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Abstract

:

Thin films of carbazole (Cz) derivatives are frequently used in organic electronics, such as organic light-emitting diodes (OLEDs). Because of the proximity of the Cz units, the excited-state relaxation in such films is complicated, as intermolecular pathways, such as singlet–singlet annihilation (SSA), kinetically compete with the emission. Here, we provide an investigation of two benchmark systems employing neat carbazole and 3,6-di-tert-butylcarbazole (t-Bu-Cz) films and also their thin film blends with poly(methyl methacrylate) (PMMA). These are investigated by a combination of atomic force microscopy (AFM), femtosecond and nanosecond transient absorption spectroscopy (fs-TA and ns-TA) and time-resolved fluorescence. Excitonic J-aggregate-type features are observed in the steady-state absorption and emission spectra of the neat films. The S1 state shows a broad excited-state absorption (ESA) spanning the entire UV–Vis–NIR range. At high S1 exciton number densities of about 4 × 1018 cm−3, bimolecular diffusive S1–S1 annihilation is found to be the dominant SSA process in the neat films with a rate constant in the range of 1–2 × 10−8 cm3 s−1. SSA produces highly vibrationally excited molecules in the electronic ground state (S0*), which cool down slowly by heat transfer to the quartz substrate. The results provide relevant photophysical insight for a better microscopic understanding of carbazole relaxation in thin-film environments.
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1. Introduction


Thin films composed of carbazole-based compounds are ubiquitous materials in organic and hybrid organic–inorganic electronics, where they serve as light harvesters for organic solar cells [1], host materials [2], hole transport layers [3] and efficient emitters of visible light [4]. In these applications, thin films of carbazole-containing materials are used, which are either produced by physical vapor deposition (PVD) or wet-chemical methods such as spin-coating [5]. Under typical operating conditions involving high exciton number densities, e.g., in OLEDs, the emission process of carbazole-containing compounds is in kinetic competition with intermolecular channels, such as singlet–singlet annihilation, singlet–triplet annihilation (STA), singlet–heat annihilation (SHA) or triplet–triplet annihilation (TTA) [6,7]. Therefore, it is important to understand the dynamics of these processes and extract relevant kinetic parameters for the annihilation steps, which can be used in the modeling of OLED operation.



In the current contribution, we focus on thin films of the parent compound Cz and its substituted analog t-Bu-Cz. Basic optical properties of monocrystalline Cz thin films have been explored previously [8,9,10,11,12], but time-resolved optical studies of Cz and related film compounds combining ultrafast transient absorption and emission techniques have been performed rarely [13]. Yet, such techniques can provide profound insight into the singlet exciton dynamics in these films. For other systems, time-resolved studies of SSA processes have been performed largely by fluorescence-based techniques [7,14,15,16,17,18,19,20,21,22,23]. Such measurements detect the decay of the S1 exciton emission and are sensitive even at low exciton number densities [24]. However, they might have some drawbacks in terms of interference by fluorescing impurities and limited time resolution (especially for studies at high exciton number densities). Transient absorption studies tracking the decay of the S1 → Sn excited-state absorption bands have been performed more rarely [25,26,27,28,29]. While not being as sensitive as fluorescence detection, such TA methods with femtosecond time resolution can detect SSA processes even at very high exciton number densities and are at the same time much less prone to the interference of impurities, in contrast to emission studies, where a trace impurity or an impurity-induced crystal defect with high radiative quantum yield can overwhelm the signal of interest [24,30,31].



Here, we provide a detailed investigation of spin-coated Cz and t-Bu-Cz thin films and their blends with PMMA using a combination of atomic force microscopy, steady-state absorption and emission, transient fluorescence and ultrafast broadband transient absorption spectroscopy to extract key kinetic parameters, such as the S1 lifetime at low exciton number densities, the rate constant for the SSA processes at high exciton number densities and the time scale for the cooling of the highly vibrationally excited ground state species produced by the SSA process.




2. Materials and Methods


2.1. Preparation of Thin Films


Solutions of carbazole (TCI Deutschland, Eschborn, Germany, high purity), 3,6-di-tert-butyl-carbazole (TCI Deutschland, >98.0%) and PMMA (Alfa Aesar, Ward Hill, MA, USA) were prepared in N2-saturated tetrahydrofuran (Merck, Darmstadt, Germany, Uvasol, ≥99.9%) to obtain solutions corresponding to a mass concentration of 5 mg mL−1. These solutions were passed through a PTFE filter (pore size 0.45 μm) to remove any residual particles and subsequently employed to produce solutions of PMMA:Cz and PMMA:t-Bu-Cz with nominal weight percent (wt%) ratios of 0:100, 70:30, 90:10 and 98:2. Quartz substrates (Tempotec Optics Co., Ltd., Fuzhou, China, JGS1) were pre-cleaned with acetonitrile (Merck, Uvasol, ≥99.9%) and irradiated by UV light (Dinies, Villingendorf, Germany, 2 UVC lamps with 253.7 nm emission, 11 W each) for 60 min to remove organic contaminants. Spin-coating was performed under a nitrogen atmosphere (Messer, Bad Soden im Taunus, Germany, 5.0) in a glovebox by depositing ca. 200 μL of a solution on the quartz substrate, followed by a loading time of 30 s and a spinning period of 1 min at 500 rpm.




2.2. Atomic Force Microscopy and X-ray Diffraction Experiments


Topography images of the Cz and t-Bu-Cz thin films were obtained using an atomic force microscope (PSIA XE-100, Park Systems Corp., Suwon, Republic of Korea) with a silicon tip cantilever in non-contact mode. Images were taken with a resolution of 128 times 128 pixels for an area of 30 × 30 μm2 and a scan rate of 0.1 Hz to provide an overview of the surfaces. Furthermore, to estimate the thickness of the corresponding thin film, the surface was intentionally scratched. Alongside this scratch, AFM images were recorded with a resolution of 4096 times 64 pixels for an area of 60 × 2 μm2 and a scan rate of 0.1 Hz. All images were evaluated using XEI software (version 4.3.4, Park Systems Corp.), and visualization was performed by using OriginPro 2023b (OriginLab Corp., Northampton, MA, USA). The forward and backward scans were averaged, and a background correction was carried out for all AFM images.



Thin-film X-ray diffraction experiments were carried out using a PANalytical X’Pert MPD PRO diffractometer employing Cu radiation (Kα1 = 1.54060 Å, Kα2 = 1.54443 Å). The diffractograms were simulated using Rietveld refinement, as implemented in the program MAUD, including the fitting of the baseline and also considering texture effects [32].




2.3. Steady-State Absorption and Photoluminescence


Steady-state absorption measurements of the thin films were carried out in transmission at normal incidence using a double-beam spectrophotometer (Varian Inc., Palo Alto, CA, USA, Cary 5000, spectral bandwidth: 0.5 nm). Steady-state emission and photoluminescence excitation spectra were recorded on a fluorescence spectrophotometer (Agilent, Santa Clara, CA, USA, Cary Eclipse, spectral bandwidth for excitation and emission: 5 nm). The photoluminescence spectra were corrected by a calibration function that included the wavelength-dependent sensitivity of the emission spectrograph and the detector.




2.4. Time-Correlated Single-Photon Counting (TCSPC)


Pulses of a UV-LED (Becker & Hickl, Berlin, Germany, UVL-FB-270, wavelength: 273 nm, pulse width: 500 ps) at a repetition frequency of 1 MHz were sent through a wire-grid linear polarizer (Thorlabs, Newton, NJ, USA, WP25M-UB) set at vertical polarization (0°) to excite the respective thin-film sample at an angle of 45° relative to the surface normal, with the thin-film layer facing the beam. The photoluminescence emitted at an angle of 90° was collimated by a quartz lens and then passed through another wire-grid linear polarizer, with its plane of polarization oriented at 54.7° (magic angle). A well-defined spectral window of the PL emission was selected by appropriate bandpass filters (Thorlabs) and imaged onto a hybrid-alkali photodetector (Becker & Hickl, HPM-100-07). Its signal was fed into a TCSPC module operated in reverse start–stop configuration (Becker & Hickl, SPC-130IN). The kinetic traces were analyzed by the FAST program (Edinburgh Instruments, Livingston, UK, version 3.5.2) using a sum of exponential functions and an iterative reconvolution procedure that involved an instrument response function (IRF), which was obtained either from the LED scattering signal of a diluted suspension of colloidal SiO2 nanoparticles (Merck, Ludox AS-40) in water or a quartz diffuser (Thorlabs DGUV10-120 or DGUV10-1500).




2.5. Broadband Transient Absorption Spectroscopy


Ultrafast broadband transient absorption experiments were carried out using the pump–supercontinuum probe (PSCP) method [33] on two setups dedicated to measurements in the UV–Vis [34] and NIR regions [35]. They are both based on a regeneratively amplified titanium:sapphire laser system (Coherent, Santa Clara, CA, USA, Libra USP-HE) operating at a repetition frequency of 920 Hz. The thin films were excited at a repetition frequency of 460 Hz by an OPA system running at a wavelength of 260 nm (Coherent, OPerA Solo). The overall time resolution was about 80 fs, and time delays up to 1500 ps were accessible. In order to perform measurements covering longer delay times up to 10 μs, the fourth harmonic (266 nm) of a Q-switched Nd:YAG microlaser (Standa, Vilnius, Lithuania, Standa-Q1TH, pulse length 420 ps) was employed [36]. The laser was electronically triggered at 460 Hz and synchronized with the probe beam of the ultrafast broadband transient absorption system by means of a delay generator (Stanford Research Systems, Sunnyvale, CA, USA, DG535). The thin films were mounted inside a home-built N2-flushed aluminum cell and constantly translated by two piezo stages in the x–y plane within a sample area of 2 × 2 mm2 during the experiments to minimize photochemical decomposition and local heating of the thin films, which could occur because of the exposure of the same sample area to repeated laser excitation.





3. Results


3.1. AFM Images and Picosecond Ultrasonics of Cz and t-Bu-Cz Thin Films on Quartz


Neat Cz and t-Bu-Cz thin films on quartz substrates were investigated by atomic force microscopy to determine their surface morphology. Figure 1a shows AFM images of a 30 × 30 μm2 area of two neat Cz thin films of different average thicknesses. They consist of microcrystallites with dimensions on the order of 10 μm. The film thickness was obtained by generating a histogram (height h vs. its frequency of occurrence in the AFM image), as shown in Figure 1b. The sharp spike near h = 0 arises from uncoated areas on the quartz substrate (yellow ranges in panel a). The broad distribution at larger values of h was fitted by a Gaussian function, leading to an average thickness d of 109 nm and 153 nm for the two films. Additional AFM images were recorded for two t-Bu-Cz thin films of different thicknesses, as shown in Figure 1c. Here, the size of the crystallites was much smaller, around 1 μm and below. Analysis of the histograms in panel d provided the average thickness of these two thin films as 138 nm and 358 nm, respectively.



In addition, we applied laser-based picosecond ultrasonics [37] to the thin films. These are transient absorption experiments in which an ultrafast pump laser pulse (here, 260 nm) generates a coherent acoustic phonon in the film. This longitudinal sound wave propagates back and forth between the two film interfaces (thin film/quartz and thin film/nitrogen gas) and induces a periodic modulation of the transient optical signal [38,39,40,41,42]. Damping of the longitudinal sound wave occurs only at the thin film/quartz interface [42]. A representative kinetics for the neat t-Bu-Cz thin film with a thickness of 138 nm is depicted in Figure 1e and shows a damped oscillatory decay. Such measurements provide “contact-free noninvasive” access to the longitudinal sound velocity of the thin film material via the expression cL = 4d/τa [38], where d is the film thickness and τa is the oscillation period of the coherent acoustic phonon. Fitting the kinetics in Figure 1e to the sum of two exponential decay functions and a damped cosine function provides a value of (251 ± 6) ps for τa, corresponding to a frequency of (3.99 ± 0.09) GHz. Using the known value of 138 nm for the average film thickness d, one obtains a value of (2200 ± 60) m s−1 for the longitudinal sound velocity cL. This value is in very good agreement with results from a previous study on the closely related compound N-isopropyl-carbazole, which provided values of 2150 m s−1 and 2250 m s−1 from a piezoelectric resonance–antiresonance measurement and an ultrasonic pulse-echo experiment [43]. It also compares well with previous studies of other organic layers, such as polyfluorene-based copolymers [42], where values of about 2500 m s−1 were obtained. Knowing this longitudinal sound velocity makes it possible to optically determine the thickness of other t-Bu-Cz thin films via the relation d = 0.25·cL·τa in an all-optical fashion.



The value of cL for Cz thin films should be very similar; however, we note that we were not able to obtain clean oscillatory kinetics exceeding the noise level of the transient absorption experiments for Cz thin films. It could be that the interface of the large crystallites (cf. Figure 1a) is very rough, so the reflection of the sound wave at the thin film/nitrogen gas interface occurs in several directions. This could result in a very weak oscillatory response. In contrast, the situation is much less critical for smooth copolymer films with homogeneous thickness, as demonstrated in previous measurements using picosecond ultrasonics [42].




3.2. Steady-State Absorption, Photoluminescence and Transient Emission of the Thin Films


The panels a and b in Figure 2 contain the absolute and normalized steady-state absorption spectra (recorded in transmission at normal incidence) of neat Cz and t-Bu-Cz thin films as well as PMMA:Cz and PMMA:t-Bu-Cz thin film blends with weight percent ratios of 98:2, 90:10 and 70:30. The structured absorption band rising below 350 nm corresponds to the S0(A1) → S1(A1) transition, which is short-axis polarized [10,44,45,46]. In contrast, the S0(A1) → S2(B2) transition located at about 290 nm is long-axis polarized [10,45,47]. The absorption features at wavelengths below 270 nm represent a superposition of several electronic bands of A1 and B2 symmetry [47]. For a low content of Cz/t-Bu-Cz in the film (98:2 (green), 90:10 (blue)), the 0–1 transition of the S0 → S1 band is higher than the 0–0 transition, and also the amplitude of the S0 → S2 band is much higher than that of the S0 → S1 band. Both findings are in line with the typical behavior of Cz in organic solvents [45,48,49].



Drastic changes are observed for the neat Cz film (black) and the 70:30 wt% PMMA:Cz blend (red). For the neat Cz thin film, the S0(A1) → S2(B2) transition is not observable, and the absorbance below 270 nm is considerably reduced. This suggests that absorption contributions from long-axis polarized A1 → B2 transitions are “missing”. Based on the known crystal structure of carbazole [50,51], one can conclude that there must be a preferential growth of the microcrystallites (cf. Figure 1a), with the crystallographic a–c plane of the unit cell oriented parallel to the substrate’s surface. We confirmed this in separate X-ray diffraction measurements (see Figures S1 and S2, Supporting Information). Therefore, the transition dipole moment of the A1 → B2 transitions lies parallel to the light propagation direction, and, as a result, these states cannot be photoexcited. Thus, only short-axis polarized A1 → A1 transitions can be observed in the spectrum of the neat thin films. For the 70:30 blend, the A1 → B2 transitions are still visible, but already their spectral amplitude is substantially reduced. Therefore, there already appear to be Cz domains that also exhibit preferential growth.



Another interesting effect in the spectra of the neat Cz film and the 70:30 wt% PMMA:Cz blend is the emergence of a pronounced absorption peak at 340 nm, which is red-shifted by about 50 meV (5 nm) compared with the S0(A1) → S1(A1) transition of the thin films having low Cz content. Based on the comparison with findings for thin films of aromatic molecules, such as tetracene [24], or polymer compounds [52], the spectral signature is compatible with the formation of J aggregates. The crystal structure of Cz [50,51] features a herringbone-type packing [53]. As shown by previous plane-wave DFT calculations [53], nearest-neighbor Cz–Cz dimer-type interactions in this crystal are predominantly of the J-aggregate-type, with a Cz–Cz spacing of 4.8–5.7 Å, whereas H-type dimer-type arrangements in the same structure show a much larger Cz–Cz spacing (9.9–11.5 Å). Therefore, it is understandable that contributions from J-type aggregation should have a more substantial impact on the absorption spectrum of these films. The fairly small aggregation-induced red-shift of the J-aggregate absorption band observed in our absorption spectrum of the Cz film is also compatible with the results of calculations for J-type dimers in the Cz crystal [53]. As a result, the experimental absorption spectrum can be loosely described as a superposition of monomer-like absorption (from the only weakly coupling H-aggregate-type arrangements) plus contributions of more pronounced J-type aggregate absorption. This spectral appearance of the lowest-energy absorption band is still present even in the 70:30 PMMA-Cz blend, which suggests that there still must be Cz domains giving rise to aggregation. We note that a neat PMMA thin film only shows weak absorption starting below 250 nm (see Figure S3, Supporting Information), so contributions of PMMA to the absorption spectra reported in Figure 2 can be neglected.



Figure 2c contains the photoluminescence excitation spectra (recorded at the emission wavelength 370 nm), and panels d and e show the absolute and normalized PL spectra. The photoluminescence spectra of the PMMA:Cz blends with low Cz content (98:2 and 90:10) represent almost a mirror image of the respective absorption spectra and are similar to those reported previously in organic solvents [45,48,49]. For the 90:10 blend, the long-wavelength tail of the emission band is already slightly enhanced (panel e, e.g., above 450 nm), which may be attributed to a contribution of excimer emission, similar to what was previously observed for related carbazole-based systems, such as mCP [13]. In addition, photoexcitation at shorter wavelengths leads to a relative increase in the amplitude of the excimer band compared with the main peak (panel f), similar to the effect previously observed for mCP [13]. This could be due to the fact that at higher energy, the initial excitation might migrate over a larger distance, leading to an enhanced probability of finding an excimer site for emission [13].



More pronounced changes are observed for the thin films of neat Cz and the PMMA:Cz blend with a weight percent ratio of 70:30, where the intensity of the most intense emission peak (the 1′–0 vibrational transition of the S1 → S0 band) is strongly enhanced (panel d). Similar to the observation for the absorption spectra, we trace this observation back to excitonic effects (as a result of the overlapping emission of mainly J-aggregate-type dimer species) and also reabsorption effects (especially for the films with the highest Cz and t-Bu-Cz content) because of the small Stokes shift (Table 1). The enhanced peak in the center of the emission spectrum could then be an indication of superradiance, i.e., an enhanced radiative decay rate of the lowest-lying exciton state [24,54,55]. Characteristic parameters of the steady-state spectra are summarized in Table 1.



Time-resolved fluorescence decays obtained from TCSPC measurements for the neat Cz thin film and the different PMMA:Cz blends are displayed in panel g (“monomer” or “exciton” emission, averaged over the emission wavelength range of 365–375 nm) and panel h (“excimer” emission, averaged over the emission wavelength range of 455–750 nm) of Figure 2. The initial exciton number density in these experiments was about 6 × 1012 cm−3. The decays were fitted to a sum of up to four exponentials. The resulting time constants τi and associated amplitudes Ai are summarized in Table 2, including the average lifetime 〈τ〉 (= τave), calculated as 〈τ〉 = (A1τ12 + A2τ22 + A3τ32)/(A1τ1 + A2τ2 + A3τ3) for the example of a triexponential decay [13]. As shown in panel i, the average lifetime decreases with increasing Cz content in the films. For the “monomer” band of the 98:2 PMMA:Cz blend, the longest lifetime of 7.4 ns is observed, which decreases to about 3 ns for the 70:30 blend and the neat Cz film. For comparison, the S1 lifetime of “isolated” Cz in O2-free organic solvents has been reported to be in the range of 14–15 ns [48,49,56,57].



This shortening of the S1 lifetime may be explained as follows: The S0 → S1 absorption spectrum and the S1 → S0 emission spectrum of Cz show considerable overlap, see, e.g., panels a and d of Figure 2, and this is also underlined by the small Stokes shifts summarized in Table 1. Therefore, already starting for blends with low Cz content (PMMA:Cz 90:10) and much more strongly for even higher Cz content, Cz(S1)–Cz(S0) Förster resonance energy transfer (FRET) based on a dipole–dipole coupling mechanism becomes possible [58,59,60]. Because of this homo-FRET process (Cz(S1) → Cz(S0) accompanied by Cz(S0) → Cz(S1)), the excitation can efficiently hop through the thin film and eventually reach an excimer site, which acts as a trap because the emission of the excimer species does not overlap with the Cz absorption band. Therefore, further migration of the excitation through the film is not possible. The average lifetimes of the excimers (as measured using a bandpass filter covering the wavelength range of 455–750 nm) are in general longer (Figure 2i), varying between 8.1 ns (PMMA:Cz 90:10) and 4.5 ns (neat Cz). The weak emission intensity of the excimer suggests that its radiative rate constant is small.



Coming to the measurements for the different PMMA:t-Bu-Cz thin films (Figure 2j–r, Table 1 and Table 2), we observe trends that are similar to the corresponding Cz-based films. Notable differences are the slightly larger Stokes shift than for the Cz-based systems (Table 1) and the less pronounced exciton peak in the absorption and emission spectra of the neat t-Bu-Cz film (panels j, k, m and n). The bulky tert-butyl substituents give rise to a slightly larger spacing between the t-Bu-Cz chromophores [61] and thus, the J-aggregate interactions compared with those in Cz-based films are weaker. Also, breaking up the t-Bu-Cz–t-Bu-Cz interactions by PMMA appears to be easier than for Cz–Cz. This is underlined by the fact that the absorption and emission of the PMMA:t-Bu-Cz blend with the weight percent ratio of 70:30 already behaves similarly to the films with low t-Bu-Cz content (90:10 and 98:2), whereas the corresponding spectra for the PMMA:Cz blend with the weight percent ratio of 70:30 are much more similar to those of the neat Cz thin film.




3.3. Femtosecond and Nanosecond UV-Vis-NIR Transient Absorption Spectra


Figure 3 summarizes the transient broadband absorption spectra and kinetics obtained from the fs-TA experiments (λpump = 260 nm) and ns-TA experiments (λpump = 266 nm) for a neat Cz thin film and two different PMMA:Cz blends with weight percent ratios of 70:30 and 90:10. Relevant parameters from the kinetic analysis are summarized in Table 3. We start with the results for the neat Cz thin film in panels a–c. The contour plots in panel a provide an overview of the dynamics for the subpicosecond to several hundred nanosecond range. The transient spectra around zero delay time show the formation of a ground state bleach (GSB) band below 350 nm and broad excited-state absorption above. The ESA is assigned to the S1 state, which is populated by ultrafast (sub-100 fs) internal conversion (IC) from the initially photoexcited higher singlet state Sx. The ESA band of the S1 band has almost completely disappeared by 100 ps. This is at first sight quite unusual because the S1 lifetime of carbazole in O2-free organic solvents is about 14–15 ns [48,49,56,57]. However, efficient S1–S1 annihilation takes place in the neat Cz film at the initial exciton number densities of about 4 × 1018 cm−3 in this experiment (cf. Section 3.4). The SSA process produces an excited Sn state (which quickly relaxes back to S1 by IC) and vibrationally hot S0 molecules, denoted as S0*. In fact, the sharp “hot band” absorption at 345 nm (close to the red edge of the inverted steady-state absorption spectrum, magenta) and the sharp negative signals at 340 nm and 325 nm are characteristic spectral features of vibrationally hot S0* molecules formed during this process [13]. The cooling of the S0* molecules is slow and extends into the several hundred nanosecond range. The kinetic analysis in panels b and c provides a time constant of 12 ps (fs-TA), which is related to the singlet–singlet annihilation process. The time constants of 640 ps (fs-TA), 3 ns, 41 ns and 790 ns (ns-TA) describe the slow cooling process, which involves heat transfer to the quartz substrate and encompasses the picosecond to the several hundred nanosecond range.



Next, we analyze the corresponding dynamics in panels d–f for the PMMA:Cz thin-film blend with a weight percent ratio of 70:30. The spectral evolution looks quite similar to that of the neat Cz film, with a broad S1 ESA band and the formation of vibrationally hot S0* molecules. However, the S1 ESA band decays on a considerably slower time scale, because the SSA process is less efficient, as the average spacing between the S1 molecules becomes larger because of the presence of PMMA. SSA will be shown to be a diffusive second-order process in Section 3.4. Thus, it takes longer for two S1 excitons to come into a critical contact distance for annihilation. The kinetic analysis reflects this change in the dynamics: Besides a weak ultrafast component (0.1 ps, likely IC from the Sx state), the fs-TA data reveal time constants of 7 and 107 ps, which effectively describe the slowed-down diffusive SSA. The time constants of 580 ps (fs-TA) and 13 ns, 113 ns and 51 μs (ns-TA) are again assigned to heat transfer from hot S0* Cz molecules to the quartz substrate.



Finally, in panels g–i, we deal with the dynamics for the PMMA:Cz thin-film blend with a weight percent ratio of 90:10. Here, the Cz–Cz spacing is even larger, which leads to a further slowing-down of the S1–S1 annihilation process. Still, this decay is much faster than the aforementioned time constant of 14–15 ns for the S1 lifetime of Cz in organic solvents. Because of the much higher “dilution” of Cz in PMMA, the spectral features of the hot S0* molecules are also much weaker and less pronounced: While in a neat Cz film, the excess energy would be only distributed among the Cz molecules, here, the excess energy is predominantly transferred from “hot” Cz to the “cold” PMMA matrix. As PMMA has no absorption bands in the spectral range investigated here, the heating-up of PMMA by this process is not visible in the TA spectra [13]. Consequently, the spectral features in the GSB range of 280–320 nm in panel g (1–3 ns) and also panel d (1–10 ns) look considerably different, as they are not so strongly influenced by the spectral signature of the S0* molecules in panel a (1–10 ns). The kinetic analysis provides time constants of 1 ps, 20 ps and 209 ps for the SSA process (fs-TA) as well as 3.7 ns, 223 ns and 7.7 μs (ns-TA), which we assign to the cooling of the S0* molecules. The 3.7 ns component will also contain some contributions of the radiative decay of Cz molecules in S1 (cf. 〈τ〉 = 3.1 ns from TCSPC, Table 2) because intramolecular radiative relaxation becomes more competitive for the wider Cz–Cz distances in the 90:10 thin film blend.




3.4. Kinetic Analysis of Singlet–Singlet Annihilation Processes in Cz and t-Bu-Cz Films


The fs-TA kinetics for the neat Cz (and also t-Bu-Cz) thin films show that at the S1 exciton number densities of ca. 4 × 1018 cm−3 employed in these experiments, the lifetime of S1 is drastically reduced compared with the S1 lifetime determined from the time-resolved emission experiments, which were recorded at much lower exciton number densities N1 of ca. 6 × 1012 cm−3 (Figure 2 and Table 2). Whereas the total lifetimes of S1 at the excitation conditions of the TCSPC experiments are 3.14 ns and 3.85 ns for Cz and t-Bu-Cz, respectively, most of the S1 decay of the thin films in the transient absorption experiments already occurred by 100 ps. This is demonstrated in Figure 4a by the measured transient absorption kinetics in the NIR range averaged over the wavelength range of 1100–1300 nm, which monitor the decay of an ESA band exclusively assigned to S1 excitons. To understand this drastic shortening of the S1 lifetime with increasing number density N1, the NIR transients were subjected to a kinetic modeling procedure, which is described below.



The kinetic scheme for modeling the relaxation of the neat Cz and t-Bu-Cz thin films is shown in Figure 4b, and a schematic Perrin–Jablonski diagram based on the data from Table 1 and available information regarding the energy of the triplet state [56] is depicted in Figure 4c. Relevant kinetic parameters are summarized in Table 4. The mechanism can be divided into contributions from intramolecular relaxation, singlet–singlet annihilation and collisional relaxation. We begin with steps 1–4, which summarize the intramolecular relaxation pathways of Cz and t-Bu-Cz molecules (left side of the scheme in Figure 4b):


   S x   →   k x     S 1   



(1)






   S 1   →   k   IC + Fl , 1       S 0 *   



(2)






   S 1   →   k   ISC , 1       T 1   



(3)






   T 1   →   k   ISC + Ph , 2       S 0 *   



(4)







The Sx exciton state, which is prepared by photoexcitation at 260 nm, decays via IC to S1 (step 1). Because its lifetime is very short (τx = kx−1 ≈ 200 fs), it does not show clear spectral fingerprints in the transient absorption spectra at early times (Figure 3). S1 can decay either by internal conversion (IC) or fluorescence to a vibrationally excited ground state (S0*) with the rate constant kIC+Fl,1 = τIC+Fl,1−1 (step 2) or by intersystem crossing (ISC) to the T1 triplet state with the rate constant kISC,1 = τISC,1−1 (step 3). The sum of these two rate constants represents the total rate constant for depopulation of the S1 exciton state (ktotal,1 = kIC+Fl,1 + kISC,1 = τtotal,1−1). The total lifetime τtotal,1 of S1 was determined in our TCSPC experiments as 3.14 ns and 3.85 ns for Cz and t-Bu-Cz, respectively (Figure 1). For our modeling here, we assumed a quantum yield of 50% for ISC from S1, which is compatible with findings from previous experiments for the relaxation of Cz in organic solvents [49,56,57]. This provides time constants τIC+Fl,1 = τISC,1 of 6.3 ns and 7.7 ns for Cz and t-Bu-Cz, respectively (Table 4). The spin-forbidden relaxation of T1 by ISC and phosphorescence (step 4) is much slower, and based on the results from our ns-TA experiments (Figure 3c), we use a value of τISC+Ph,2 = kISC+Ph,2−1 of 0.8 μs (Table 4).



The vibrationally hot Cz and t-Bu-Cz molecules in the electronic ground state (S0*) formed by steps 2 and 4 decay by collisional energy transfer (CET), where the excess vibrational energy is transferred first to the surrounding room-temperature carbazole molecules and finally to the underlying quartz substrate (step 5):


   S 0 *   →   k  CET      S 0   



(5)







For modeling the decay of the fs-TA kinetics, we use the time constant τCET = kCET−1 of 3.0 ns extracted from Figure 3b. Modeling the decay of the S1 exciton population for Cz and t-Bu-Cz in Figure 4a with this set of kinetic parameters results in the black dashed and red dashed fit lines, respectively. Both of them decay too slowly, in agreement with the aforementioned total S1 lifetimes of 3.14 ns (Cz) and 3.85 ns (t-Bu-Cz).



Therefore, additional S1 relaxation steps need to be considered to understand the fast decay of the fs-TA kinetics in Figure 4a. With increasing initial number densities of S1 excitons in the thin film, singlet–singlet annihilation becomes increasingly important. One possible mechanism is the diffusive singlet–singlet annihilation of two S1 states:


   S 1  +  S 1   →   k  diff      S 0 *    +    S n   



(6)







This bimolecular encounter results in the formation of an S0* ground state species and a higher excited Sn singlet state (located at an energy of (maximum) two times the energy of the S1 state) with the second-order rate constant kdiff. The rate-determining step of this diffusion process is repeated hopping of the S1 excitation based on Förster resonance energy transfer [58,59,60], which is possible because of the strong overlap between the S0 → S1 absorption and the S1 → S0 emission bands of Cz and t-Bu-Cz arising from the very small Stokes shift (see e.g., Figure 2 and Figure 3a). The net equation for this homo-FRET process between identical carbazole molecules is:


    S   1   +   S   0    →    k   F ö r s t e r , 0     R       S   0   +   S   1    



(7)







The excitation transfer is based on nonradiative dipole–dipole coupling, i.e., the two coupled first-order steps 8a and 8b comprising de-excitation of an S1 species (energy donor) accompanied by excitation of an S0 species (energy acceptor):


    S   1    →    k   F ö r s t e r , 0     R       S   0    



(8a)






    S   0    →    k   F ö r s t e r , 0     R       S   1    



(8b)







The first-order rate constant kFörster,0 is given by [58,59]:


    k   F ö r s t e r , 0   =    τ 1    − 1     (  R 0  / R )  6   



(9)




where τ1 is the total S1 lifetime of the donor in the absence of energy transfer, R is the donor–acceptor distance, and the Förster radius R0 corresponds to the distance, where the rate constants for FRET and intramolecular decay of S1 are equal. Significant FRET contributions are expected up to donor–acceptor distances of about 10 nm, with typical Förster radii for singlet exciton systems in the range of 1.4–7 nm [18,60,62,63,64,65]. As there are always several carbazole molecules in S0 available close to an S1 molecule (i.e., R is small), the FRET process leads to efficient migration of the S1 excitation through the thin film. Such a random walk of the excitation eventually brings two S1 molecules close to each other, so that efficient homo-FRET-based singlet–singlet annihilation between the two S1 carbazole molecules takes place with the net equation:


    S   1   +   S   1    →    k   F ö r s t e r , 1     R       S   0   *   +   S   n    



(10)




where one S1 exciton is destroyed (forming carbazole ground state molecules with some excess energy, S0*), and at the same time, one S1 molecule is promoted to a higher Sn state:


    S   1    →    k   F ö r s t e r , 1     R       S   0   *    



(11a)






    S   1    →    k   F ö r s t e r , 1     R       S   n    



(11b)







Such an S1–S1 FRET process is feasible because the emission spectrum of the S1 state strongly overlaps with broad S1 excited-state absorption (see Figure 3a). Summarizing the diffusive SSA mechanism, step 6 used in our kinetic modeling procedure is of second-order because the random walk of the two S1 molecules is rate-determining.



Alternatively, we also consider the direct homo-FRET SSA process of steps 11a and 11b to occur without prior diffusion. A technical difficulty to implement these two steps in a kinetic mechanism is that the rate constant kFörster,1 is R-dependent and thus depends on the spatial distribution of S1 molecules, which changes with time. However, others [26] and we [66] demonstrated that in the case of randomly distributed S1 molecules in thin films, the alternative kinetic formulation based on steps 12a and 12b can be used:


  3    S 1   →   k   F , 1       S 0 *  + 2    S n   



(12a)






  3    S 1   →   k   F , 1      2    S 0 *     + S   n   



(12b)







Note that these two steps also lead to the same net equation as in step 10. Importantly, the S1 population decay due to S1–S1 FRET results in an apparent third-order behavior, with the rate constant kFRET,1 = 6 kF,1 [66].



The SSA processes in steps 6 and 10 both lead to the formation of a high-energy Sn singlet exciton species. Such states typically show ultrafast IC on a time scale of sub-50 femtoseconds, repopulating S1 directly or via an ultrafast cascade of IC steps:


   S n   →   k n     S 1   



(13)







Here, we assume a value τn = kn−1 of 20 fs for its lifetime. The Sn exciton state is located at a high excitation energy (roughly twice the S1 energy, which corresponds to about 7.3 eV or 170 nm for the two carbazoles, see Figure 2). At this high energy, Sn states may also form an electron–hole pair, where the electron and hole are located on individual carbazole molecules as an S0•− radical anion and an S0•+ radical cation, respectively [65,66,67]. However, as we do not see any long-lived absorption bands assignable to such species, we conclude that this channel is below the detection limit of the fs-TA and ns-TA experiments. Singlet fission (S0 + S1 → T1 + T1) [68] is not possible either, because the 0–0 energy of the T1 state of Cz (E(T1) ≈ 3.061 eV) is located at more than half of the energy of the S1 state (E(S1) ≈ 3.658 eV) [56]. Finally, triplet–triplet annihilation does not need to be considered either because the population of the T1 state accumulated on the sub-200 ps time scale considered in Figure 4a is negligible.



The kinetic scheme of Figure 4b containing steps 1–6, 12a, 12b and 13 was implemented using the program Tenua [69]. The initial Sx number density was determined by using the known fluence of the pump laser beam at 260 nm, the thickness of the thin films (measured by AFM) and the absorbance of the thin film samples at 260 nm (Table 4). Because the lifetime of the Sx state is ultrashort, the peak value of the kinetics in Figure 4a essentially corresponds to the initial number density of S1 molecules. The NIR transient absorption kinetics therefore describe the time-dependent decay of the S1 population.



To learn about the dominant singlet–singlet annihilation mechanism, we consider the following two limiting cases: Using steps 1–6 and 13 (only diffusive SSA, but no S1–S1 homo-FRET, i.e., leaving out steps 12a and 12b), the best fits for the decays of Cz (black solid line) and t-Bu-Cz (red solid line) are obtained using the rate constants kdiff = 2.00 × 10−8 cm3 s−1 and 1.25 × 10−8 cm3 s−1, respectively. Using steps 1–5, 12a, 12b and 13 (only S1–S1 homo-FRET, but no diffusive SSA, i.e., leaving out step 6) one obtains the dotted lines when using the rate constants kF,1 = 2.40 × 10−27 cm6 s−1 (black) and 1.80 × 10−27 cm6 s−1 (red), respectively.



The diffusive SSA model provides a very good fit to the Cz and t-Bu-Cz data. In contrast, the simulation based on S1–S1 homo-FRET SSA can only describe the earliest decay satisfactorily, but it decays too slowly afterward. This is a direct consequence of its apparent third-order behavior, whereas the diffusive SSA is second-order. In addition, the Förster radii, which can be calculated from kF,1 as described previously [66], would be 18.3 nm and 17.5 nm for Cz and t-Bu-Cz, respectively, which is much larger than the typically observed 1.4–7 nm [18,60,62,63,64,65]. Our modeling results therefore suggest that the SSA mechanism operative in these carbazole thin films is of the diffusive type. A summary of the kinetic fit parameters is provided in Table 4.





4. Discussion


Our combined approach using steady-state absorption, time-resolved photoluminescence and broadband transient absorption experiments has provided a comprehensive overview of the complicated excited-state dynamics in Cz and t-Bu-Cz thin films and their blends with PMMA. In the neat films, excitonic effects in the steady-state absorption and emission spectra are clearly visible in terms of a pronounced excitonic peak, which likely arises from J-type aggregate structures. Yet, these excitonic contributions appear to be less pronounced than in films of “classical” excitonic materials, such as tetracene or different types of polymer thin films [24].



Time-resolved emission experiments using TCSPC at low S1 number densities of about 6 × 1012 cm−3 reveal efficient Cz(S1)–Cz(S0) homo-FRET with the ultimate population of excimer sites. The excimer contributions appear to be less important than in other carbazole-type materials, such as 1,3-bis(N-carbazolyl)benzene (mCP). Also, no additional structured red-shifted aggregate emission is observed, in contrast to thin films of mCP [13]. At a higher S1 exciton number density of about 4 × 1018 cm−3, the S1 lifetime is considerably reduced because of diffusive S1–S1 annihilation with the rate constants kdiff of 2.00 × 10−8 cm3 s−1 (Cz) and 1.25 × 10−8 cm3 s−1 (t-Bu-Cz) obtained from ns-TA experiments. These values may be compared with previous results for other carbazole derivatives: For thin films of 4′-bis(9-carbazolyl)-2,2′-biphenyl (CBP), Ruseckas et al. [17] obtained values for the annihilation rate constant γ of 6 × 10−9 cm3 s−1, respectively, using luminescence-based techniques. This rate constant is slightly smaller but still in reasonable agreement with our values from the fs-TA experiments. Later on, Morgenroth et al. obtained a value of 1.40 × 10−8 cm3 s−1 for kdiff of mCP [13], in very good agreement with our present results. The current measurements on Cz and t-Bu-Cz thin films provide valuable information regarding this important kinetic parameter, which is of particular relevance for the efficiency roll-off behavior of OLEDs at high current densities. The fs-TA experiments also show that “direct” S1–S1 FRET without prior S1–S0 homo-FRET diffusion does not play any role in the singlet–singlet annihilation process. The SSA process generates highly vibrationally excited molecules in the ground state (S0*), which can be clearly identified in our fs-TA and ns-TA experiments in terms of a sharp hot-band absorption on the red edge of the S0 → S1 absorption band and sharp bleach features in the GSB region. The dissipation of this excess energy to the quartz substrate spans a wide time scale from several hundred picoseconds to microseconds. As valuable side information, picosecond ultrasonics experiments employing the fs-TA setup provide a value of 2200 m s−1 for the longitudinal sound velocity of Cz. This value can be conveniently used in future studies to measure the thickness of Cz and other Cz-based films with a thickness in the range of about 50–500 nm in an all-optical fashion.



There remain several open questions for further research on these films. For instance, we focused on spin-coated films, and their microcrystalline structure is not ideal for applications. It would therefore be of interest to carry out similar studies with Cz and t-Bu-Cz films produced by physical vapor deposition and study the impact of the film preparation method on the steady-state and time-resolved optical properties. From the dynamics side, the current approach using optical excitation initially populates only singlet states. In situations where the initial exciton number density is high, triplet formation cannot compete with the singlet exciton channels, such as bimolecular diffusive SSA. It would be therefore valuable to study such films under pulsed electrical excitation, as this will initially populate the excited states in a statistical T1:S1 ratio of 3:1. This way, the kinetics of channels involving the T1 triplet state, such as triplet–triplet annihilation and singlet–triplet annihilation, can be accessed. These topics will be addressed in future work.
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Figure 1. (a) AFM images of two neat Cz thin films with an average thickness d of 109 and 153 nm, respectively. (b) The distribution of the thickness of the two thin films shown in panel a is plotted as counts (i.e., the frequency of occurrence) versus height h. In each case, the red solid line is a fit to a Gaussian function, where the peak of the distribution corresponds to the average thickness. (c,d) Same as in panels a and b, but for two t-Bu-Cz thin films of different thicknesses (138 nm and 358 nm). (e) Transient absorption signal at 430 nm for the 138 nm thick t-Bu-Cz film showing coherent acoustic phonon oscillations (blue circles). A fit using a sum of two exponentials and a damped cosine function (red solid line) provides an oscillation period of 251 ps, from which the longitudinal sound velocity cL of t-Bu-Cz was determined as 2200 m s−1. 
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Figure 2. Summary of steady-state absorption and photoluminescence (PL) spectra of PMMA:Cz and PMMA:t-Bu-Cz blends with weight percent ratios of 100:0 (i.e., neat Cz and t-Bu-Cz thin films, black), 70:30 (red), 90:10 (blue) and 98:2 (green). (a) OD of thin films. (b) Normalized OD. (c) PL excitation spectra recorded at 370 nm. (d) PL intensity of the thin films excited at 260 nm. (e) Same PL spectra but normalized to their peak. (f) Normalized PL spectra of thin films of the PMMA:Cz 90:10 blends, excited at 260, 290 or 320 nm. (g,h) Transient PL decays of the thin films using two different bandpass filters of 365–375 nm (“monomer” or “exciton” region) and 455–750 nm (“excimer” region), respectively. (i) Average lifetimes of the thin film blends for the PL ranges of 365–375 nm (squares) and 455–750 nm (circles), respectively. (j–r) Same as panels (a–i), but for the PMMA:t-Bu-Cz thin films. 
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Figure 3. Results from TA experiments for carbazole-based thin films. (a–c) For a neat Cz thin film from top to bottom: fs-TA and ns-TA spectra as contour plots, TA spectra at selected delay times (indicated by different colors) including the inverted steady-state absorption spectrum (magenta) and the stimulated emission spectrum (cyan), selected fs-TA and ns-TA kinetics including fits by a sum of exponentials (including time constants). (d–f) Same as in panels (a–c), but for the 70:30 PMMA:Cz blend. (g–i) Same as in panels (a–c), but for the 90:10 PMMA:Cz blend. 
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Figure 4. (a) Kinetic traces of the S1 number densities for a Cz thin film (black circles) and a t-Bu-Cz thin film (red circles) averaged over the wavelength range of 1100−1300 nm. The solid lines are corresponding fits based on the kinetic modeling procedure using diffusive singlet–singlet annihilation only. The dotted lines are modeling results using singlet–singlet annihilation based only on S1–S1 FRET. The dashed lines are the simulation results without considering any SSA processes. (b) Kinetic scheme of the relaxation pathways of Cz and t-Bu-Cz in thin films. (c) Perrin–Jablonski diagram highlighting the energetics of the different states and the photophysical processes involved including the associated rate constants (solid arrows: nonradiative processes of a single electronic state, dotted downward arrows: radiative processes, red curved dash-dotted double arrow: singlet–singlet annihilation). S0* denotes the vibrationally hot ground electronic state, where the vibrational excited levels are schematically indicated by thin green lines. Vibrational levels of the S1, Sx, Sn and T1 states are omitted for the sake of clarity. Blue dashed upward arrow: laser excitation by a femtosecond pump pulse at 260 nm. 
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Table 1. Characteristic photophysical parameters of the steady-state absorption and photoluminescence spectra of the thin films of Cz and t-Bu-Cz and their blends with PMMA.
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Thin Film

Composition

	
Mixing Ratio

(wt%:wt%)

	
λabs0–0

(nm)

	
λPL0–0

(nm)

	
λmaxPL

(nm)

	
∆λStokes

(nm) 1

	
   ∆   ν  ~    Stokes

(meV) 1

	
   ∆   ν  ~    Stokes

(cm−1) 1






	
PMMA:Cz

	
0:100

	
341 2

	
344

	
356

	
3

	
32

	
260




	
70:30

	
340 2

	
344

	
356

	
4

	
42

	
340




	
90:10

	
336

	
342

	
358

	
6

	
64

	
520




	
98:2

	
336

	
341

	
357

	
5

	
55

	
440




	
PMMA:t-Bu-Cz

	
0:100

	
344 2

	
342

	
349

	
5

	
52

	
420




	
70:30

	
342

	
341

	
351

	
9

	
93

	
750




	
90:10

	
342

	
341

	
348

	
6

	
62

	
500




	
98:2

	
342

	
341

	
349

	
7

	
73

	
590








1 The Stokes shift was determined as the difference in 0–0 vibrational bands of the lowest electronic states, which were determined by fitting a sum of Gaussian functions to the absorption and PL bands of the thin films. 2 For the neat Cz and t-Bu-Cz thin films and the PMMA:Cz thin film blend with a weight percent ratio of 70:30, this is the position of the excitonic absorption peak.













 





Table 2. Summary of TCSPC data of the thin films of Cz and t-Bu-Cz and their blends with PMMA at 296 K (λpump = 273 nm).
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Thin Film

Composition

	
Mixing Ratio

(wt%:wt%)

	
λprobe

(nm)

	
τ1

(ns) 1

	
τ2

(ns) 1

	
τ3

(ns) 1

	
τ4

(ns) 1

	
〈τ〉

(ns) 1






	
PMMA:Cz

	
0:100

	
365–375

	
3.0 (97%) 1

	
5.7 (3%)

	
–

	
–

	
3.1




	
455–750

	
1.1 (46%)

	
2.9 (23%)

	
4.9 (30%)

	
16.66 (1%)

	
4.5




	
70:30

	
365–375

	
0.6 (64%)

	
2.2 (26%)

	
5.2 (10%)

	
–

	
2.9




	
455–750

	
2.1 (67%)

	
6.5 (30%)

	
18.8 (3%)

	
–

	
6.7




	
90:10

	
365–375

	
3.7 (62%)

	
6.6 (38%)

	
–

	
–

	
5.2




	
455–750

	
1.0 (33%)

	
7.2 (65%)

	
20.5 (2%)

	
–

	
8.1




	
98:2

	
365–375

	
3.9 (37%)

	
8.3 (63%)

	
–

	
–

	
7.4




	
455–750 2

	
–

	
–

	
–

	
–

	
–




	
PMMA:t-Bu-Cz

	
0:100

	
365–375

	
1.0 (47%)

	
3.1 (40%)

	
6.5 (13%)

	
–

	
3.9




	
455–750

	
0.3 (40%)

	
5.4 (51%)

	
14.2 (9%)

	
–

	
8.0




	
70:30

	
365–375

	
1.1 (58%)

	
2.5 (39%)

	
5.3 (3%)

	
–

	
2.2




	
455–750

	
0.8 (38%)

	
6.3 (59%)

	
17.2 (3%)

	
–

	
7.4




	
90:10

	
365–375

	
1.3 (24%)

	
3.6 (46%)

	
6.0 (30%)

	
–

	
4.5




	
455–750

	
1.2 (26%)

	
7.9 (71%)

	
22.3 (3%)

	
–

	
8.9




	
98:2

	
365–375

	
1.2 (14%)

	
3.8 (22%)

	
9.8 (64%)

	
–

	
8.9




	
455–750 2

	
–

	
–

	
–

	
–

	
–








1 The value in parentheses is the relative amplitude for the respective time constant. 2 For the 98:2 blends, the TCSPC signals recorded in the wavelength range of 455–750 nm (exciton band) were too weak, so the concentration of excimers in these thin films with low Cz and t-Bu-Cz content was below our detection limit.













 





Table 3. Summary of time constants and relative amplitudes in the GSB range for thin films of neat Cz and different PMMA:Cz blends obtained from the kinetic analysis by using a sum of exponential functions.
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Expt.

	
λpump (nm)

	
PMMA:Cz

(wt%:wt%)

	
λprobe

(nm)

	
τ1

(ns)

	
τ2

(ns)

	
τ3

(ns)

	
τ4

(ns)






	
fs-TA 1

	
260

	
0:100

	
global

	
0.012 (40%)

	
640 (59%)

	
3 2 (1%)

	
–




	
70:30

	
global

	
0.0001 (9%)

	
0.007 (18%)

	
0.107 (24%)

	
0.580 (49%)




	
90:10

	
global

	
0.001 (15%)

	
0.020 (25%)

	
0.209 (35%)

	
3.7 2 (25%)




	
ns-TA 1

	
260

	
0:100

	
global

	
3 (47%)

	
41 (37%)

	
790 (16%)

	
–




	
70:30

	
global

	
0.580 (24%)

	
13 (20%)

	
113 (49%)

	
5100 (7%)




	
90:10

	
global

	
3.7 (20%)

	
223 (50%)

	
7700 (30%)

	
–








1 The kinetic traces at the different probe wavelengths were fitted simultaneously with a sum of three or four exponentials. As an example, the relative amplitudes in the GSB range are provided in parentheses. These are in the case of the compositions 0:100, 70:30 and 90:10, respectively: 339 nm, 337 nm and 290 nm (for fs-TA); 322 nm, 291 nm and 290 nm (for ns-TA). 2 Fixed value based on the fit results obtained from the ns-TA experiments. Note that the maximum pump–probe delay time in the fs-TA experiments was 1.5 ns.













 





Table 4. Summary of the kinetic rate constants and time constants, thin film and laser parameters used in the kinetic modeling procedure for the neat Cz and t-Bu-Cz thin films at 296 K.
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	Physical Quantity
	Cz
	t-Bu-Cz
	Physical Quantity
	Cz
	t-Bu-Cz





	Nx (cm−3)
	4.0 × 1018
	3.8 × 1018
	F (mJ cm−2) 1
	1.03
	0.92



	kx (s−1)
	5.0 × 1012
	5.0 × 1012
	τx (fs)
	200
	200



	k1,IC+Fl (s−1)
	1.6 × 108
	1.3 × 108
	τ1,IC+Fl (ns)
	6.3
	7.7



	k1,ISC (s−1)
	1.6 × 108
	1.3 × 108
	τ1,ISC (ns)
	6.3
	7.7



	k2,ISC+Ph (s−1)
	1.25 × 106
	1.25 × 106
	τ2,ISC+Ph (μs)
	0.8
	0.8



	kCET (s−1)
	1.57 × 108
	1.57 × 108
	τCET (ns)
	0.64
	0.64



	kdiff (cm3 s−1)
	2.00 × 10−8
	1.25 × 10−8
	kF,1 (cm6 s−1) 2
	2.40 × 10−27
	1.80 × 10−27



	kn (s−1)
	5.0 × 1013
	5.0 × 1013
	τn (fs)
	20
	20



	d (nm) 3
	153
	138
	A 4
	0.397
	0.371







1 Fluence F of the pump laser beam at 260 nm. 2 These are the best values to fit the initial S1 population decays of Cz and t-Bu-Cz by using S1–S1 FRET as the only SSA process. However, they do not describe the kinetics at long times correctly (see Figure 4a) because of the apparent third-order behavior (see text). 3 Average thickness d of the thin films determined by AFM. 4 Absorbance A of the thin films at 260 nm.
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