, the

transient absorption signal decrease is more pronounced than

for the one at 330 nm. This indicates that the subsequent

species, which forms with τ1 and decays with τ2=40 ps, shows

higher transient absorption in the region below 500 nm and

less above 500 nm as it is seen for the respective spectrum

Figure 6. Time-resolved spectroscopy data acquired for 1 in MeCN. The excitation was tuned to 266 nm. In the contour representation (central), the difference

absorption signal is color-coded. Vertical lines mark spectral positions for the time traces plotted on the left while horizontal lines mark certain delay times for

the difference spectra plotted on the right. The last decay associated difference spectrum (DADS) from the fsTA experiment is compared to the only DADS

received from the nsTA experiment.

Figure 7. Decay associated difference spectra obtained from fsTA and nsTA

experiment of 1 in MeCN. The bright green line shows the DADS for an

infinite delay time from fsTA experiment, dark green shows the DADS for the

sole decay time constant of the nsTA experiment of τ4=2.5 μs.
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around 5–10 ps. The DADS2 shows a distinct minimum at

450 nm. This minimum mirrors a maximum in the DADS3 and

thus indicates a rise due to the formation of another species.

DADS3 shows a maximum at 450 nm and a signal close to zero

at ~650 nm. Although the transient spectra look quite similar

for 100 ps and 3 ns, this indicates that except for the region at

around 600 nm there is a change in absorption between the

third and fourth temporal feature mostly at ~450 nm. The last

DADS4 eventually shows maxima at 350, 440, and 650 nm.

Further, it bears the highest amplitudes on the complete

detection range compared to DADS1-3. The DADS4 describes the

decay of the last transient species being present presumably to

the ground state.

Quantum chemical calculations

The spectroscopic experiments have indicated clearly that 1

reacts with coordinating solvents like MeCN. The product of

this coordination was suggested to adopt structures 2a or 2b.

In the following, quantum chemically computed absorption

coefficient spectra of these species are compared with the

experimental ones. Further, the absorption coefficient spectrum

obtained by subtracting the one of 2-picoline from the one of 1

in MeCN (ɛ1-MeCN(λ)�ɛ2-picoline(λ)) is shown as a hypothetical

experimental spectrum for 2a assuming the quantitative

formation of 2a for 1 in MeCN (see Figure 8). Computed

geometrical parameters are summarized in the SI (see Table S1

to S14 and separate .xyz files).

From the three species considered, compound 1 in DCM

shows the highest agreement with the experimental spectrum

with regard to their spectral shape and signal strength. In DCM

(Figure 8a), it is expected that 1 is present in a linear geometry

with little interaction between complex and solvent. The weak

band with a maximum around 300 nm in the computed

spectrum arises from the S1 absorption at the S0 equilibrium

geometry. Earlier work revealed, however, that the spectral

position of this transition experiences a blue shift and its

oscillator strength diminishes when the torsional angle be-

tween the two ligands is increased.[10] Sampling of the torsional

conformations is therefore expected to bring the red edge of

the computed spectrum into better agreement with the

experimental spectrum, which features a shoulder in the long

wavelength regime. Similar considerations apply to the low-

energy bands of the trigonal complexes 2a and 2b in

acetonitrile as solvent. As can be seen in Figure 8b, the

experimentally observed absorption maximum at 254 nm is

well reproduced by the calculations for both, 2a and 2b.

However, more or less pronounced discrepancies between

experimental and calculated spectra are observed for the

spectral regions at higher or lower wavelengths than 254 nm

for both structures. Thus, an unequivocal decision which of the

two species 2a or 2b is present cannot be made on this basis.

Furthermore, the change in total energy of 2b in DCM

relative to the linear complex 1 in DCM and a distant MeCN

molecule was calculated. In DCM, a slightly positive energy

value of 1.0 kJ/mol was found, which signals a thermally neutral

addition within chemical accuracy. This is in line with the weak

binding affinity, i. e. large KD value. The coordinative bonding of

MeCN to the copper center leads to a marked weakening of

the Cu�N(2-picoline) bond in the electronic ground state. This

is reflected in an elongation of this bond from 190 pm to

202 pm. In MeCN solution, the addition of MeCN is also slightly

endothermic with a calculated energy of 1.9 kJ/mol.

The stability of 2b with respect to the ejection of the MeCN

ligand was also investigated (see Figure 9). The lowest excited

states of 2b, the SMLCT/TMLCT are 48.0/50.7 kJ/mol more favorable

than their counterparts for 1. The energy gain is, however, not

reflected in a stronger Cu�N(nitrile) bond. Electron density is

transferred into an antibonding Cu-MeCN orbital (see Figure 9

and S8), and the bond is slightly elongated by 2 pm (from 197

to 199 pm). In contrast, the Cu�N(2-picoline) bond length

Figure 8. Comparison of calculated UV/Vis absorption coefficient spectra (dashed lines, left y-axis), including the oscillator strengths of each transition (vertical

lines, right y-axis) of 1, 2a and 2b with experimental spectra (solid lines) of a) 1 in DCM (red), b) 1 in MeCN (blue) and a hypothetical spectrum of 2a that is

obtained by subtracting the absorption coefficient spectrum of 1 in MeCN by the one of 2-picoline (ɛ1-MeCN(λ)�ɛ2-picoline(λ), green).
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shrinks from 202 pm in the electronic ground state of 2b to

189/187 pm in the SMLCT/TMLCT states where the copper coordi-

nation adopts a nearly T-shaped structure. The corresponding

bond lengths of 1 amount to 185/184 pm in the SMLCT/TMLCT
states. With regard to a potential substitution of the 2-picoline

ligand by MeCN (formation of structure 2a), the computations

suggest that this is unlikely in the excited state. The Cu�N(2-

picoline) bond is strengthened upon excitation.

Previous examinations had shown that the excited states of

1 decay from the SMLCT state through a TLC/MLCT intermediate into

a local triplet excitation on a diisopropylphenyl (Dipp)

moiety.[10] In our present study, we added the GD3 dispersion

correction and a continuum solvation, in total increasing the

excitation energies. The TLC,Dipp state is affected most by

dispersion interactions, lying now almost isoenergetic to the

TLC/MLCT state. Yet, solvent coordination affects it to a lesser

extent. The TLC,Dipp state is lowered by 9.3 kJ/mol upon MeCN

addition, not enough to constitute the adiabatically lowest

excited state of the threefold coordinated complex 2b. The

intermediate TLC/MLCT state that is responsible for the efficient

ISC from the SMLCT state to the triplet manifold in 1, gains MLCT

character in 2b and thus mixes with the TMLCT state. This

mixture explains why no minimum structure could be found for

the T2 state of 2b despite substantial effort. The considerable

impact of MeCN addition on the relative energies and geo-

metrical structures of the excited states further corroborates

the experimental observations that the steady state and the

transient spectra change markedly.

Discussion

Steady state spectroscopy of 1 in solution has indicated that 1

may react with solvent molecules. In non-coordinating solvents

like TFE or DCM complex 1, that is linear in its crystal

structure,[9] is most likely present in a linear geometry as well. In

coordinating solvents like MeCN, experiments show clear

indication for a chemical reaction (e.g. coordination) between

solvent and complex. Based on joint spectroscopic and

quantum chemical data, suggestions on the structure of the

complex are given. Furthermore, time-resolved UV/Vis spectro-

scopy was applied on 1 in TFE, DCM and MeCN. In the case of

non-coordinating solvents, findings are compared to quantum

chemical computations reported here, extending previous

reports on 1.[10,26] As a result, a consistent picture of the

photokinetics of 1 upon excitation to its longest wavelength

absorption maximum is obtained. In both cases (i. e. in

coordinating and non-coordinating solvents), 1 shows involved

photokinetics.

From steady state measurements, clear indications are

found for an equilibrium chemical reaction for 1 in MeCN

leading to the potential products 2a or 2b. Based upon

experimental evidence (vide supra) we consider 2b to be the

species formed in this equilibrium. On the other hand, our

quantum chemical calculations are not conclusive as to which

species is formed.

Considering the electron pair donicity (i. e. Gutmann’s

donor number (DN)) of 2-picoline and MeCN as a measure for

their coordinating affinity[27] with MeCN bearing a value of

14.1 kcal/mol[27] and 3-picoline, 4-picoline as well as pyridine1

showing values of 39.0, 34.0 and 33.1 kcal/mol respectively,[27–28]

one would expect 2-picoline to show a stronger affinity to the

copper center than MeCN does. This again favors compound

2b over 2a. Quantum chemical calculations revealed that in

the ground state the coordination of MeCN on 1 is neither

favored nor disfavored energetically. This is in line with the

large experimental KD value. In the excited state, the addition is

clearly favorable, ruling out the ligand release in the excited

state. Due to these ambiguities, a definitive structure cannot be

assigned to 1 dissolved in MeCN. Therefore, we refrain from an

interpretation of the time-resolved measurements on 1 in

MeCN.

Steady state experiments of 1 in TFE or DCM show that

emission occurs at similar wavelengths as in solid or PMMA

environment. In those environments a coordinating interaction

of the counterion BF4
� is proposed that gives rise to a high

quantum yield of emission (Φlumÿ0.87 in PMMA).[9] However,

the apparent quantum yield of emission that was determined

for 1 in DCM is in the order of 10�5. Therefore, we assume that

1 in DCM or TFE is mostly present as a linear complex (see

Figure 9. Total adiabatic energies of lowest excited states for complex 1 and

2b in DCM relative to the ground state of 2b. To compare with 2b, the

ground state energy of one MeCN molecule in DCM was added to the

energy of complex 1. The respective electron difference densities are shown

next to each bar. Separately, an enlarged version of the densities is provided

in the SI (Figure S8).

1For the sake of comparison and due to the absence of suitable DN value

for 2-picoline, respective values for closely related derivatives are given.
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Scheme 3), that shows virtually no emission in solution. The

non-coordinating behavior of TFE is considered reasonable due

to its low electron pair donicity, expressible with a negligible

value of DN.[29] Based on that we further conclude that the

signatures received from transient absorption measurements in

TFE and DCM represent dominantly the linear species of 1.

Assuming a consecutive model, we suggest a kinetic

scheme (see Figure 10) taking into account three observable

transient states. Species associated difference spectra[30] based

on this model are depicted in the SI (Figure S9). Assignments of

states and processes rely on quantum chemical computations

on 1. In contrast to previous reports,[10,26] the R2018 Hamil-

tonian, specially designed for metal complexes, a solvent

continuum, and dispersion corrections were used. The latter

have a large impact on the molecular geometry, shortening the

HMe�CAr,ipr bond lengths from 339 and 362 pm to 313 and

315 pm, respectively. After photoexcitation into the absorption

maximum, which is dominantly made up of the S2

!

S0
transition, internal conversion (IC) into the S1 minimum is

assumed to be fast and to occur within the time resolution of

the instrument (~100 fs). According to DFT/MRCI calculations

the S1 state is a singlet state with dσ!πPy MLCT character

where Cu dσ electron density is transferred to the 2-picoline

ligand. With regard to the adiabatic energy, four triplet states

lie below the S1 state. Based on this energetic ordering, states

are referred to as T1-T4 in the following. The T1 state (3.69 eV)

shows both ligand centered (LC, mainly on the 2-picoline

ligand) and MLCT character (TLC/MLCT) and constitutes the

corresponding triplet state to the S2 state. States T2 and T3
(3.71 eV) originate from excitations localized on the Dipp

moieties of the NHC ligand (TLC,Dipp) while the T4 state (3.90 eV)

has the same excited state character as the S1 state (TMLCT).

Computed ISC rate constants for the transitions S1!T1,2,3,4 will

now be compared with experimental findings. The highest ISC

rate constant is observed for the transition to the TLC/MLCT state

with a value of kISC,LC/MLCT=5.3 · 1011 s�1. This rate constant

follows from a large spin-orbit coupling between the SMLCT and

the TLC/MLCT states. In both excitations, copper d-orbitals are

involved. These orbitals differ in magnetic quantum number

which is responsible for the large spin-orbit coupling. The

second highest ISC rate constant is calculated for the transition

to the two states TLC,Dipp with kISC,LC,Dipp=2.1 ·108 s�1, followed by

ISC into TMLCT with kISC,MLCT=3.2 · 107 s�1. The computed radiative

rate constant krad of the S1 state amounts to only 8.4 · 10
6 s�1. As

all ISC rate constants are orders of magnitudes higher, a very

small fluorescence quantum yield is expected. This matches the

experimental observation. Based on the above ISC rate

constants, the TLC/MLCT state owns the highest probability to be

populated following SMLCT excitation. The inverse of kISC,LC/MLCT is

2 ps, which is somewhat larger than the observed time

constant τ1 of 300 fs. According to the computations, the

TLC/MLCT state is the lowest triplet state in terms of adiabatic

energy. Yet, these computations predict the TLC,Dipp state to be

isoenergetic with this state within 20 meV. So it cannot be

excluded that the TLC,Dipp state is in fact the one lowest in

energy. Time-resolved spectroscopy strongly favors this. After

the τ1 process, assigned to the ISC transition into TLC/MLCT, two

processes with time constants τ2=900 ps and τ3=0.68 μs are
observed. If the τ1 process populated the lowest triplet state,

only one further process ought to occur. We, thus, assign the τ2
process to a transition between the TLC/MLCT state and the TLC,Dipp
state. According to the experiment, the latter one ought to be

the one lowest in energy. This lifetime of τ2=900 ps seems

long if one takes the near degeneracy of the two states into

consideration. However, these states differ strongly in character

and thereby also in equilibrium geometries. This ought to result

in a large reorganization energy λ and thus a substantial barrier

Figure 10. Kinetic scheme of 1 in TFE. The time constants were received from the fs- and nsTA experiments. The electronic state assignment was done on the

basis of quantum chemical calculations on the linear complex. The values in brackets show the adiabatic energies of the respective states in eV relative to the

S0 minimum. The value marked with a star shows the vertical energy of the SLC/MLCT state.
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(of ~λ/4) for the IC transition between the two states.[31] An

equilibration of the two states cannot be excluded.

In any case, a long-lived upper triplet state, as observed

here, bears the potential for luminescent application. For

instance, HIGHrISC fluorophores for OLEDs make use of such

long-lived upper triplet states.[32] In the HIGHrISC approach –

also known as hot exciton – an upper triplet state that lies

energetically close to the S1 state is used for efficient triplet

harvesting via reverse intersystem crossing (rISC). The lowest

populated triplet state, TLC,Dipp exhibits a lifetime of 0.68 μs,
which is a typical value for such complexes.[33] With a calculated

phosphorescence rate constant of 0.36 s-1 emission from TLC,Dipp
state is outcompeted by non-radiative deactivation processes.

This underlines the hypothesis that the emission that is

observed originates not directly from 1 but from a coordinated

counterion derivative as it is proposed in Ref. [9].

Conclusion

The steady state absorption and emission behavior of a linear

copper(I) carbene complex (compound 1) has been studied in

non-coordinating solvents, such as DCM and TFE, as well as in

coordinating solvents, such as MeCN and 2-propanol. The

investigation yielded a distinct behavior depending on the type

of solvent (i. e. coordinating or non-coordinating). In coordinat-

ing solvents, clear indications were found for a chemical

equilibrium reaction between 1 and the respective solvent.

Based on steady state experiments and quantum chemical

computations, suggestions on the resulting compound are

provided. Furthermore, for both TFE and MeCN, femtosecond

time-resolved transient absorption spectroscopy was applied,

yielding involved photokinetics. In the case of TFE, a consistent

picture on the compound’s photokinetics could be obtained

with the help of quantum chemical computations. In the course

of the study, a long-lived upper triplet state has been detected,

making 1 a potential candidate for HIGHrISC applications.
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Abstract

The photophysics of 2-cyanoindole (2-CI) in solution (water, 2,2,2-trifluoroethanol, acetonitrile‚ and tetrahydrofuran) was 

investigated by steady-state as well as time resolved fluorescence and absorption spectroscopy. The fluorescence quantum 

yield of 2-cyanoindole is strongly sensitive to the solvent. In water the quantum yield is as low as 4.4 ×  10–4. In tetrahydro-

furan, it amounts to a yield of 0.057. For 2-CI dissolved in water, a bi-exponential fluorescence decay with time constants 

of ∼1 ps and ∼8 ps is observed. For short wavelength excitation (266 nm) the initial fluorescence anisotropy is close to 

zero. For excitation with 310 nm it amounts to 0.2. In water, femtosecond transient absorption reveals that the fluorescence 

decay is solely due to internal conversion to the ground state. In aprotic solvents, the fluorescence decay takes much longer 

(acetonitrile: ∼900 ps, tetrahydrofuran: ∼2.6 ns) and intersystem crossing contributes.

Graphical abstract

Keywords 2-Cyanoindole · Photophysics · Solvent effects · Time resolved spectroscopy · Fluorescence anisotropy · Triplet 

state

1 Introduction

The side chain of the amino acid tryptophan consists of the 

hetero-aromatic indole moiety. This moiety contributes strongly 

to the intrinsic fluorescence of proteins [1]. Substitution of the 

indole moiety may alter its fluorescence properties which can be 

exploited, for instance, in biophysical studies on proteins and pep-

tides [2–6]. The cyano-substituent is hereby of particular interest. 

It exhibits strong negative inductive and mesomeric (resonance) 
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effects on the chromophore [7]. It may, thus, substantially alter the 

electronic structure of indole. Due to its size, a cyano-substituent 

causes only a small steric effect [8]. Some cyanoindoles exhibit 

strongly solvent dependent fluorescence lifetimes and quantum 

yields [9]. For the title compound 2-cyanoindole (2-CI, structure 

in Scheme 1) dissolved in tetrahydrofuran (THF), a fluorescence 
lifetime of 2.9 ns was measured [9]. Dissolving the compound 
in dimethylsulfoxide (DMSO) reduces the lifetime to 0.4 ns. For 
water as a solvent, only an upper boundary of 0.05 ns for the life-
time was reported (see also ref. [10]). Due to this dependence, the 
fluorescence of 2-CI and other cyanoindoles can serve as a sensor 
of the local environment of an amino acid residue in a protein. The 
cyano-group further offers the possibility to probe this environ-
ment via vibrational spectroscopy [11–14].

Here, femtosecond fluorescence and UV/Vis absorp-
tion experiments on the photophysics of 2-CI are reported. 
The experiments aim at the fluorescence lifetime of 2-CI in 
water for which heretofore only an upper boundary has been 
reported (see above). Via time-dependent fluorescence ani-
sotropy measurement, information on the emissive state  (La 
or  Lb) [15] is retrieved. With femtosecond UV/Vis absorp-
tion, transient states populated in the course of the fluores-
cence decay are detected. It is shown that in aprotic solvents 
intersystem crossing (ISC) contributes substantially to the 
decay. Experiments were conducted using solutions of 2-CI 
in water, 2,2,2-trifluoroethanol (TFE), acetonitrile (MeCN), 
and tetrahydrofuran (THF). TFE was selected to study the 
effect of the proticity on the photophysics. Like water, it is a 
protic solvent albeit with a lower dielectric constant. MeCN 
is a strongly polar but aprotic solvent and THF represents a 
solvent of moderate to small polarity.

2  Experimental section

2.1  Samples

2-CI (≥ 99.89%) was purchased from Chem Scene, thymi-
dine (≥ 99.0%) from Sigma-Aldrich, water (HPLC gradient 

grade) from Fisher Chemical, 2,2,2-trifluoroethanol (99%) 
from Carbolution Chemicals, acetonitrile (≥ 99.9%) from 
Honeywell, tetrahydrofuran (≥ 99.9%) from Sigma-Aldrich. 
All chemicals were used as supplied. All measurements were 
performed at room temperature (~ 20 °C).

2.2  Steady-state measurements

Steady-state absorption spectra were measured with a 
Lambda 19 spectrometer from Perkin Elmer. Fluorescence 
spectra were recorded on a FluoroMax-4 (Horiba Scien-
tific). The excitation wavelength was set to 260 nm. 1 cm 
fused silica cuvettes (Hellma Analytics) were employed for 
these measurements. To determine the fluorescence quantum 
yields Φfl, thymidine in water served as reference (Φfl = 1.32 
×  10−4 [16]). Fluorescence excitation spectra were obtained 
by detecting the fluorescence signal around 340 nm. For 
both, emission and excitation spectra, the optical densities 
were kept below 0.05 (per cm) to avoid inner filter effect. 
Spectra were corrected for the spectral sensitivity of the 
instrument.

2.3  Time resolved fluorescence measurements

A femtosecond fluorescence Kerr gating was used to trace 
the decay of 2-CI in water for 266 and 310 nm excitation 
pulses. A detailed description for this setup was given before 
[17, 18]. A Ti:Sa laser amplifier system (Libra, Coherent) 
served as pulse source with a repetition rate of 1 kHz, 100 fs 
pulse duration and a wavelength of 800 nm. To generate 
266 nm pump pulses, a part of the output was first converted 
to a wavelength of 400 nm by frequency doubling (in a BBO 
crystal type I, 29°, 1 mm). Subsequently, from the doubled 
and the fundamental, the sum frequency was generated to 
yield a wavelength of 266 nm (in another BBO crystal, type 
II, 55.5°, 0.5 mm). The beam diameter was 80 μm (full 
width half maximum, FWHM) and the energy per pulse 
amounted to 1.1 μJ at the sample location. For the generation 
of 310 nm excitation pulses, a part of the output was fed in to 
a TOPAS-White non-collinear optical parametric amplifier 
system. The TOPAS was set to generate pulses peaking at 
620 nm. By frequency doubling (BBO crystal, type I, 37°, 
0.15 mm), they were converted to the pump wavelength of 
310 nm with an energy per pulse of 0.9 μJ. The instrumental 
response function (IRF) was about 430 and 440 fs (FWHM) 
for 266 and 310 nm excitation light, respectively. The rather 
long IRF times can (partially) be attributed to the group 
velocity mismatch of fluorescence and gate light in the Kerr 
medium [19]. The optical gate operated as described before 
[18]. For the experiment with 266 nm excitation pulse, the 
integration time for each spectrum was set to 2.5 s. To record 
each scan, there were 50 steps from − 2 to 5 ps on a linear 
scale, then 35 steps on a logarithmic one up to 35 ps. For 

Scheme  1  Chemical structure of the molecule 2-CI. Purple and 
blue dashed arrows indicate the orientation of the transition dipole 
moments (TDM) of the  La and  Lb states [10]
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this measurement, a total of 12 scans were averaged. For the 
measurement with 310 nm excitation pump, the integration 
time was set to 1 s. Each scan covered a time range of 40 ps 
which consisted of 80 equidistant steps. For this measure-
ment, a total of 40 scans were averaged. The solutions were 
circulated by a peristaltic pump (REGLO Analog MS-2/8 
from  ISMATEC®) through a flow cell (custom made QX, 
Hellma Analytics) with 1 mm path length. Measurements 
on solutions of 2-CI (concentrations of ~ 24 μM and ~ 32 μM 
for the excitation of 266 and 310 nm light, respectively) as 
well as the neat solvent were performed. Solvent signals 
were subtracted from the solution ones after proper scaling.

2.4  Time resolved fluorescence anisotropy 
measurements

Measurements of the fluorescence anisotropy for both 266 
and 310 nm excitation pulses were performed on the Kerr 
gate set up as well. To this end, a fluorescence signal S||(�, t) 
with the pump pulse parallel to the first polarizer of the Kerr 
gate was recorded. Then the polarization of the pump light 
was rotated by 90° with a half-wave plate. Care was taken 
to ensure the same excitation energy for both polarizations 
were employed. The anisotropy was then calculated via [1]

Thymidine in water was chosen for the calibrations of the 
set up. To record the parallel signal S||(�, t) the solution was 
excited at 266 nm and the integration time amounted to 1 s. 
The time range covered was 7 ps. The range was divided 
in 70 equidistant steps. It was averaged over 13 delay line 
scans. The perpendicular signal S

⟂
(�, t) was recorded with 

the same settings. Thymidine solution had a concentration 
of ~ 16 μM. The resulting anisotropy value from Eq. (1) was 
calculated. The initial anisotropy for thymidine in water was 
determined to be 0.31 ± 0.01. It compares favorably with 
the value of 0.35 reported by Gustavsson et al. [20]. For 
the anisotropy experiment on 2-CI solutions with 266 nm 
excitation, the same settings were applied to the parallel and 
perpendicular measurements. The integration time for each 
spectrum was set to 2.5 s. For recording each scan, there 
were 50 steps from − 2 to 5 ps linearly, then 35 steps on a 
logarithmic scale up to 35 ps. In total, 12 scans were aver-
aged. To record the anisotropy measurement for the solution 
of 2-CI with 310 nm excitation light, the integration time 
amounted to 1 s. Each scan covered a time range of 40 ps 
which consisted of 80 linearly steps. For this measurement, 
a total of 7 scans were averaged. Time resolved anisotropy 
experiments were recorded as a function of detection wave-
length and delay time, however, only one selected wave-
length was shown (see result section). For dissolved 2-CI 

(1)r(�, t) =
S||(�, t) − S

⊥
(�, t)

S||(�, t) + 2S
⊥
(�, t)

.

(concentrations of ~ 20 μM and ~ 30 μM for the excitation of 
266 and 310 nm light, respectively) and the neat solvent data 
sets were recorded. After proper scaling the solvent signals 
were subtracted.

2.5  Femtosecond transient absorption

The experimental setup for femtosecond transient absorption 
measurements was described in depth elsewhere [21–23]. 
Briefly, for all measurements, a 1 kHz Ti:Sa femtosecond 
laser amplifier system (Libra, Coherent) was used to obtain 
the frequency-tripled output (266 nm) as pump pulses. The 
beam had a diameter of 160 μm on the sample position and 
the pump pulse energy at the sample was adjusted to ~ 1 μJ. 
Absorption changes were probed by a single-filament 
white light continuum generated in  CaF2 with a diameter 
of 100 μm on the sample. The relative orientation of pump 
and probe polarization time was set at the magic angle. The 
instrumental response time was ∼180 fs (FWHM). Each scan 
consisted of 139 steps, from –1 to 1 ps being equidistant on a 
linear time scale and between 1 ps and 3.4 ns on a logarith-
mic time scale. 2000 spectra were recorded and a total of 4 
scans were averaged for the measurement. Using a flow cell 
(Hellma, Suprasil) with 1 mm optical path length, sample 
solutions were circulated over the course of a measurement. 
The absorption of samples was set to ~ 0.7 per mm at the 
excitation wavelength. The solvent signal was recorded as 
a separate measurement and subtracted with proper scaling 
[24]. The instrumental time zero shift was determined as a 
function of wavelength via the optical Kerr effect and cor-
rected for.

2.6  Nanosecond transient absorption spectroscopy

A detailed description of the setup is given elsewhere [18]. 
Nanosecond transient absorption spectra were acquired 
using an Edinburgh Instruments LP980 spectrometer in a 
right-angle geometry. The fourth harmonic (266 nm) pulses 
from a Nd:YAG laser (Spitlight 600, Innolas, 5 Hz repeti-
tion rate, pulse duration of 12 ns (FWHM)) served as the 
excitation. The beam had a diameter of ∼8 mm. The aver-
age pulse energy was set to 2 mJ. As a probe beam a pulsed 
xenon lamp (Osram XBO 150 W/CR OFR) was utilized. A 
photomultiplier (Hamamatsu, PMT-900) was used to detect 
the transmitted probe light after being dispersed by a grating 
monochromator. Every 5 nm, kinetic traces were acquired 
and averaged over 64 acquisitions to obtain transient spectra. 
The sample solution was circulated by a peristaltic pump 
(REGLO Analog MS-2/8 from  ISMATEC®) through a rec-
tangular flow cell. In the direction of the pump its length 
amounted to 5 mm, in the probe direction to 10 mm. The 
samples absorption at the excitation wavelength amount to 
1.6 per cm.
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2.7  Data analysis

The measured data sets S(λ, t) were analyzed globally with 
multi-exponential fit function convoluted with the instru-
mental response function (IRF):

The procedure yields time constants τi, decay associated 
spectra Si (λ) (DAS, in the case of fluorescence measure-
ments) and decay associated difference spectra (DADS, in 
the case of absorption measurements) [25, 26]. A spectrum 
S

i
(�) parametrizes the spectral changes in the course of a 

process with time constant τi. For S
i
(�) > 0 , it describes a 

signal decay and for S
i
(�) < 0 a rise. The sum of the spectra 

S
i
(�) , 

∑n

i=1
S

i
(�) , equals the signal at time zero.

3  Results

3.1  Steady state spectroscopy of 2-CI in different 
solvents

The absorption band of 2-CI lowest in energy is located at 
wavenumbers larger than 30,000  cm−1 (see Fig. 1, Table 1 
and ref. [9]). The band consists of a shoulder around 
32,500  cm−1 and a maximum at 35,500  cm−1. The absorp-
tion band features a weak positive solvatochromism, i.e., it 
shifts to smaller wavenumbers with increasing solvent polar-
ity. Peak absorption coefficients �

max
 determined here are in 

(2)S(�, t) = IRF ⊗

n
∑

i=1

S
i
(�) ⋅ e

−
t

�i .

the range 17,000–18,000  M−1  cm−1 and depend only slightly 
on the solvent (see also Table 1). The present value for water 
of 17,800  M−1  cm−1 is somewhat higher than the value of 
16,000  M−1  cm−1 reported earlier [9].

The fluorescence emission spectra of 2-CI in the different 
solvents peak around 30,000  cm−1 (see Fig. 1 and Table 1). 
As the absorption spectra they are subject to a weak positive 
solvatochromism. The impact of the solvent on the fluores-
cence quantum yield Φfl is pronounced. In water, it amounts 
to 4.4×10–4. In THF, it is two orders of magnitude higher. 
This dependence is in agreement with previous studies 

Fig. 1  a Fluorescence (logarithmic y-axis, solid lines) and absorp-
tion (coefficients, dashed lines) spectra of 2-CI in different solvents. 
The excitation wavelength for the fluorescence spectra was tuned to 
260  nm. Fluorescence spectra are scaled so that their integrals are 

proportional to their fluorescence quantum yields Φfl . b Fluorescence 
excitation of 2-CI in comparison with its absorption spectrum. For 
the excitation spectrum the signal was probed at 340 nm

Table 1  Photophysical properties of 2-CI derived from steady-state 
experiments

Absorption maxima λabs of the absorption band lowest in energy are 
listed. Absorption coefficients ɛmax correspond to the strongest 
absorption maxima. Wavelengths λabs and λem are retrieved from 
spectra obtained with constant wavelength bandpass. Experimental 
fluorescence quantum yields Φfl were determined with thymidine in 
water as a reference (Φfl = 1.32 ×  10−4 [16]). The radiative rate con-
stants krad were determined via a Strickler–Berg analysis as described 
in the text. The last row gives predicted fluorescence lifetimes τfl

SB, 
whereby τfl

SB = 
ϕfl

KRAD

Water TFE MeCN THF

λabs/nm 282 279 280 282

ɛmax/
M−1  cm−1

17,800 ± 120 17,050 17,800 ± 700 17,200 ± 570

λem/nm 342 333 329 328

Φfl 4.4 ×  10–4 1.3 ×  10–3 1.5 ×  10–2 5.7 ×  10–2

krad/s
−1 0.61 ×  108 0.40 ×  108 0.17 ×  108 0.23 ×  108

τfl
SB/ps 7 32 850 2500



749Photochemical & Photobiological Sciences (2023) 22:745–759 

1 3

[9]. The fluorescence excitation spectra overlay favorably 
with the properly rescaled absorption spectrum exemplified 
in Fig. 1b for 2-CI in water. 2-CI, thus, obeys the Kasha-
Vavilov rule [27].

To arrive at a first estimate for the excited state lifetime, 
particularly for 2-CI in water, a Strickler–Berg analysis was 
undertaken [28, 29]. For 2-CI, such an analysis is hampered 
by overlapping electronic transitions around 30,000  cm−1. 
According to quantum chemical calculations [15] and gas 
phase spectroscopy [10] two ��∗ transitions termed  La and 
 Lb are located in this energetic region. For 2-CI, the  Lb tran-
sition was found to be lowest in energy. The  Lb transition 
features a smaller oscillator strength ( f  = 0.092) than the  La 
one ( f  = 0.307) [15]. To isolate the  Lb contribution to the 
band around 30,000  cm−1, a procedure developed earlier 
[30] was used. The procedure rests on the assumption that a 
mirror image relation [29] exists between the fluorescence 
spectrum and that part of the absorption spectrum from 
which the fluorescence originates. Thus, the 2-CI fluores-
cence spectrum plotted on a wavenumber axis was flipped 
and shifted to overlay with the onset of the absorption spec-
trum (see Fig. 2). Hereby, the “trivial” frequency depend-
ences of spontaneous emission (fluorescence) and absorp-
tion [29] was taken into account. The height of the flipped 
and shifted spectrum was scaled so that it approximately 
matches the absorption coefficient spectrum of 2-CI. The 
spectrum generated thereby entered the Strickler–Berg anal-
ysis. The radiative rate constants k

rad
 obtained are of the 

order of 0.5 ×108  s−1 (see Table 1). With these rate constants 
and the fluorescence quantum yields Φfl , fluorescence life-
times �SB

fl
 can be predicted, according to �SB

fl
=

Φfl

krad

 . The life-

times obtained for 2-CI in THF ( �SB
fl

 = 2500 ps) and in 
MeCN ( �SB

fl
 = 850 ps) compare favorably with the ones 

measured directly (2900 and 900 ps [9]). The lifetimes for 
the other two solvents will be considered in conjunction with 
the time resolved measurements.

3.2  Time resolved fluorescence spectroscopy of 2-CI 
in water

In previous studies on the 2-CI fluorescence [9, 10], its decay 
in water was not reported due to the limited time resolution 
of the instruments. Here, the decay is traced by femtosec-
ond fluorescence Kerr gating [17, 18]. In these experiments, 
solutions of 2-CI in water were excited at 266 and 310 nm. 
For 266 nm excitation, 2-CI should predominately be pro-
moted to the  La state, the 310 nm excitation should favor 
 Lb excitation [15]. 266 nm excitation causes a fluorescence 
signal peaking at 341 nm (Fig. 3) which is close to the value 
of the steady-state spectrum (cf. Fig. 1). The signal decays 
to zero on the 10 ps time scale. Closer inspection reveals a 
slight red-shift and broadening within ~ 1 ps. To retrieve time 

constants, the spectro-temporal behavior of the fluorescence 
was subject to a global analysis. A multi-exponential ansatz 
convoluted with instrumental response function served as a 
trial function. Two exponential terms proved necessary for 
a satisfactory fit of the measurement. The time constants 
retrieved are �fl

1

=1.5 ps and �fl
2

=7.9 ps (see Table 2). The 
value of �fl

2

 is close to the estimate based on the Strick-
ler–Berg treatment (see above). The decay associated spec-
trum  DAS1 for the time constant �fl

1

 peaks at 328 nm and 
its height amounts to only ~ 1/3 of the one of  DAS2 which 
peaks at 351 nm (Fig. 5). By adjusting the polarization of 
the excitation light parallel and perpendicular positions, the 
time dependent anisotropy r(t) was recorded. The anisotropy 
is close to zero throughout the time range covered.

Excitation of 2-CI in water with 310 nm pulses results in 
a time dependent fluorescence signal similar to the one for 
266 nm excitation (Fig. 4). The emission again peaks around 
341 nm and decays on the 10 ps time scale. The time con-
stants retrieved by the global analysis amount to τfl

1

 = 2.5 ps 
and τfl

2

= 7.6 ps and are, thus, close to the values for the 266 nm 
excitation. Also, the DAS exhibit similar shapes and relative 
heights (cf. Fig. 5). The time dependent anisotropy r(t) does 
differ from the 266 nm experiment. Its initial value is 0.2. 
Within ~ 5 ps it decays to zero. However, after a few picosec-
onds the r(t) curve fluctuates strongly since the fluorescence 
signals contributing go to zero as well. Therefore, this decay 
behavior of the anisotropy should not be interpreted.

Measurements with both excitation wavelengths revealed 
a bi-exponential decay when analyzing them with multi-
exponential trial function. It is well known that on the 
picosecond time scale fluorescence spectra red-shift due to 
dielectric relaxation (dynamic Stokes shift) [31]. Such a shift 

Fig. 2  Identification of the  Lb band in the absorption spectrum of 
2-CI in water. A synthetic absorption spectrum of the  Lb state (black) 
was generated from the fluorescence spectrum (red) and compared 
with the experimental absorption spectrum (dotted red line). For 
details, see text
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can “feign” a multi-exponential decay if the data set is ana-
lyzed with the trial function used here [32]. Thus, to clarify 
whether the bi-exponential decay is genuine, a second ansatz 
for the analysis was used. A normalized spectrally integrated 
fluorescence signal Ifl(t) was computed according to

Hereby, Sfl(�̃, t) is the wavenumber �̃  and time t dependent 
fluorescence signal. Sfl(�̃, 0) is this signal at time zero. The 
division by �̃3 cancels the trivial wavenumber or frequency 
dependence [29]. The average time dependent emission 
wavenumber ⟨�̃⟩(t) was computed via

As the above description has shown, the signals Sfl(�̃, t) 
are very similar for excitation wavelengths of 266 and 
310 nm. The 266 nm measurement offers a larger spectral 
coverage and a higher signal to noise ratio. The analysis was, 
thus, performed on the 266 nm measurement.

The time dependence of the spectrally integrated signal 
Ifl(t) (Fig. 6) is very similar to wavelength resolved time 
traces depicted in Fig. 3. Indeed, a bi-exponential fit of Ifl(t) 
taking the IRF into account yields time constants τint

fl
1

=1.5 ps 

(3)Ifl(t) =
∫

Sfl(�̃,t)

�̃3
d�̃

∫
Sfl(�̃,0)

�̃3
d�̃

.

(4)⟨�̃⟩(t) =
∫

Sfl(�̃,t)
�̃3

�̃d�̃

∫
Sfl(�̃,t)

�̃3
d�̃

.

(relative amplitude 0.4) and τint
fl

2

=8 ps (0.6) which are very 

close to those determined by the above global analysis. The 
average fluorescence wavenumber at time zero ⟨�̃⟩(0) 
amounts to 29,300  cm−1. It shifts to 27,900  cm−1 for “infi-
nite” times. According to a single exponential fit, the time 
constant for this shift is 0.33 ps. This time constant is close 
to the average solvent relaxation time of water (0.4 ps [31]).

3.3  Time resolved UV/Vis absorption spectroscopy 
of 2-CI in different solvents

Obviously, time resolved fluorescence spectroscopy can-
not reveal which states are populated in the course of the 
depletion of the primarily excited singlet state. Therefore, 
also time resolved UV/Vis absorption experiments were 

Fig. 3  Femtosecond transient fluorescence on 2-CI in water 
(~ 24 μM) as a function of detection wavelength λ and delay time t. 
The solution was excited at 266 nm. In the central contour representa-
tion, reddish hue represents large fluorescence signals. One represent-
ative time trace (349 nm) as well as a fit are shown on the left. The 
dotted black line represents the IRF as obtained from Raman scatter-

ing of the solvent. Selected spectra are depicted on the right. Their 
vertical positions correspond to the respective delay time. On the 
very left, the anisotropy as a function of time is plotted. The selected 
detection wavelength was 349 nm. The signal does not show a signifi-
cant wavelength dependence

Table 2  Summary of time constants for the decay of 2-CI in various 
solvents for the excitation with 266 nm

�
1
 , �

2
 obtained from femtosecond UV/Vis absorption measurements 

and �
3
 from nanosecond transient absorption experiments. �fl

1

 and �fl
2

 
were retrieved from fs transient fluorescence measurements

Water TFE MeCN THF

τ1/ps 0.9 1.4 2.8 5.3

τ2/ps 8.3 29 640 2600

�fl
1

/ps 1.5 ± 0.4

�fl
2

/ps 7.9 ± 0.5

τ3/μs 1.56 1.56
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conducted. According to the above fluorescence experi-
ments, the excitation wavelength has little impact on the 
decay kinetics. Therefore, for all absorption experiments, 
the excitation was tuned to 266 nm. For 2-CI in water, the 
excitation results in positive absorption changes throughout 
the spectral range covered (Fig. 7). No negative signals due 
to ground state bleach (GSB) or stimulated emission (SE) 
are recorded. The absence of GSB is due to small vanishing 
absorption coefficients of 2-CI in this range, cf. Fig. 1. The 
SE signal is expected in the spectral region of the fluores-
cence. Its absence indicates that it is overcompensated by 
excited state absorption (ESA). The ESA at time zero is char-
acterized by peaks at 440 nm and ~ 750 nm. Within ~ 1 ps a 

slight signal decrease around 435 nm and a weak increase 
around 570 nm is observed. This results in a less structured 
difference spectrum. The overall signal decays to essentially 
zero on the 10 ps time scale.

The behavior in another protic solvent, namely TFE, is 
similar (Fig. 7). Around time zero the ESA peaks mentioned 
before at ~ 430 and 720 nm are observed. In addition, a posi-
tive difference absorption feature increasing toward the UV 
is discernible. Again, minor signal changes within a few 
picoseconds are recorded. The overall signal decay is slower 
than in water occurring with 20–30 ps. After that decay a 
weak absorption band peaking at 405 nm persists until the 
end of time range covered (3 ns).

Fig. 4  Femtosecond transient fluorescence on 2-CI in water (~ 32 μM) as a function of detection wavelength and delay time. The solution was 
excited at 310 nm. For the description of the representation see Fig. 3

Fig. 5  Decay associated spectra derived from the fluorescence decays of 2-CI in water a for the excitation with 266 nm depicted in Fig. 3 and b 
for the excitation with 310 nm depicted in Fig. 4. The time constants derived from global fits are indicated
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In the aprotic solvents MeCN and THF, similar spectral 
signatures as in the protic ones are observed around time 
zero (Fig. 8). Again, small spectral changes occur within 
a few picoseconds. The decay of the initial signature now 
takes much longer and occurs on the nanosecond time range. 
This is in line with the solvent dependence of the fluores-
cence lifetime reported earlier [9]. Importantly, on this time 
scale also a signal increase around 410 nm is observed. This 
rise is due to the population of a longer lived transient spe-
cies—presumably the triplet state of 2-CI. According to the 
transient spectra at 3 ns, the species features an absorption 
peak at 420 nm and a shoulder at 380 nm. The same sig-
nature was observed in a nanosecond transient absorption 
experiment (Fig. 8). According to these experiments, the 
species exhibits a lifetime in the microsecond range in de-
oxygenated solutions (1.56 μs for 2-CI in MeCN as well as 
THF) which is in line with the tentative triplet assignment 
[33].

For a quantitative comparison of the 2-CI transient 
absorption in different solvents, the same analysis approach 
as for time resolved fluorescence was adopted. Measure-
ments in all solvents could be fitted with a tri-exponential 
trial function. Hereby, one time constant was set to infinity 
to account for the signal persisting longer than 3 ns (“offset” 
in the following). The first time constant �

1
 ranges between 

0.9 ps (water) and 5.3 ps (THF), see Table 2. The value for 
water is close to one determined by time resolved fluores-
cence spectroscopy ( �fl

1

=1.5 ps). The respective decay asso-
ciated difference spectra  DADS1 are similar to each other 
with maxima around 460 nm and minima at 560 nm (Fig. 9). 
The minima are more pronounced in protic solvent. Relative 

to the other DADS the amplitudes are smaller and, thus, 
 DADS1 parametrizes small spectral changes. The second 
time constant τ

2
 spreads between 8.3 ps (water) to 2600 ps 

(THF). The value for water is again very close to fluores-
cence time constant �fl

2

=7.9 ps. The values for MeCN ( �
2

=640 ps) and THF ( �
2
=2600 ps) are close to the reported 

fluorescence lifetimes (900 and 2900 ps [9]). In the  DADS2 
maxima are located at 420, 560, and ~ 720  nm for the 
protic solvents. In the aprotic solvents, minima are found at 
410 nm. These negative features parametrize the rise due to 
the population of a species with “infinite” lifetime. Accord-
ingly, in the  DADS3 positive bands around 410 nm are seen 
for the aprotic solvents. For the protic ones, a weak if any 
signature is seen here.

4  Discussion

The essential experimental findings of this study are the first 
report of the fluorescence decay of 2-CI in water, the anisot-
ropy of this fluorescence, the bi-exponential decay of the sin-
glet state in all solvents considered as well as the population 
of the triplet state in aprotic solvents. Steady state (Strick-
ler–Berg analysis) as well as time resolved fluorescence 
and absorption spectroscopy reveal a fluorescence lifetime 
of ~ 8 ps for 2-CI in water. In the Strickler–Berg analysis, one 
only arrives at this value when isolating the  Lb contribution 
to the absorption band lowest in energy (cf. Fig. 2). This 
gives strong evidence that the emission originates from the 
 Lb state. As all lifetimes derived via Strickler–Berg match 
the ones measured directly (cf. Tables 1 and 2), emission 

Fig. 6  Analysis of the fluorescence signal depicted in Fig.  3 using 
spectral integrals. a The spectrally integrated fluorescence signal Ifl(t) 
(cf. Equation (3)) is plotted as a function of time (dotted black line). 
The red line represents the result of bi-exponential fit which takes the 

IRF into account. b The evolution of the average emission wavenum-
ber ⟨�̃⟩(t) (cf. Equation (4), dotted black line) and the result of a sin-
gle-exponential fit (solid red line)
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seems to occur from the  Lb state in all solvents. The  Lb life-
time decreases with increasing solvent polarity and protic-
ity. The impact of the latter is particularly pronounced as 
a comparison of the behavior in MeCN (aprotic) and TFE 
(protic) shows. In MeCN (dielectric constant of 35.9 [33]) 
the lifetime is around 900 ps. In TFE with its smaller dielec-
tric constant (26.7 [33]) the lifetime is around 30 ps.

The fluorescence anisotropy experiment confirms the 
emission out of the  Lb state. With 266 nm excitation the 
(initial) anisotropy of the transient fluorescence is close to 
zero. As rotational depolarization occurs on a much longer 
time scale [34, 35] than the IRF time (~ 430 fs) of the experi-
ment, this anisotropy value has to be related to non-parallel 
transition dipoles for excitation and emission. An initial 
anisotropy of zero implies that the two transition dipoles 
span an angle of 54.7° [34]. According to quantum chemical 
computations, the angle between the transition dipoles of the 
 La and  Lb states are very close to this value, namely 57° [15]. 
According to these computations, the 266 nm excitation 

addresses the  La state. Within our IRF time (~ 430 fs), an 
internal conversion (IC) transition to the  Lb state seems to 
occur from which all fluorescence detected here originates. 
Such a short transition time is in agreement with recent 
measurement on tryptophan, for which the  La →  Lb transition 
was shown to occur within less than 50 fs [36]. A similar 
transition time was derived from fluorescence anisotropy 
measurements on 5-methoxyindole [37]. The anisotropy of 
zero implies that also in terms of adiabatic energies the  Lb 
state is the lowest. Thus, no  La-Lb state switching occurs 
(situation as described by Fig. 8a in ref. [15]). Hebestreit 
et al. [10] have calculated the excited state dipole moments 
of the  La and  Lb state, respectively, and compared them to 
the experimental values from electronic Stark spectroscopy. 
They found a considerably smaller dipole moment for the 
 La (3.44D) compared to the  Lb state (4.95D) in 2-CI. This 
behavior is strikingly different from that of the other substi-
tuted indoles and also from the parent indole, in which the 
dipole moment of the  La state is always larger than of the  Lb 

Fig. 7  Femtosecond UV/Vis 
absorption as a function of 
detection wavelength λ and 
delay time t on 2-CI in protic 
solvents. The solutions were 
excited at 266 nm. In the central 
contour representation, reddish 
hue stands for positive differ-
ence absorption due to ESA. 
The time axis is linear until 
1 ps and logarithmic thereafter. 
Representative time traces are 
plotted on the left (vertical 
dashed lines in the contour plot 
indicate their spectral position). 
Selected difference spectra are 
depicted on the right. Their 
vertical positions (horizontal 
dashed lines) correspond to the 
respective delay time. a Solvent 
water, 2-CI concentration of 
10 μM. b Solvent TFE, 2-CI 
concentration of 6.7 μM. For 
the measurement of 2-CI in 
water, the scattering of the sec-
ond order excitation light from 
532 to 553 nm was removed 
and spectra were interpolated in 
between
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state. Even for the structurally very similar 3- [38], 4- [39], 
and 5-CI [40] the  La dipole moment is the larger one, leading 
to state inversion upon solvation in strongly polar solvents. 
It can thus be stated safely that it is the small dipole moment 
of the  La state in 2-CI, which impedes state switching here. 
One has, however, to keep in mind that the notation of  La and 
 Lb for the excited ππ* states is somehow misleading, since 
the states tend to mix considerably and the original notation, 
introduced by Platt for cata-condensed hydrocarbons [41] 
and later extended to indole by Weber [42] is difficult to 
employ, the closer both ππ* states are located.

For 310 nm excitation, the (initial) anisotropy amounts 
to ~ 0.2. For this excitation wavelength, the  Lb state is pre-
dominately excited [15] and from this state emission ought 
to occur. Thus, only one transition dipole is involved and the 
initial anisotropy should amount to 0.4 [34]. The observation 
that the experimental value is smaller than this prediction 
could be due to two reasons. (i) Even in chromophores with 
no overlapping electronic transitions the initial anisotropies 
are commonly somewhat smaller than 0.4 [1]. This matches 

our observation on the anisotropy behavior of thymidine in 
water which was investigated for calibration purposes (see 
Experimental Section). For thymidine, an initial anisotropy 
of 0.4 is expected. Our measurement yielded a value of ~ 0.3 
in good agreement with an earlier study [20]. (ii) The  La and 
 Lb transition partially overlap and the  La transition exhibit 
a much larger oscillator strength. Therefore, it is very likely 
that with the 310 nm excitation the  Lb state is not excited 
exclusively. As discussed above a partial  La excitation ought 
to shift the anisotropy toward zero. Presumably both contri-
butions are responsible for the value of 0.2 for the 310 nm 
excitation.

These anisotropy experiments give clear evidence that 
for 2-CI in water the  Lb state is populated within less 
than ~ 100 fs irrespective of the excitation wavelength. The 
similarity of the transient absorption signatures around time 
zero and the above Strickler–Berg argument strongly suggest 
that this also implies for all other solvents. The depopula-
tion of the  Lb state (time constant �

2
 ) occurs within ~ 8 ps 

to ~ 2500 ps, depending on the solvent. This depopulation 

Fig. 8  Femtosecond UV/Vis 
absorption as a function of 
detection wavelength λ and 
delay time t on 2-CI in aprotic 
solvents. The solution was 
excited at 266 nm. For the 
description of the representation 
see Fig. 7. a Solvent MeCN, 
2-CI concentration of 7.2 μM. 
b Solvent THF, 2-CI concentra-
tion of 11 μM. Overlaid with 
the spectra at 3 ns are the spec-
tra from nanosecond transient 
absorption experiments (blue 
and purple). Neat THF exhibits 
strong signals around time zero 
which cannot be completely 
removed by subtraction. This 
explains the time zero pattern
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goes along with the fluorescence decay. The solvent depend-
ence of the time constant �

2
 can be rationalized by a crossing 

of the  Lb state with a 1πσ* one as put forth by Domcke and 
Sobolewski [43, 44]. The 1πσ* state gets stabilized in polar 
solvents, thereby reducing the barrier for the IC transition. 
The present results indicate that in addition to the polar-
ity also the proticity of the solvents has a huge impact on 
the lifetime �

2
 . Gas phase data have shown that 2-CI forms 

binary cluster with water. Water seems to act as a hydrogen 
bond acceptor in this cluster [45]. For the isolated 3-CI-
(H2O)1 cluster a direct lifetime measurement shows a distinct 
shortening of the fluorescence lifetime from 9.8 ns (mono-
mer) to 3.6 ns (1:1 water cluster) [38]. Determination of 
fluorescence lifetimes for different cluster sizes and different 

solvent clusters are on the way to resolve the problem of how 
the solvent influences the fate of the excited state.

Prior to that a process with the time constant �
1
 of a few 

picoseconds occurs in all solvents. The analysis based on 
band integrals (cf. Fig. 6) excludes a dynamic Stokes shift as 
the underlying mechanism. Also, for the other solvents, the 
dynamic Stokes shift is an unlikely explanation. In acetoni-
trile, for instance, the time constant �

1
 amounts to 2.8 ps as 

compared to 0.9 ps for water, despite the fact that dielectric 
relaxation in acetonitrile is even faster than in water [31]. 
The underlying process might be vibrational cooling which 
is known to occur on the picosecond time scale [46, 47]. Yet, 
also vibrational cooling ought to retain the band integral 
[47–49]. Furthermore, for 2-CI in water, the �

1
 process is 

Fig. 9  Global analysis of the femtosecond UV/Vis absorption meas-
urements on 2-CI in the four solvents as depicted in Figs. 7 and 8. a 
Time traces for a detection wavelength of 450 nm. The dashed lines 
are experimental values, the lines describe the fit results. The black 

arrows mark the spread of the time constants �
1
 and �

2
 . b Decay asso-

ciated difference spectra for the time constant �
1
 ,  DADS1. c  DADS2. d 

 DADS3, offset
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observed for 266 and 310 nm excitation. The 266 nm exci-
tation deposits ~ 5000  cm−1 more vibrational excess energy 
in the molecule than the 310 nm one. If the �

1
 process were 

related to vibrational cooling, it should be less pronounced 
for 310 nm excitation. As this is not the case (cf. Fig. 5), 
vibrational cooling as the underlying process seems unlikely. 
Considering the rigid structure of 2-CI, different conform-
ers and thereby a kinetic heterogeneity do not seem to be a 
plausible explanation. Aggregation can also cause such a 
heterogeneity [50, 51]. Yet, aggregation is expected to be 
solvent dependent [52–55]. As a bi-exponential behavior 
with similar relative amplitudes is observed in all solvents 
considered, also aggregation is not a probable explanation. 
Thus, at present, no consistent assignment can be given.

The assignment of the time constant �
3
 is less involved. 

The respective transient peaks around 420 nm (cf. Fig. 8) 
which are close to the absorption peak of the indole triplet 
in water [56–60]. In the respective experiments on indole 
[57], the triplet signature was accompanied by the ones of 
the indole cation and the solvated electron. In the femto- and 
nanosecond experiments on 2-CI these signatures are absent. 
This might be related with the strong electron withdraw-
ing character of the cyano substituent. The measured time 
constant �

3
 for 2-CI in MeCN and THF is well in line with 

triplet lifetimes in general [33]. For indole and derivatives 
lifetimes in the range 12–50 µs were reported [56–58, 60, 
61]. The value of ~ 2 µs is, thus, on the shorter side. We 
assign the species decaying with the time constant �

3
 to the 

triplet state of 2-CI. The signal of this state is nearly neg-
ligible in water as well as TFE and much larger in MeCN 
and THF (see  DADS3 in Fig. 9). As at present, no difference 
absorption coefficients of the 2-CI triplet are available, the 
triplet quantum yield Φ

T
 cannot be quantified. Assuming 

that the difference absorption coefficients are similar in all 
solvents and normalizing to identical excitation conditions, 

one can derive the following relative yields (with respect to 
MeCN): water (0.008), TFE (0.034), MeCN (1), and THF 
(0.7). Thus, triplet yields scale approximately as the life-
times �

2
. This suggests that the rate constant (kISC) for inter-

system crossing is similar in all solvents. In protic solvents, 
ISC is outcompeted by IC.

5  Conclusion

Femtosecond transient fluorescence experiments on 2-CI 
in water revealed a fluorescence decay of ∼8 ps for both 
excitation wavelengths of 266 and 310 nm (see Fig. 10). 
This is a result of the ultrafast depletion of the  La state in 
less than 100 fs. The respective anisotropy experiments pro-
vided strong evidence of the origin of this emission from 
the  Lb state, regardless of the excitation wavelength. In time 
resolved transient absorption measurements, for all solvents, 
a bi-exponential decay was observed. The longer of the two 
( �

2
 ) proved to be strongly solvent dependent. In aprotic sol-

vents (MeCN and THF), intersystem crossing to the triplet 
state contributes to the singlet decay. The triplet assignment 
was confirmed by nanosecond transient absorption experi-
ments. The relative triplet yields are proportional to the 
lifetime �

2
 . Quantum chemical computations aiming at the 

nature of the �
1
 process including channels through the 1πσ* 

state are under way.
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Introduction

The 昀氀uorescence quantum yield Ф昀氀. is a key parameter of 

molecular chromophores. It is given by the ratio of the num-

ber of photons emitted via 昀氀uorescence to the number of 
photons absorbed by a chromophore. From this de昀椀nition, 
it is immediately clear that the yield Ф昀氀. is a crucial 昀椀gure 
of merit in 昀氀uorescence applications. For instance, optical 
brighteners [1, 2], ingredients of text markers [3, 4], emitters 

for organic light-emitting diodes (OLEDs) [5, 6], and 昀氀uo-

rescence labels for modern microscopy [7] ought to feature 

yields Ф昀氀. close to one. Furthermore, based on these yields, 

reliable estimates of lifetimes of primary molecular excita-

tions can be made [8]. This gives important 昀椀rst glimpses 
on the photophysics and photochemistry of a chromophore 

and facilitates the planning of time resolved spectroscopy 

[9]. Additionally, precise determinations of the yield Ф昀氀. are 

essential for the quantitative interpretation of Förster reso-

nance energy transfer (FRET) experiments [10, 11].

It is, thus, no surprise that various techniques to deter-
mine these yields have been developed. They can be divided 

into absolute and relative ones. In absolute calorimetric 

approaches [12, 13], small temperature increases caused by 

the illumination of a sample are recorded. The temperature 

increase is approximately proportional to 1-Ф昀氀.. Calorimet-

ric determinations can mostly be found in the pre-1990s 

literature. Nowadays, absolute determinations often make 

use of integrating spheres [14, 15]. With these spheres, sig-

nals proportional to the emitted and absorbed light 昀氀uxes 
are recorded. The ratio of these quantities is approximately 
equal to the yield Ф昀氀.. Contrary to the absolute methods, 

for which not so common set-ups are required, relative 
determinations rely on a widely-used instrument, namely 

a 昀氀uorescence spectrometer. In a relative determination, 
the spectrally integrated 昀氀uorescence signal of a sample is 
compared with the respective integral of a suitable reference 

(cf. Equation (4)) [16, 17]. Often solutions of dye molecules 

serve as a reference [18]. References based on the Raman 

scattering of neat solvents have also been reported [19].

Therefore, reference materials with approved and certi-

昀椀ed 昀氀uorescence quantum yields are particularly important 
for many users of 昀氀uorescence methods. According to Brou-

wer [20], the majority of these reference compounds have 

high 昀氀uorescence quantum yields Ф昀氀., commonly exceeding 

0.5. Many chromophores exhibit yields Ф昀氀. many orders of 

magnitude smaller. Based on the relation (Eq. (1)) between 

the yield Ф昀氀. and rate constants for the radiative (krad) as 

well as the non-radiative decay (knr)

Φfl =
krad

krad + knr
 (1)

a lower boundary for this yield can be estimated. We hereby 

restrict ourselves to organic chromophores with allowed 

lowest energy singlet transitions. For such chromophores, 

the radiative rate constant krad is of the order of 108 s− 1 

[9]. Internal conversion (IC) [21, 22], intersystem crossing 

(ISC) [21, 23–25], excitation energy (EET) [26] as well as 

electron transfer (ET) [27, 28], and photochemical transfor-

mations [28] can lead to non-radiative decays. The upper 

limit for rate constants of all of these processes results from 

nuclear motions [21, 29]. Characteristic frequencies of these 
motions are the ones of molecular vibrations with values 

of ∼ 1013-1014 s− 1 [21, 30]. Thus, molecules with allowed 

transitions and ultrafast non-radiative decays, i.e., knr=1013-

1014 s− 1, will exhibit 昀氀uorescence quantum yields Ф昀氀. of the 

order of 10− 6-10− 5. Obviously, for molecules with (partially) 

forbidden transitions, even smaller values may be found. 

Fluorescence quantum yields Ф昀氀. many orders of magnitude 

smaller than one were indeed often observed experimen-

tally. DNA and RNA bases, for instance, feature yields of 

∼ 10− 4 [31]. Photoreactive molecules like trans-azobenzene 

(∼ 10− 7 [32]), cis-stilbene (∼ 10− 5 in acetonitrile [33]), and 

rhodopsin (∼ 10− 5 [34]) exhibit even smaller yields. Triplet 

sensitizers like xanthone (∼ 10− 4 in ethanol [35]) and thio-

xanthone (∼ 10− 5 in cyclohexane [36]) are also examples 

for chromophores with very small yields. These examples 

emphasize the important role of compounds with small 昀氀uo-

rescence quantum yields in diverse 昀椀elds and underscore the 
need for establishing new reference materials to precisely 

quantify these yields. Relative determinations of such small 
昀氀uorescence quantum yields are hampered by the predomi-
nance of references with yields of the order of one. As any 

quantitative comparison, the relative determination of these 
yields is facilitated if sample and reference exhibit similar 

signal strengths [37]. This similarity ensures that the mea-

sured 昀氀uorescence intensities are within the dynamic range 
of the instrument, thereby reducing errors associated with 

instrument sensitivity and signal detection limits [38, 39].

Here, we suggest and characterize three references with 

yields in the range of 10− 5-10− 4 and emission spectra cover-

ing the UV/Vis range. Fluorescence quantum yields Ф昀氀. of 

the compounds were determined with the relative approach 

as well as utilizing the relation between this yield, the radia-

tive rate constant krad, and the 昀氀uorescence lifetime τfl. 
(Eq. (2)) [8],

Φfl = kradτfl.  (2)

The radiative rate constant krad was retrieved from absorp-

tion and 昀氀uorescence emission spectra via the Strickler-

Berg relation (cf. Equations (5) and (6)) [40, 41]. This 

relation can be applied provided that the same pair of elec-

tronic states is involved in the absorption and the emission 
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process. Furthermore, the Condon approximation must be 

valid [42]. A mirror-image relationship between absorption 

and emission spectra is an indicator that these conditions 

are ful昀椀lled [21]. Thus, molecules not obeying this relation 

were discarded. The 昀氀uorescence lifetime τfl. was measured 

using 昀氀uorescence Kerr gating [36, 43]. For the weakly 昀氀uo-

rescent samples considered here, signals of impurities might 

surmount the ones of the nominal sample [44]. Matching 

absorption and 昀氀uorescence excitation spectra indicate that 
the 昀氀uorescence indeed (predominately) stems from the 
sample and not an impurity. Thus, for all samples this was 

investigated. In addition to these fundamental criteria, also 

practical ones were considered. Chromophores and solvents 

commercially available in high purities were selected. The 

chemical and photochemical stability of chromophores in 

the given solvent were also a criterium.

Based on these criteria, the following three chromophore/

solvent combinations were identi昀椀ed and characterized. 
The combinations are thymidine (dT) in water, dibenzoyl-

methane (DBM) in ethanol, and malachite green chloride 

(MG) in water (see Fig. 1). In this order, they cover the blue, 

green, and red regions of the UV/Vis range.

For dT in water, previous determinations yielded a 昀氀uo-

rescence quantum yield Ф昀氀. of the order of 10− 4 [45, 46]. 

For the other two chromophores, reported lifetimes in the 

range of 100 fs – 1 ps [47–51] suggested yields of the same 

magnitude. We will also report on a molecule, namely N, 

N-dimethyl-4-nitroaniline (DpNA), which was discarded as 

determinations based on the relative approach and the one 

based on the Strickler-Berg analysis in combination with a 

lifetime measurement did not match.

Following common practice in 昀氀uorescence spectroscopy 
and for ease of handling, solutions were not de-oxygenated. 

Oxygen quenching should essentially not a昀昀ect yields Ф昀氀. 

of the compounds listed in Fig. 1. Assuming di昀昀usion lim-

ited oxygen quenching (rate constant kq ~1010 M− 1 s− 1 [9]) 

and inserting a typical concentration of dissolved oxygen 

([O2] ∼ 10− 3 M [9]), one arrives at a time constant τO2
 for oxy-

gen quenching of the order of 100 ns. This is many orders of 
magnitude longer than the 昀氀uorescence lifetimes τfl. mea-

sured for the compounds in Fig. 1. Thus, oxygen quenching 
will not a昀昀ect their 昀氀uorescence lifetimes, and according 
to Eq. (2), the yield Ф昀氀.. However, oxygen quenching may 
a昀昀ect the yields of the references employed in the relative 
determinations. The respective compounds feature 昀氀uores-

cence lifetimes τfl. in the 1–10 ns range which is closer to 

the lifetime τO2
. To avoid systematic errors, references with 

reported 昀氀uorescence quantum yields for aerated solutions 
were employed.

Experimental Section

Samples

Thymidine (≥ 99.0%) (CAS ID: 50-89-5), L-tyrosine 

(≥ 99.8%), and malachite green chloride (≥ 90.0%) (CAS 

ID: 569-64-2) were purchased from Sigma-Aldrich, 

dibenzoylmethane (99.01%) (CAS ID: 120-46-7) from 

BLDpharm, coumarin-1 (99.9%) from Acros Organics, rho-

damine 101 from Radiant Dyes Laser & Accessories GmbH, 

N, N-dimethyl-4-nitroaniline (≥ 98%) from Tokyo Chemical 

Industry, water (HPLC gradient grade) from Fisher Chemi-

cal, ethanol (≥ 99.8%) from Sigma-Aldrich, and acetonitrile 

(HPLC gradient grade) from Chem Solute. All measure-

ments were performed at room temperature (∼ 20 °C).

Steady State Measurements

Steady state absorption spectra were recorded using Lambda 

19 and 1050 + spectrometers from Perkin Elmer. Fluores-

cence spectra were measured with a FluoroMax-4 (Horiba 

Scienti昀椀c). Spectra were corrected for the spectral sensitivity 
of the instrument. For all steady state measurements, fused 

Fig. 1 Chemical structures of thymidine, dibenzoylmethane, malachite green chloride, and N, N-dimethyl-4-nitroaniline. The 昀椀rst three molecules 
plotted in di昀昀erent colors are suggested as references, the last one was discarded
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the excitation wavelength was tuned to 580 nm. To this end, 

a part of the output was directed to a TOPAS-White non-

collinear optical parametric ampli昀椀er system. The TOPAS 
was set to generate pulses peaking at 580 nm with an energy 

of 0.9 μJ per pulse. The generation of the gate pulses and the 
operation of the Kerr gate followed the description in ref. 

[36]. The width of the instrumental response function (IRF), 

as obtained from Raman scattering of the solvent, was about 

250, 270 and 220 fs (FWHM) for 400, 266 and 580 nm exci-

tation light, respectively. For the experiment on DpNA in 

acetonitrile, the integration time was set to 1 s. Between − 5 

and 3 ps, the delay time was varied linearly in 60 steps. A 

total of 13 scans were averaged. For the measurement on dT 

in water, the integration time for each spectrum was set to 

1 s. One scan consisted of 30 equidistant steps between − 2 

and 3 ps. A total of 14 scans were averaged. For the experi-

ment on DBM in EtOH, the integration time of 2 s was set 

for each spectrum. In each scan, there were 60 equidistant 
steps on a linear time axis from − 2 to 3 ps. 22 scans were 

averaged. For the experiment on MG in water, the integra-

tion time was set to 1 s. Between − 2 and 3 ps, the delay time 

was varied linearly in 60 steps. A total of 110 scans were 

averaged. The solutions were circulated through a 昀氀ow cell 
(custom made QX, Hellma Analytics) with a path length of 

1 mm by a peristaltic pump (REGLO Analog MS-2/8 from 

ISMATEC®). Signals on solutions of DpNA, dT, DBM, 

and MG (concentrations of ∼ 0.5 mM, ∼ 1 mM, ∼ 1.3 mM, 

and ∼ 70 μM, respectively) as well as the neat solvent were 
recorded. The solvent contributions were subtracted after 

proper scaling. All time resolved spectra were corrected for 

the spectral sensitivity of the instrument.

Data Analysis

Time resolved data sets S(λ, t) were analyzed globally with 

a multi-exponential 昀椀t function convoluted with the instru-

mental response function (IRF),

S (λ, t) = IRF ⊗

n∑

i=1

Si (λ) · e
−

t

τi .  (3)

The 昀椀t yields time constants 
τi

 and decay associated spectra 

Si (λ) (DAS) [56, 57].

Estimates of Error Margins

For the determination of the statistical error of the yield 

Φrel
fl

 (measured by the relative method) and absorption 

coe昀케cient (ɛ), multiple independent measurements were 

performed and the mean value was calculated [58]. The 

corresponding error margins denote the standard deviations 

from the mean [58]. The error margins of the reference yield 

silica cells (from Hellma Analytics) with a path length of 

1 cm were employed. In the steady state 昀氀uorescence exper-
iments, the sample absorption at the excitation wavelength 

was kept at ≤ 0.05 for a path length of 1 cm. The small 

absorption values avoid inner 昀椀lter e昀昀ects, i.e. re-absorption 
of emitted 昀氀uorescence, and more importantly ensures a lin-

ear scaling between the absorption values and the 昀氀uores-

cence signals. Equation (4) for the relative determination of 

the 昀氀uorescence quantum yields is based on such a scaling. 
The excitation and emission bandpasses were set to 5 nm for 

the steady state measurements of all compounds and their 

respective references. Also, the other settings of the 昀氀uo-

rescence spectrometer were identical for samples and ref-

erences. For the relative determination of the 昀氀uorescence 
quantum yields Ф昀氀. of DpNA in acetonitrile, dT in water, 

DBM in ethanol, and MG in water, the following references 

were used, respectively: coumarin 1 (C-1) in de-oxygenated 

water (Φr
fl  = 0.055, note that the value is not signi昀椀cantly 

a昀昀ected by oxygen [52]), tyrosine (Ty) in aerated water (Φr
fl  

= 0.21 ± 0.01 [53, 54]), C-1 in de-oxygenated water (Φr
fl  = 

0.055 [52]), and rhodamine 101 (Rh 101) in aerated ethanol 

(Φr
fl  = 0.913±0.046 [55]). The samples and their respec-

tive references were excited at wavelengths close to their 

absorption maxima, while care was taken to ensure the cov-

erage of their entire emission spectra. The region (~5 nm) 

around the excitation was avoided. The 昀氀uorescence spec-

tra of all samples and their respective references were cor-

rected for the Raman e昀昀ect by subtracting a suitably scaled 
spectrum of the solvent, which was recorded under identical 

conditions.

Time Resolved Fluorescence Measurements

The setup was described in detail elsewhere before [36, 43]. 

A 1 kHz Ti:Sa laser ampli昀椀er system (Coherent Libra) was 
employed as a pulse source. Its output has a wavelength of 

800 nm and a pulse duration of ∼ 100 fs (full width half 

maximum, FWHM). For the experiment on DpNA in ace-

tonitrile, the excitation wavelength was set to 400 nm. To 

this end, a portion of the output was converted (in a BBO 

crystal type I, 29°, 1 mm) to a wavelength of 400 nm by 

frequency doubling. The beam had an energy per pulse of 
1 μJ at the sample location. For the experiments on dT in 
water and DBM in EtOH, the excitation wavelength was set 

to 266 nm. To this end, a portion of the output was initially 

converted (in a BBO crystal type I, 29°, 1 mm) to a wave-

length of 400 nm by frequency doubling. Subsequently, the 
sum frequency was generated (in another BBO crystal, type 
II, 55.5°, 0.5 mm) to obtain a wavelength of 266 nm from the 

frequency doubled and the fundamental beam. At the sample 
location the beam had a diameter of 80 μm (FWHM) and a 
pulse energy of 1 μJ. For the measurement on MG in water, 

1 3



Journal of Fluorescence

constant krad  is obtained from spectral integrals (covering a 

part) of the absorption spectrum and the 昀氀uorescence spec-

trum (Eqs. (5, 6)) [40, 41],

krad =
8πln (10) c0n

2

NA

〈

ṽ−3
〉

−1

∫

ε (ṽ) dṽ

ṽ
,  (5)

〈

ṽ−3
〉

−1

=

∫

Sfl (ṽ) dṽ
∫

ṽ−3Sfl (ṽ) dṽ
.  (6)

Here, c0 is the speed of light, n  the refractive index of the 

solvent, and NA  Avogadro´s number. The factor 
〈

ṽ
−3
〉

−1
 

accounts for the cubic dependence of the spontaneous emis-

sion on the wavenumber ∼ν . Its evaluation involves integrals 

covering the 昀氀uorescence spectrum Sfl

(

∼

ν
)

 as a function 

of the wavenumber 
∼

ν .  The 昀氀uorescence spectra Sλ
fl (λ)

were recorded as a function of the wavelength λ  and with 

a constant wavelength bandpass (5 nm). For the conver-

sion to wavenumber axis, the spectrum Sλ
fl (λ) was multi-

plied by the wavelength λ  squared, Sfl

(

∼

ν
)

∼ Sλ
fl (λ)λ

2 

[8]. The molar decadic absorption ε (ṽ) as a function of 

the wavenumber ∼ν  enters the integral 
∫

ε(ṽ)dṽ
ṽ

. It is crucial 

that this integral only covers the part of the spectrum ε (ṽ) 

associated with the transition to the lowest excited singlet 

state. The respective range is marked in Fig. 2. The respec-

tive  evaluation a昀昀ords a radiative rate constant krad  of 

(1.72 ± 0.08)× 108 s−1.

In the 昀氀uorescence Kerr gating experiment, a solution 
of DpNA dissolved in acetonitrile was excited with femto-

second pulses centered at 400 nm (Fig. 3). Time resolved 

spectra closely match the shape of the steady state one, with 

a peak around 480 nm. Within one picosecond, almost all 

the emission signal has vanished (Fig. 3). The experimen-

tal results were subject to a global analysis using a single-

exponential convoluted with the IRF as a trial function (see 

Experimental section). The procedure a昀昀ords a 昀氀uorescence 
lifetime τfl. of 590 ± 190 fs. In a previous study a time con-

stant of 630 fs was reported [61]. Multiplying this lifetime 

with the radiative rate constant determined above results in 

a 昀氀uorescence quantum yield ΦSB
fl of (1.01 ± 0.3)× 10− 4 (see 

Eq. (2)). This value is approximately twice the yield Φrel
fl  

determined by the relative approach. Due to this discrep-

ancy, DpNA was discarded as a reference.

Semi-empirical quantum chemical computations [66] 

and transient absorption experiments [61] performed by 

Ernsting et al. can rationalize this discrepancy. For the 

closely related molecule 4-nitroaniline, these computa-

tions predict an ultrafast (< 100 fs) decrease of the oscillator 

strength f and thereby the radiative rate constant krad after 

photo-excitation. In transient absorption experiments with a 

time resolution of ∼ 50 fs, which compares to ∼ 250 fs in the 

昀氀uorescence experiments reported here, such an ultrafast 

Φr
fl , if available, were accounted for by error propagation. 

To determine the error of the radiative rate constant krad, 

the error of the respective integrals (see Eq. (5)) entered an 

error propagation analysis [58]. The error margins in the 

time constants τfl. represent the deviations of the 昀椀t from 
the 昀氀uorescence decay data. These margins are determined 
through exhaustive search error analysis, utilizing the chi-

squared (χ2) statistics to evaluate the quality of the 昀椀t by tak-

ing into account the correlation among all the 昀椀t parameters 
[59]. The quoted error in the 昀氀uorescence quantum yield 
ΦSB
fl

 (determined through the time resolved method) re昀氀ects 
the propagated errors associated with both the radiative rate 

constant krad and the 昀氀uorescence lifetime τfl..

Results and Discussion

DpNA and its derivative 4-nitroaniline were shown to 

undergo ultrafast IC with sub-picosecond time constants 

[60, 61]. Thus, a 昀氀uorescence quantum yield Ф昀氀. of the 

desired magnitude is to be expected. DpNA in acetonitrile 

exhibits a structureless absorption band lowest in transition 

energy peaking around 394 nm (see Fig. 2). The 昀氀uores-

cence spectrum peaks at 480 nm. The spectra converted 

into the transition dipole representation [41, 62] reveal that 

the mirror-image relationship holds approximately (see 

Fig. S1 in the Online Resource). The 昀氀uorescence excita-

tion spectrum slightly deviates from the properly scaled 

absorption spectrum shown in Fig. 2b for DpNA in aceto-

nitrile. Its absorption coe昀케cient ɛmax was determined to be 

(2.30 ± 0.08)× 104 M− 1cm− 1, which is in line with the previ-

ously reported value of 2.42× 104 M−1cm−1 [63]. For the 

relative determination of the 昀氀uorescence quantum yield, 
DpNA dissolved in acetonitrile was excited close to the 

maximum at 400 nm (see Fig. 2). The resulting 昀氀uorescence 
signal was compared to the one of C-1 in water. The 昀氀uo-

rescence quantum yield based on the relative approach Φrel
fl

 

was computed using Eq. (4) [8]

Φrel
fl = Φr

fl

∫

Ss
fl (λ) dλ

∫

Sr
fl (λ) dλ

Ar

As

(

ns

nr

)2

.  (4)

Here, Φr
fl  is the 昀氀uorescence quantum yield of the reference, ∫

S
s,r
fl (λ) dλ  are the spectral integrals of the 昀氀uorescence 

for sample and reference. As,r < 0.05 are the absorptions of 

sample and reference at the excitation wavelength, and ns,r  

denotes the refractive index of the solvent of the sample or 

the reference. Values complied in ref. [52, 64] were inserted. 

With these inputs, a yield Φrel
fl

 of (5.12±0.06)× 10−5 results 

for DpNA in acetonitrile.

Using the spectra depicted in Fig. 2, a Strickler-Berg 

analysis was conducted. In this analysis, the radiative rate 
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[46, 67, 68]. These studies have shown that dT undergoes 

ultrafast internal conversion in a couple of 100 fs [69, 70]. 

Previous studies provide values for the 昀氀uorescence quan-

tum yield of dT in the order of 10− 4 [45, 46]. In this study, 

we aimed to reproduce these reported values. dT in water 

exhibits a structureless absorption band lowest in transition 

energy peaking around 267 nm (see Fig. 4). The 昀氀uores-

cence spectrum peaks at 330 nm. The spectra converted 

into the transition dipole representation reveal an approxi-

mate mirror-image relationship (see Fig. S2 in the Online 

Resource). The 昀氀uorescence excitation spectrum overlays 
favorably with the properly scaled absorption spectrum 

(Fig. 4b). Its absorption coe昀케cient ɛmax was determined to 

decrease was observed for DpNA in acetonitrile [61]. Nota-

bly, a decrease by a factor of ∼ 0.5 is observed. Such a 

non-Condon e昀昀ect is not incorporated into the (standard) 
Strickler-Berg approach. If the reduction of the radiative 

rate constant krad by a factor of 0.5 is taken into account, the 

yields Φrel
fl

 and ΦSB
fl

 match. Despite this, DpNA was dis-

carded since for the other chromophores described below, 

matching values were obtained without such complications.

Blue Region of the UV/Vis Spectrum – dT in Water

The photophysics of thymidine has been extensively stud-

ied due to its fundamental role as a DNA building block 

Fig. 3 Femtosecond transient 

昀氀uorescence on DpNA in aceto-

nitrile (∼ 0.5 mM) as a function 

of detection wavelength λ and 

delay time t. The solution was 

excited at 400 nm. In the central 

contour representation, reddish 

hue represents large 昀氀uorescence 
signals. One representative time 

trace (480 nm) as well as a 昀椀t 
are shown on the left. The dotted 

gray line represents the IRF

 

Fig. 2 (a) Absorption (coe昀케cient, black dotted line) and 昀氀uorescence 
(smoothed black solid line) spectra of DpNA in acetonitrile. Absorp-

tion (coe昀케cient, gray dotted line scaled according to ref. [65]) and 

昀氀uorescence (gray solid line) spectra of the reference dye C-1 in water 
are included. The excitation wavelength at 400 nm is marked in the 

absorption spectra. The emission spectra were recorded with constant 

wavelength bandpass (5 nm). The 昀氀uorescence spectra are scaled such 

that their integrals are proportional to their respective 昀氀uorescence 
quantum yields. For the sake of comparison, the 昀氀uorescence spectrum 
of DpNA was multiplied by a factor of 800. The relevant ranges used 

for the Strickler-Berg analysis are highlighted in the absorption and 

emission spectra. (b) Fluorescence excitation spectrum of DpNA in 

comparison with its absorption spectrum. For the excitation spectrum 

the signal was probed at 475 nm
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highlighted in Fig. 4. This evaluation yielded a radiative rate 

constant krad of (2.30 ± 0.03)× 108 s− 1 (see Eq. (5)).

A solution of dT in water was excited using femtosec-

ond pulses centered at 266 nm and the resulting emission 

signal was probed using 昀氀uorescence Kerr gating (Fig. 5). 

The time resolved spectra closely resemble the shape of the 

steady state spectrum, exhibiting a peak around 330 nm. 

Within one picosecond, almost all the emission signal has 

vanished (Fig. 5). To determine the 昀氀uorescence lifetime 
τfl. of dT, a global 昀椀t of the data was performed. This analy-

sis employed both single- and bi-exponential trial functions, 

convoluted with the IRF (see Experimental section). The 

be (9.4 ± 0.1)× 103 M− 1cm− 1, which is somewhat smaller 

than the previously reported value of 9.7× 103 M− 1cm− 1 

[46]. For a relative determination of the 昀氀uorescence quan-

tum yield, dT dissolved in water was excited close to the 

maximum at 255 nm (see Fig. 4). The resulting 昀氀uorescence 
signal was compared to that of Ty in water. Using Eq. (4), 

the relative 昀氀uorescence quantum yield Φrel
fl  was calculated, 

relying on values compiled in ref. [54, 64]. From these 

inputs, a yield Φrel
fl  of (1.3 ± 0.09)× 10− 4 for dT in water 

was obtained.

Using the spectra shown in Fig. 4, a Strickler-Berg analy-

sis was performed. The relevant ranges for this analysis are 

Fig. 5 Femtosecond transient 

昀氀uorescence on dT in water (∼ 1 

mM) as a function of detection 

wavelength λ and delay time 

t. The solution was excited at 

266 nm. In the central contour 

representation, reddish hue 

represents large 昀氀uorescence 
signals. One representative 

time trace (330 nm) as well as a 

single-exponential 昀椀t are shown 
on the left. The dotted black line 

represents the IRF

 

Fig. 4 (a) Absorption (coe昀케cient, blue dotted line) and 昀氀uorescence 
(smoothed blue solid line) spectra of dT in water. Absorption (coef-

昀椀cient, gray dotted line scaled according to ref. [71]) and 昀氀uorescence 
(gray solid line) spectra of the reference dye Ty in water are included. 

The excitation wavelength at 255 nm is marked in the absorption spec-

tra. The emission spectra were recorded with constant wavelength 

bandpass (5 nm). The 昀氀uorescence spectra are scaled such that their 

integrals are proportional to their respective 昀氀uorescence quantum 
yields. For the sake of comparison, the 昀氀uorescence spectrum of dT 
was multiplied by a factor of 2000. The relevant ranges used for the 

Strickler-Berg analysis are highlighted in the absorption and emission 

spectra. (b) Fluorescence excitation spectrum of dT in comparison 

with its absorption spectrum. For the excitation spectrum the signal 

was probed at 350 nm
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around 340 nm (see Fig. 7). The 昀氀uorescence spectrum 
peaks at 400 nm. The spectra converted into the transi-

tion dipole representation reveal an approximate mirror-

image relationship (see Fig. S3 in the Online Resource). 

The 昀氀uorescence excitation spectrum closely aligns with 
the properly scaled absorption spectrum for DBM in 

ethanol, as shown in Fig. 7b. The peak absorption coef-

昀椀cient ɛmax of (2.71 ± 0.04)× 104 M− 1cm− 1 at 340 nm 

determined here is close to a value of 2.5× 104 M− 1cm− 1 

reported earlier [74]. To determine the 昀氀uorescence 
quantum yield of DBM relatively, a solution of DBM in 
ethanol was excited close to the maximum at 330 nm (see 

Fig. 7). The observed 昀氀uorescence signal was compared 
to the  昀氀uorescence of C-1 in water. Employing Eq. (4) 

and incorporating reference values [52, 64], the relative 

昀氀uorescence quantum yield Φrel
fl  was determined to be 

(6.88 ± 0.05)× 10− 5 for DBM in ethanol.

Utilizing the spectra presented in Fig. 7, a Strickler-Berg 

analysis was conducted. The relevant ranges for this analy-

sis are highlighted in Fig. 7. From this analysis, a radiative 

rate constant krad of (2.37 ± 0.04)× 108 s− 1 was derived (see 

Eq. (5)).

In the 昀氀uorescence Kerr gating experiment, femto-

second pulses centered at 266 nm were used to excite 

a solution of DBM dissolved in ethanol (Fig. 8). The 

time resolved spectra were found to closely resemble the 

shape of the steady state spectrum, with a peak observed 

around 400 nm. Within half a picosecond, nearly all 

the emission signal has vanished (Fig. 8). The results 

of the experiment were subject to a global analysis, 

where a single-exponential convoluted with the IRF was 

employed as a trial function (see Experimental Section). 

This analysis a昀昀orded a 昀氀uorescence lifetime τfl. of 

290 ± 80 fs. A previous study reported a time constant of 

240 fs [47]. By multiplying this lifetime by the radiative 

single-exponential 昀椀t for dT in water resulted in a 昀氀uores-

cence lifetime τfl. of 480 ± 140 fs. The bi-exponential 昀椀t 
a昀昀orded lifetimes of τ1 ≈ 240 fs and τ2 ≈  580 fs (Fig. 6). 

An average 昀氀uorescence lifetime 〈τfl.〉  was derived using 

the Eq. (7),

〈τfl〉 =

∫
DAS1 · τ1 +

∫
DAS2 · τ2∫

DAS1 +

∫
DAS2

.  (7)

Here, 
∫
DAS1 and 

∫
DAS2 represent the spectral inte-

grals of both decay associated spectra which are depicted in 

Fig. 6. This equation (Eq. 7) yields an average 昀氀uorescence 
lifetime of 〈τfl.〉 = 408 ± 190 fs, which is somewhat smaller 

than the time constant obtained from the single-exponential 

昀椀t. Time constants in a similar (470–700 fs) range have 
been reported in prior studies [46, 69, 72]. Multiplying the 

lifetime obtained from the single-exponential 昀椀t with the 
above radiative rate constant results in a 昀氀uorescence quan-

tum yield ΦSB
fl of (1.11 ± 0.3)× 10− 4 (see Eq. (2)). Insert-

ing the average 昀氀uorescence lifetime into the same equation 
(Eq. 2), results in a marginally lower 昀氀uorescence quantum 
yield ΦSB

fl  of (0.938 ± 0.4)× 10− 4. However, both ΦSB
fl  val-

ues obtained here closely align with the yield Φrel
fl  deter-

mined by the relative approach.

Green Region of the UV/Vis Spectrum – DBM in 
Ethanol

DBM undergoes ultrafast intramolecular proton transfer 

[73] upon photo-excitation. While the 昀氀uorescence quan-

tum yield for DBM has not been quanti昀椀ed before, its 
昀氀uorescence lifetime was found to be in the sub-pico-

second range [47]. DBM in ethanol displays a structure-

less absorption band lowest in transition energy peaking 

Fig. 6 Decay associated spectra (DAS) retrieved from the measurement on dT in water depicted in Fig. 5 using a bi-exponential trial function
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peaks at 670 nm. An approximate mirror-image relation-

ship is disclosed upon converting the spectra into the 

transition dipole representation (see Fig. S4 in the Online 

Resource). The 昀氀uorescence excitation spectrum for MG 
in water closely matches the properly rescaled absorption 

spectrum (see Fig. 9b). The peak absorption coe昀케cient 
ɛmax of (1.43 ± 0.01)× 105 M−1cm−1 at 618 nm determined 

here is in line with the value of 1.40× 105 M−1 cm−1 

reported earlier [80, 81]. For a relative  determination of 

its 昀氀uorescence quantum yield, MG dissolved in water 
was excited at 535 nm (see Fig. 9). The resulting 昀氀uo-

rescence signal was compared to the one of Rh 101 in 

rate constant krad, a 昀氀uorescence quantum yield ΦSB
fl of  

(6.92 ± 1.9)× 10− 5 was calculated (see Eq. (2)).

Red Region of the UV/Vis Spectrum – MG in Water

MG, a triphenylmethane dye, exhibits pronounced vis-

ible absorption bands and has a very low 昀氀uorescence 
quantum yield (≤ 10−4) in low-viscosity liquid solutions 
[75, 76]. Prior studies have shown that MG undergoes 

ultrafast internal conversion [49, 76–79]. MG in water 

exhibits an band lowest in transition energy peaking 

around 618 nm (see Fig. 9). The 昀氀uorescence spectrum 

Fig. 8 Femtosecond transient 

昀氀uorescence on DBM in ethanol 
(∼ 1.3 mM) as a function of 

detection wavelength λ and 

delay time t. The solution was 

excited at 266 nm. In the central 

contour representation, reddish 

hue represents large 昀氀uorescence 
signals. One representative time 

trace (400 nm) as well as a 昀椀t 
are shown on the left. The dotted 

black line represents the IRF

 

Fig. 7 (a) Absorption (coe昀케cient, green dotted line) and 昀氀uorescence 
(smoothed green solid line) spectra of DBM in ethanol. Absorption 

(coe昀케cient, gray dotted line scaled according to ref. [65]) and 昀氀uo-

rescence (gray solid line) spectra of the reference dye C-1 in water 

are included. The excitation wavelength at 330 nm is marked in the 

absorption spectra. The emission spectra were recorded with constant 

wavelength bandpass (5 nm). The 昀氀uorescence spectra are scaled such 

that their integrals are proportional to their respective 昀氀uorescence 
quantum yields. For the sake of comparison, the 昀氀uorescence spec-

trum of DBM was multiplied by a factor of 500. The relevant ranges 

used for the Strickler-Berg analysis are highlighted in the absorption 

and emission spectra. (b) Fluorescence excitation spectrum of DBM in 

comparison with its absorption spectrum. For the excitation spectrum 

the signal was probed at 400 nm

 

1 3



Journal of Fluorescence

The resulting time resolved spectra closely matched the 

steady state spectrum in shape, peaking around 670 nm. 

Almost the entire emission signal disappeared within one 

picosecond (Fig. 10). A global analysis was conducted 

utilizing a single-exponential function convoluted with 

the IRF as the trial function. This procedure yielded a 

昀氀uorescence lifetime τfl. of 450 ± 160 fs. Prior studies 

reported time constants in a similar (520–660 fs) range 

[48–51]. By multiplying this lifetime by the radiative 

rate constant krad, a 昀氀uorescence quantum yield ΦSB
fl  of 

(9.86 ± 3.5)× 10− 5 was calculated (see Eq. (2)).

ethanol. The 昀氀uorescence quantum yield based on the rel-
ative approach Φrel

fl  was computed using Eq. (4). Values 

compiled in ref. [55, 64] were inserted. With these inputs, 

a yield Φrel
fl  of (9.67 ± 0.5)× 10−5 results for MG in water.

Using the spectra depicted in Fig. 9, a Strickler-Berg 

analysis was conducted. The ranges are marked in Fig. 9. 

The evaluation a昀昀ords a radiative rate constant krad of 

(2.18 ± 0.05)× 108  s− 1 (see Eq. (5)).

In the 昀氀uorescence Kerr gating experiment, femto-

second pulses with a center wavelength of 580 nm were 

utilized to excite a solution of MG in water (Fig. 10). 

Fig. 10 Femtosecond transient 

昀氀uorescence on MG in water 
(∼ 70 μM) as a function of 
detection wavelength λ and 

delay time t. The solution was 

excited at 580 nm. In the central 

contour representation, reddish 

hue represents large 昀氀uorescence 
signals. One representative time 

trace (670 nm) as well as a 昀椀t 
are shown on the left. The dotted 

black line represents the IRF

 

Fig. 9 (a) Absorption (coe昀케cient, red dotted line) and 昀氀uorescence 
(smoothed red solid line) spectra of MG in water. Absorption (coef-

昀椀cient, gray dotted line scaled according to ref. [82]) and 昀氀uores-

cence (gray solid line) spectra of the reference dye Rh 101 in ethanol 

are included. The excitation wavelength at 535 nm is marked in the 

absorption spectra. The emission spectra were recorded with constant 

wavelength bandpass (5 nm). The 昀氀uorescence spectra are scaled such 

that their integrals are proportional to their respective 昀氀uorescence 
quantum yields. For the sake of comparison, the 昀氀uorescence spec-

trum of MG was multiplied by a factor of 10,000. The relevant ranges 

used for the Strickler-Berg analysis are highlighted in the absorption 

and emission spectra. (b) Fluorescence excitation spectrum of MG in 

comparison with its absorption spectrum. For the excitation spectrum 

the signal was probed at 670 nm
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Figure S1: The purity of 1 was verified by 1H-NMR (top), 13C{1H}-NMR (bottom), ESI mass 
spectrometry and elemental analysis. The analytical data obtained agrees well with the 
literature [2]. 1H-NMR (300 MHz, CDCl3): δ = 7.89 (ddd, JHH = 7.8/1.6 Hz, 1H, Pic), 7.62-7.27 
(m, 11H, Aryl Pic/Dipp), 2.55 (sept, 4H, iPr CH), 1.93 (s, 3H, Pic-CH3), 1.26 (d, 12H, 3JHH = 6.7 
Hz, Dipp CH3), 1.22 (d, 12H, 3JHH = 6.8 Hz, Dipp CH3), 13C{1H}-NMR (75 MHz, CDCl3): δ 
158.5 (s, aryl C), 148.2 (s, aryl C), 145.8 (s, aryl C), 141.3 (s, aryl C), 134.2 (s, aryl C), 131.3 (s, 
aryl C), 126.8 (s, aryl C), 124.6 (s, aryl C), 123.6 (s, aryl C), 28.9 (s, iPr CH), 25.2 (s, Dipp CH3), 
24.6 (s, Pic-CH3), 24.0 (s, Dipp CH3). MALDI-TOF: m/z 544.2 ([M]+, 31%), Elem anal. Calcd. 
for C33H44BCuF4N3 (632.08): C, 62.71; H, 6.86; N, 6.65. Found: C, 62.45; H, 6.71; N, 6.53. 



 

The fit that is applied in Figure S2 is based on eq. S1-S4. In these equations, KD is the dissociation 

constant of 1 coordinated by two molecules of MeCN (1-2MeCN). c1, cMeCN, c1-2MeCN, and c2-picoline 

are the equilibrium concentrations of compound 1, MeCN, and the complex 1-2MeCN. �Āÿ and �ý��þÿ  are the initial concentrations of 1 and MeCN (prior to equilibration). The absorption A 

depends on the concentrations �Ā, �Ā−āý��þ, and �ā−ā��Ā��ÿ� and the respective absorption 

coefficients �Ā, �Ā−āý��þ, and �ā−ā��Ā��ÿ� as well as the path length d = 1 cm. 

ε1-2MeCN the absorption coefficient for 2-picoline in DCM ε2-picoline. According to 

this fit the dissociation constant KD equals 148 M, the absorption coefficient for 2-picoline in DCM

ε2-picoline 1201 M-1cm-1, and the absorption coefficient of for the hypothetical complex with two 

MeCN molecules ε1-2MeCN 12784 M-1cm-1. 

Figure S2. Dependence of the absorption at 260 nm on the initial concentration of MeCN �ý��þÿ  (values 

from Figure 1b). The squares mark experimental values, the red line a fit as based on eq. S1-S4, the blue 

line a fit as based on eq. 3-6 (main part). For concentrations �ý��þÿ  between 0.01 and 0.1 mol/L and beyond 

1 mol/L the fit (blue, eq. S1-S4) overestimates experimental values, for �ý��þÿ  between 0.1 and 1 mol/L 

experimental values are underestimated. 



 

 

 
 

�Ā = ýĀ · (ýý�ÿþ)²ýĀ−2ý�ÿþ · ý2−ā��Ā��ÿ�  

� = (�Ā−2ý�ÿþ · ýĀ−2ý�ÿþ + �Ā · ýĀ + �2−ā��Ā��ÿ� · ý2−ā��Ā��ÿ�) · þ
ýĀ + ýĀ−2ý�ÿþ = ýĀ0ýý�ÿþ ≈ ýý�ÿþ0

Figure S3. UV/Vis absorption behavior of 1 in 2-propanol. a) Impact of the addition of 2-propanol to 

absorption spectra of 1 dissolved in DCM. The initial concentration �Āÿ of 1 amounted to 5·10-5 M and remains 

constant throughout the experiment. Initial 2-propanol concentrations �ā−ā�Āā�ÿĀ�ÿ  ranged from 0.29 M (red) 

to 5 M (blue). Circles mark isosbestic points. b) Dependence of the absorption at 260 nm on the initial 

concentration of 2-propanol �ā−ā�Āā�ÿĀ�ÿ  (values from Figure S3a). The squares mark experimental values, 

the line a fit as discribed in the main part based on eq. 3-6. 

in DCM ε1-2-propanol. According to 

this fit the dissociation constant KD equals 2 M and the absorption coefficient ε1-2-propanol 

4140 M-1cm-1. 

a) b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Proton NMR spectrum of the reaction mixture of the attempted synthesis of 2a in MeCN-d3. For 

this spectrum, the synthesis was performed directly in MeCN-d3 in order to measure it with as little time loss 

as possible, which is why the signal for the complexated MeCN lies within the residual proton signal of the 

NMR solvent, to which this spectrum is also referenced. It shows two species, one being the expected 2a, the 

other being the bis(NHC)-copper(I) tetrafluoroborate. Their presence is also indicated by mass spectrometry, 

although 2a is not detected itself, only the mono(MeCN)-copper(I) complex. (MS (ESI(+), MeCN): 

m/z = 839 [IPr-Cu-IPr]+, 492 [IPr-Cu-MeCN]+, 388 [IPr]+. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Comparison of the emission of similarly concentrated MeCN solutions of 1 (blue) and 2-

picoline (black). The data were recorded using the Kerr setup described in the main part. 

Figure S6. Time-resolved spectroscopy data aquired for 1 in DCM from fsTA experiment. The 

excitation was tuned to 266 nm. In the contour representation (central) the difference absorption signal 

is color-coded. Vertical lines mark spectral positions for the time traces plotted on the left while 

horizontal lines mark certain delay times for the difference spectra plotted on the right.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7: Decay associated difference spectra obtained from fsTA experiment of 1 in DCM. Due to 

strong solvent contributions around time zero that could not be fully corrected for, the first time constant 

of 2.5 ps and the respective DADS are less reliable. 

Figure S8: Electron difference densities for the SMLCT, TMLCT, and TLC,DIPP states of 1 (top) and 2b 

(bottom).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As expected for a consecutive model with largely differing time constants, the SADS [1] are 

essentially identical to difference spectra at specific delay times. The first SADS (i.e. for the 

SMLCT state) is identical with the spectra at time zero. The second SADS (i.e. for the TLC/MLCT 

state) is identical with the spectra around a delay time of 10-100 ps, while the third SADS (i.e. 

for the TLC,Dipp state) is identical with the spectra from 4 ns onwards. Due to the absence of GSB 

in the transient data, yields for the population of each excited state could not be determined. 

Thus, the SADS were constructed assuming yields of 100% for each transition. 

 

 

 

 

 

 

 

 

 

Figure S9: Species-associated difference spectra (SADS) obtained from fsTA experiment of 1 in TFE.  



 

 

 

 

Cartesian coordinates (in Å) for the S0 geometries of compound 1 in DCM 



 

 

 

Cartesian coordinates (in Å) for the S0 geometries of compound 1 in MeCN 



 

 

 

Cartesian coordinates (in Å) for the S0 geometries of compound 2a in DCM 



 

 

 

 

Table S4: Cartesian coordinates (in Å) for the S0 geometries of compound 2b in DCM 



Table S5: Cartesian coordinates (in Å) for the S0 geometries of compound 2b in MeCN 



 

 

Table S6: Cartesian coordinates (in Å), for the SMLCT geometries of compound 1 in DCM 



 Table S7: Cartesian coordinates (in Å) the SMLCT geometries of compound 2b in DCM 



 

 

Table S8: Cartesian coordinates (in Å) for the TMLCT geometries of compound 1 in DCM 



 

 

Table S9: Cartesian coordinates (in Å) the TMLCT geometries of compound 2b in DCM 



 

 

 

Table S10: Cartesian coordinates (in Å) for the TLC,Dipp geometries of compound 1 in DCM 



 

 

 

Table S11: Cartesian coordinates (in Å) for the TLC,Dipp geometries of compound 2b in DCM 
energies (in Hartree) for the S  geometries of compound 1



 

 

 

Table S12: Cartesian coordinates (in Å) for the TLC/MLCT geometries of compound 1 in DCM 
energies (in Hartree) for the S  geometries of compound 1
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