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ABSTRACT 

Multiple ultrafast spectroscopic techniques and quantum chemical simulations (QCS) were used 

to investigate the excited state dynamics of BCC-TPTA. This organic chromophore is believed to 

possess excited state dynamics governed by a thermally activated delayed fluorescence (TADF) 

mechanism with a reported internal quantum efficiency (ηIQE) of 84 %. In addition, a significant 

enhancement in its quantum yield (𝛷) in solution after purging oxygen has been reported. This 𝛷 

enhancement has been widely accepted as due to a delayed fluorescence process occurring in the 

μs time-scale. The spectroscopic measurements were carried out both in solution and blended 

films, and from fs to μs time-scales. The excited state dynamics of Rhodamine B and Ir(BT)2(acac) 

were also probed for comparison. Investigations in the absence of oxygen were also carried out. 

Our time-correlated single photon counting (TCSPC) measurements revealed a lack of long-lived 

emissive lifetime for BCC-TPTA in any of the medium tested. Our ns transient absorption 

spectroscopy (ns TAS) experiments revealed that BCC-TPTA does not possess triplet transient 

states that could be linked to a delayed fluorescence process. Instead, the evidence obtained from 

our spectroscopic tools suggest that BCC-TPTA has excited state dynamics that of a typical 

fluorescence chromophore and that just comparing the 𝛷 difference before and after purging 

oxygen from the solution is not an accurate method to claim excited state dynamics governed by 

a delayed fluorescence mechanism. Consequently, we believe that previous studies, in which the 

photo-physics of organic chromophores with TADF characteristics are reported, may have 

overlooked the influence of the host materials on the obtained optical properties in blended films.  

 

Keywords: TADF, OLED, reverse intersystem crossing, dynamic equilibrium, excited-state 

dynamics, and ultrafast spectroscopy. 
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1. INTRODUCTION 

         There is still a great need for more efficient green and blue organic materials for light 

emitting diode (OLEDs) applications.1,2 While phosphorescent materials have shown some 

success, their short lived lifetimes, high cost, and poor stability, impart several limitations.3,4 The 

thermally activated delayed fluorescence (TADF) mechanism has been proposed as a cost-efficient 

alternative to get higher efficiencies and longer device lifetimes and there has been great success 

regarding the synthesis of novel TADF chromophores. Some of these materials have reported 

internal quantum efficiency (ηIQE) values approaching 100 %.2,5–7 This very high internal quantum 

efficiency was suggested as due to the harvesting of triplets in the chromophore in a reverse 

intersystem crossing process (rISC).3,8–10 Unfortunately, the high turnover of new TADF scaffolds 

has not allowed for the necessary and intricate spectroscopic measurements for each new molecule 

to be elucidated individually in order to fully understand the mechanism. The previous reports 

have utilized primarily steady-state and μs spectroscopy to illustrate the thermally activated rISC 

process,11 however, these time-resolved measurements can be convoluted with the parallel existing 

phosphorescence in the chromophore.2,6,11 One of the best TADF chromophores, 9'-[4-(4,6-

diphenyl-1,3,5-triazin-2-yl)phenyl]-9,3':6',9''-ter-9H-carbazole (BCC-TPTA), was reported to 

have an ηIQE of ~ 84 %.2 This material is believed to represent the basic motif of an impressive 

TADF system and its efficiency sets a standard as to what other materials seek to attain. However, 

the details of its excited state dynamics have not been elucidated with the proper spectroscopic 

tools. 

        One way to characterize the contribution between singlet or triplet emission is to carry out 

time-resolved measurements with the appropriate time-resolution, as well as oxygen quenching 

measurements to distinguish between the contributions of the singlet and triplet emission.6,12–14 It 
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is interesting to note that while there have been reports of studies investigating the emission of 

highly efficient and very well-known TADF structures, there have not been any detailed time-

resolved fluorescence and time-resolved fluorescence lifetime quenching studies of these 

promising materials.15 Moreover, many previous studies were conducted in the solid state using 

TADF chromophores as the guest material in blended films. Recent publications have highlighted 

the potential influence of exciplex formation of the guest, and between the host and the guest 

materials (host:guest) on the obtained solid state photoluminescence decay lifetime of 

chromophores with TADF charasteristics.16–19 Aditionally, the steady state optical properties of 

the most common materials used as hosts overlaps with ones of the materials used as guests, which 

could give rise to Föster resonance energy transfer (FRET) and Dexter energy transfer (DET) 

mechanisms among the chromophores.18,19 Therefore, optically inert hosts should be used to 

elucidate the photoluminescence decay lifetime and excited state dynamics in film of 

chromophores with TADF character. 

        In this report, ultrafast spectroscopic methods, with an emphasis in the ns TAS, are coupled 

with quantum chemical simulations (QCS) to elucidate the excited state dynamics in the well-

known BCC-TPTA chromophore. For the measurements conducted in film, we selected poly 

methyl methacrylate (PMMA) as the host material. PMMA possess high transmission properties 

in the range of wavelengths used in this study and is also highly impermeable to oxygen.20  

Specifically, PMMA is optically inert, and cannot be excited by any of the excitation wavelengths 

used in this study, unlike most of the common hosts used in previous studies.18,19,21 This prevented 

any convolution between the host and the guests excited state dynamics. In addition, previous 

studies conducted with similar organic chromophores with TADF characteristics doped in PMMA 

films have reported emissive lifetimes in the µs regime. The long-lived emissive lifetime in these 
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chromophores has been ascribed to a delayed fluorescence process.15,19 As a comparison, we 

investigated a metal-containing primary phosphorescence chromophore Ir(BT)2(acac) and a well-

known fluorescence chromophore Rhodamine B. Also, we investigated the emissive dynamics of 

these systems in a range of temperatures after purging oxygen from the solution by N2 bubbling.  

 

2. EXPERIMENTAL SECTION 

      2.1 Steady State Measurements: The absorption spectra were measured on an Agilent 8341 

spectrophotometer. The emission spectra were collected on a Fluoromax-4 fluorimeter with slits 

set at 1 nm and an integration time of 0.100 s. Quartz cells with 10 mm path lengths were used for 

all the steady-state measurements. All optical measurements were carried out at ambient 

conditions. The fluorescence quantum yields (𝛷) measurements were conducted by using the 

Williams comparative method. The optical density was set to be ~ 0.10 or below to avoid 

reabsorption and internal filter effects. The absorption and fluorescence were measured for four 

samples with decreasing concentrations. The 𝛷 for BCC-TPTA dissolved in toluene and for 

Ir(BT)2(acac) dissolved in THF were measured using Coumarin 30 (𝛷 = 0.67)22 dissolved in 

acetonitrile as the standard. The same is true for the 𝛷 measurements after purging out oxygen (10 

minutes).  Rhodamine B is a well-known standard and the 𝛷 value can be found elsewhere. The 𝛷 

of Rhodamine B after purging out oxygen (10 minutes) were measured as well and compared to 

itself (𝛷 = 0.67)23 before purging.  The low temperature emission (phosphorescence) spectrum 

were obtained by using a Photon Technologies International (PTI), QuantaMaster 400 scanning 

spectrofluorimeter. The emission spectrum of the samples at low temperature (77K) were obtained 

after a delay of  > 100 µs between the excitation beam and emission detection. 
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     2.2 Time-Resolved Fluorescence and Phosphorescence Measurements: The ultra-fast 

fluorescence upconversion (UpC) setup was used to measure the fluorescence with ps time 

resolution as it has been previously described.14 A mode-locked Ti-sapphire femtosecond laser 

(Spectra-Physics Tsunami) was used to generate 80 fs pulses at 800 nm with a repetition rate of 

82 MHz. This Ti-sapphire mode-locked laser was pumped by a 532 nm CW laser (Spectra-Physics 

Millennia), which has a gain medium of neodymium-doped yttrium vanadate (Nd:YVO4). After 

the 800 nm pulsed beam is generated, a second harmonic (β- barium borate crystal) generates a 

400 nm excitation pulse. The residual 800 nm beam was directed to pass through a computer-

controlled motorized optical delay line. A Berek compensator controlled the polarization of the 

800 nm excitation beam power varied between 33 to 40 mW. The fluorescence emitted by the 

sample was upconverted by the residual 800 nm beam by a nonlinear crystal of β-barium borate. 

It is important to mention that the 800 nm beam is passed by the optical delay line with a minimum 

gate step of 6.25 fs. The monochromator is used to select the wavelength of the up-converted beam 

of interest, and the selected beam is detected by a photomultiplier tube (R152P, Hamamatsu, 

Hamamatsu City, Japan). The photomultiplier tube (PMT) converts the detected beam into photon 

counts, which can be read from a computer. Coumarin 30 was used for calibrating the laser for the 

range of emission wavelengths in this study. The instrument response function (IRF) has been 

determined from the Raman signal of water to have a width of 110 fs.24 Lifetimes of fluorescence 

decay were obtained by fitting the fluorescence decay profile to the most accurate fit. The time-

correlated single photon counting (TCSPC) technique, which has been described previously,14 was 

used to study the fluorescence and phosphorescence of the investigated chromophores. The laser 

used for the TCSPC measurement was a Kapteyn Murnane (KM) mode-locked Ti-sapphire laser. 

The output beam from the KM laser was at 800 nm wavelength has a pulse duration of ∼30 fs. 
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The 800 nm output beam was frequency-doubled using a nonlinear barium borate crystal to obtain 

a 400 nm beam. Focus on the sample cell (quartz cuvette, 0.4 cm path length) was ensured using 

a lens of focal length 11.5 cm. Collection of fluorescence was done in a direction perpendicular to 

the incident beam into a monochromator, and the output from the monochromator was coupled to 

a photomultiplier tube, which converted the photons into electrical signals (counts). The Time 

Harp 200 is the PCI-board in charge of the histogram of photon creation (65,000 max) and its 

subsequent conversion into electrical signals. This electronic conversion process allows other 

electronic equipment in the room to interfere with the detection if the histograms are not finished 

fast enough. Therefore, electronic interference could be detected depending on how much time it 

takes to create the histogram (collect the 65,000 photons). The high density of photons by the 

excitation source make the IRF detection fast enough so no electronic interference is detected. In 

contrast to the IRF detection, the histogram created for the investigated samples are usually 

significantly slower than for the IRF. 

       2.3 Nanosecond Transient Absorption Spectroscopy Measurements: The absorption and 

lifetime of emissive and non-emissive transient species can be probed by using transient absorption 

spectroscopy, which has been previously described.25,26 These measurements were done in diluted 

solutions and in the same solvents in which the other photophysical characterization were carried 

out. A LP980 (Edinburgh) system, which contains the photomultiplier (PMT-LP), was coupled 

with a Spectra-Physics QuantaRay Nd:YAG nanosecond (ns) pulsed laser and a GWU Optical 

Parametric Oscillator (OPO) tunable from 250 nm to 2600 nm for the excitation source. For this 

investigation, a 415 nm excitation beam was used to pump the molecules and a pulsed xenon lamp 

white light continuum was used for probing the excited state.   
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         2.4 Quantum Chemical Simulation: The ground state (S0) geometries of BCC-TPTA and 

Rhodamine B were optimized using density functional theory (DFT). The B3LYP functional, 

which has successfully predicted the ΔEST of a variety of TADF materials, was used along with 

the 6-31G* basis set.2 The first excited singlet state (S1) geometry of BCC-TPTA was obtained 

with a restricted open-shell Kohn-Sham (ROKS) approach and 6-31G* basis sets. ROKS is known 

to improve the deficiency of semilocal linear response time-dependent DFT (LR−TD−DFT) and 

offers a good alternative for investigating charge transfer states.27–31 Rhodamine B is a symmetric 

molecule and has a positive unit charge on one nitrogen atom. Due to a closed manifold of low 

lying states, however, excited state geometry optimization of Rhodamine B using TDDFT and 

ROKS did not easily lead to a symmetry broken state. Therefore, S1 of Rhodamine B was targeted 

using configuration interaction single (CIS) geometry optimization, which had no issue 

distinguishing the two states. The single point energy of S1 is refined using TD-DFT based on 

ROKS BCC-TPTA geometry and CIS Rhodamine B geometry. 

       The first triplet (T1) geometry was predicted with spin unrestricted DFT. Single point energy 

calculations to evaluate the fluorescence emission energies, spin−orbit coupling elements, and 

adiabatic energy gap (ΔEST = ETDDFT S1 at min S1– EUDFT T1 at min T1) were conducted, and the solvent 

environment effect is treated using a polarizable continuum model. The dielectric constant of 

chloroform and ethanol of 4.31 and 24.3 is used to describe the solvent medium of BCC-TPTA 

solution and Rhodamine B solution, respectively. All quantum chemical calculations were 

performed using Q−Chem 5.0.32 The rate constant of ISC and rISC, were estimated via Fermi’s 

Golden rule,33,34 

𝑘ISC =
2𝜋

ℏ
𝜌FC|〈𝑆1|𝐻𝑆𝑂|𝑇1〉|

2 
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where 〈𝑆1|𝐻𝑆𝑂|𝑇1〉  is the spin−orbit coupling element between S1 and T1, ρFC denotes the 

Franck−Condon weighted density of states, and ℏ is the reduced Planck constant of 6.582×10-16 

eVs. ρFC is evaluated with Marcus−Levich−Jortner theory, 35,36 

𝜌FC =
1

√4𝜋𝜆M𝑘𝐵𝑇
∑exp(−𝑆)

𝑆𝑛

𝑛!
exp⁡[−

(Δ𝐸ST + 𝑛ℏ𝜔eff + 𝜆M)
2

4𝜋𝜆M𝑘𝐵𝑇
]

∞

𝑛=0

 

where λM is the Marcus reorganization energy associated with the intermolecular and 

intramolecular low−frequency vibrations, kB is for Boltzmann constant of 8.6173×10-5 eV/K, T is 

the temperature (in this study, 298.15 K), ℏωeff represents the effective energy of a mode 

representing the nonclassical high−frequency intramolecular vibrations. Huang−Rhys factor 

associated with these modes are given as S. The rate constant of the rISC process was described 

by parameters generated at the T1 geometry, and the kISC estimation with parameters relevant to 

the S1 geometry. 

      One recent computational study on TADF mechanism discussed the rate of rISC within the 

same framework used in this work. They computed the contribution of non-classical intramolecular 

vibrations and estimated the Marcus reorganization energy due to low frequency intramolecular 

vibrations and the medium-induced relaxation effects to be in the range of ~0.1-0.2 eV.,36–38 Also, 

they assumed the Huang-Rhys factors can be neglected without significant changes to the results 

for large molecules. The approximation setting λM to 0.1 or 0.2 eV reproduced available 

experimental kRISC values on the same order of magnitude. The close examination revealed that 

use λM value of 0.2 eV gave better quantitative agreement with the available experimental kRISC 

dta. Therefore, λM value is set to 0.2 eV in this study.        

       The fluorescence emission rate (kF) was approximated by the product of the oscillator strength 

and the square of the wavenumber.39 The observed kF values of anthraquinone-based 
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intramolecular charge transfer compounds, one class of TADF materials reported by the Adachi 

group, could be reproduced with this simple calculation.39     

 

3. RESULTS 

     3.1 Steady-State Measurements: UV-Vis Absorption. The UV-Vis (steady-state absorption) 

spectra at ambient conditions for Rhodamine B, Ir(BT)2(acac), and BCC-TPTA were taken in a 

diluted solution of ethanol, tetrahydrofuran (THF), and toluene, respectively. Their absorption 

spectra are shown in Figure 1B and data is summarized in Table 1. All of the investigated 

chromophores absorb in the visible region. The absorption spectra of Rhodamine B is perfectly in 

agreement with what is previously reported in the literature as well as is the absorption spectra of 

the Ir(BT)2(acac) complex.40,41 For BCC-TPTA, two main absorption bands are present as is 

typical for chromophores with donor-acceptor configuration.14 The high-energy band (<300 nm) 

is attributed to the localized excitations of the chromophore, while the lower energy band (300-

400 nm) is consistence with absorption of the charge transfer state of BCC-TPTA.14 
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3.2 Steady-State Measurements: Fluorescence and Phosphorescence Spectra. The emission 

spectrum under ambient conditions of Rhodamine B, Ir(BT)2(acac), and BCC-TPTA were taken 

in diluted solutions of ethanol, tetrahydrofuran (THF), and toluene, respectively. The emission 

spectra are shown in Figure 1C while the data is summarized in Table 1. All of the investigated 

chromophores emit in the visible region and their emission spectra are in agreement with the ones 

previously reported in the literature. The quantum yield (𝛷) of the investigated chromophores was 

measured before and after the oxygen purging process (Table 1). This allowed us to evaluate the 

potential contribution from the triplet state to the emissive characteristics of the investigated 

chromophores. There was a very small difference in the 𝛷 of Rhodamine B after the solution was 

purged of oxygen (67 % to 69 %) that is within the margin of error for the Williams method.42 As 

BCC-TPTA Ir(BT)2(acac) Rhodamine B A 

B 

Figure 1. (A) Molecular structure of the investigated chromophores; steady-state absorption (B) and 

emission (C) of the investigated chromophores. All measurements were carried out in solution. 
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expected for phosphorescence chromophores, the 𝛷 measured for the Ir(BT)2(acac) complex 

increased from 1% to 15 % after oxygen purging.11,43 For BCC-TPTA, our measurements showed 

a 15 % 𝛷 enhancement (from 58 % to 67 %) after the solution was purged of oxygen. This 𝛷 

enhancement after the oxygen purging process has been widely ascribed to a delayed fluorescence 

process occurring somewhere in the μs timescale.2,6,15  

      Moreover, we investigated the influence of the temperature and the solvent polarity on the 

emission spectra of BCC-TPTA. As can be observed in Figure S1, the emission intensity of BCC-

TPTA is inverse proportional to the temperature. Similar behavior was obtained for Rhodamine B 

and for the Ir(BT)2(acac) complex. According to the Lippert-Mataga model, the charge transfer 

character of emitting species can be probed by evaluating how the emission λmax changes due to 

solvent polarity (f).44,45 As could be observed from the plot of the Stokes shift (va – vf) in function 

of the (f), we obtained a linear relationship between va – vf   and  f with a large slope of 15,360 cm-

1 (Figure S14). This implies that the emission dynamics of BCC-TPTA is highly sensitive to the 

solvent polarity while its absorption spectra is unaffected. The large slope obtained from the 

Lippert-Mataga model correlates well with the charge transfer state assignment from the steady 

state absorption of BCC-TPTA (Figure 1B). Therefore, we can rule out the possibility of any 

exciplex formations in this study. 

           Table 1. Steady state measurements relevant data. 

(*) This molecule has a ΔEst > 0.3 eV.  

 

Chromophores 

 

Extinction 

Coefficient 

 

λmaxEm 

 

𝛷 % 

 

𝛷 % 

Purged 

 

ΔEst 

(eV) 

Theo 

 

ΔEst 

(eV) 

Exp 

Stern-Volmer 

Quenching 

Rates  

M-1s-1 

Rhodamine B 

(Fluorescence) 

105,000 cm-1M-1 

at 545 nm 

575 

nm 

67 40 69 * * 1.4 x 1010 

Ir(BT)2(acac) 

(Phosphorescence) 

51,000 cm-1M-1 

at 328 nm 

560 

nm 

1 15 * * 2.31 x 109 

BCC-TPTA 

(TADF) 

17,362 cm-1M-1 

at 342 nm 

450 

nm 

58 67 0.1142 0.34 2.82 108 
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        In order to evaluate the differences in energy levels between the S1 and T1 state (ΔEst), the 

phosphorescence spectrum of the investigated chromophores was also probed. Their spectra are 

shown in Figure S2 and the data is summarized in Table 1. For Rhodamine B, we were not able 

to get a phosphorescence spectrum at any of the concentrations tested. Likely, the phosphorescence 

emission of the Rhodamine B was too low to be detected.46 A sharper emission spectrum at 77 K 

than the one taken at RT was obtained for the Ir(BT)2(acac) complex. This sharpening in the 

emission spectrum can be explained by to the lack of molecular vibrations promoted by room 

thermal energy.47,48 A red-shift in the phosphorescence spectrum of BCC-TPTA at 77 K was 

observed relative to its fluorescence spectrum taken at the same temperature (Figure S2). We 

noticed that the fluorescence spectrum of BCC-TPTA at 77 K was blue shifted relative to the one 

obtained at RT (Figure S3). We calculated the ΔEst to be 0.34 eV from the fluorescence and 

phosphorescence spectrums obtained at 77 K. A slightly smaller value was obtained if the 

fluorescence spectrum at RT was used for the calculation.2,15 These small ΔEst give hints of a 

potential excited state mixing between the S1 and T1 state, and if correct, it should be observed as 

long-lived emissive lifetime in the µs timescale.6,18,19 
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          3.3 Time-Resolved Emissive Lifetime Measurements. The time-correlated single photon 

counting (TCSPC) technique were carried out to evaluate the emissive lifetime from the ns to the 

µs timescales of the investigated chromophores. Measurements were done before and after the 

oxygen purging process, at low temperature (77 K), and in doped film and are shown in Figure 2 

Figure 2. The emissive lifetime of the chromophores was investigated by using the Time 

Correlated Single Photon Counting (TCSPC) technique: (A) Rhodamine B, (B) Ir(BT)2(acac), 

and (C) BCC-TPTA. Measurements were taken at different temperatures and matrixes.  
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while the data is summarized in Table 2. In Figure 2A, the fluorescence decay profile for the 

Rhodamine B chromophore at ambient conditions can be observed. The decay profiles were 

obtained with a 400 nm excitation and emission detection at 575 nm. A mono-exponential fit to 

the decay profile illustrates the 2.92 ns relaxation time. This relaxation time matches previously 

reported fluorescence lifetimes of Rhodamine B in the literature.40 Also shown in Figure 2A is the 

result of purging the solution of oxygen. As can be observed, the oxygen removal has no effect on 

the fluorescence decay profile of Rhodamine B. A longer fluorescence lifetime at low temperature 

and in film was obtained for Rhodamine B. This lengthening in the fluorescence lifetime of 

xanthene derivatives at low temperatures and in PMMA matrixes has been previously documented 

and can be ascribed to the lack of energy dissipation via chromophore-solvent interaction and by 

the massive molecular motion suppression induced by the PMMA matrix, respectivly.49–51 

 

Table 2. Summary of the emissive lifetime measurements of the investigated chromophores.  

 

Chromophores 

Emissive 

lifetime 

(Ambient) 

Emissive 

lifetime 

(Purged) 

Emissive 

lifetime 

(77K) 

Emissive 

lifetime 

(Film) 

Rhodamine B 2.92 ns 2.96 ns 3.97 ns 3.78 ns 

Ir(BT)2(acac) 97 ns 1.62 µs 4 µs 1.25 µs 

BCC-TPTA 6.4 ns 7.8 ns 4.66 ns 5.47 ns 

These measurements were taken with the Time-Correlated Single Photon Counting (TCSPC) 

technique.  

 

       Shown in Figure 2B are the emissive characteristics of the Ir(BT)2(acac) complex excited at 

400 nm and the emission was detected at 560 nm. The phosphorescence decay profiles for the 

Ir(BT)2(acac) complex at RT could be fitted to a mono-exponential expression, with a decay time 

of 97 ns. Also notable in Figure 2B is the decay profile of emission after purging oxygen from the 

Ir(BT)2(acac) solution. As can be seen from the curve, the decay is drastically lengthened and a 

mono-exponential expression yielded a phosphorescence lifetime of 1.62 μs. This lengthening in 
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the phosphorescence lifetime of Ir(BT)2(acac) explains its 𝛷 enhancement after the oxygen 

purging process. This value is in agreement with reported values by Lamansky and others.41 For 

such materials with a heavy metal atom in the core, the intersystem crossing (ISC) is expected to 

be on the order of ps.11,43  

        Also shown in Figure 2B is the phosphorescence lifetime of the Ir(BT)2(acac) complex at 

low temperature and in film. As can also be observed, the phosphorescence lifetime of the 

Ir(BT)2(acac) complex is drastically lengthened at low temperature (4 μs) and in film (1.25 μs). 

Sajoto and others have previously documented this lengthening in the phosphorescence lifetime at 

low temperatures for similar iridium-based complex, and it has been attributed to the lack of 

thermally activated non-radiative decay channels at low temperatures.52 Kwon and others have 

reported a lengthening in the phosphorescence lifetime in chromophores when they are doped into 

PMMA films, which has been ascribed to the suppression of molecular motions induced by the 

PMMA matrix.49  

         Shown in Figure 2C are the emissive dynamics for the BCC-TPTA chromophore. The decay 

profiles were obtained with 400 nm excitation and 450 nm emission detection wavelength. As can 

be seen from the curve, a mono-exponential fluorescence decay on the order of 6.4 ns was detected 

at ambient conditions which corresponds well to a singlet (S1) decay profile. The decay of 6.4 ns 

suggests a relatively efficient fluorescence process in BCC-TPTA. Also noted in Figure 2C is the 

result of the oxygen quenching experiment with the BCC-TPTA chromophore. One observes a 

slightly longer fluorescence decay (7.8 ns) after the removal of oxygen from the solution. 

Interestingly, no long-lived emissive lifetime in the µs region was detected for BCC-TPTA after 

the oxygen purging process (Figure 2C and Figure S10). This was also true in all the solvents in 

which the emissive lifetime of BCC-TPTA was investigated (Figure S6, Table S1). The emissive 

Page 16 of 39Journal of Materials Chemistry C



T. Goodson III 17 U of Michigan 
 

lifetime characterization of BCC-TPTA was also probed with the ns TAS technique (Figure S11). 

The decay profiles were obtained with 415 nm excitation and 450 nm emission detection 

wavelength. Our ns TAS emissive characterization results are in agreement with the ones obtained 

by the TCSPC technique and no long-lived emission component in the µs timescale was observed. 

Measurements were conducted up to 5 µs. The lack of a long-lived emissive lifetime is intriguing. 

For a reported TADF chromophore with 𝛷 enhancement of  ~ 15 % (from 58 % to 67 %) after the 

oxygen purging, one would expect to observe a long-lived emissive lifetime spanning the µs 

timescale as evidence of delayed fluorescence.53  

       Also shown in Figure 2C is the emissive lifetime of BCC-TPTA at 77 K (4.66 ns) and in film 

(5.47 ns). In both cases, a shorter fluorescence lifetime was obtained for BCC-TPTA relative to 

the ones taken in solution. However, the phosphorescence spectrum of BCC-TPTA taken at 77 K 

suggests triplet emission at detection wavelengths higher than 470 nm (Figure S2). We detected a 

long-lived emissive component for BCC-TPTA at 77 K when the emission lifetime 

characterization was conducted at detection wavelengths > 470 nm (Figure S5). This long-lived 

emission component vanished when the temperature was raised and no long-lived emission 

component was detected at any other temperatures tested (Figure S4 and Figure S5). 

Consequently, this long-lived emissive component at 77 K is attributed to the phosphorescence 

shown in Figure S2. Interestingly, we did not observe a long-lived emissive lifetime at the µs 

timescale in film (Figure 2C and Figure S10). A previous study reported a long-lived 

photoluminescence decay for BCC-TPTA in blended film. This long-lived emissive lifetime was 

ascribed to a delayed fluorescence process owing to the excited state dynamics of BCC-TPTA.2 

We did not observe long-lived emissive lifetimes indicative of a delayed fluorescence process for 
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BCC-TPTA at any of the medium tested. Therefore, further spectroscopic techniques were used to 

characterize the excited state dynamics of BCC-TPTA.   

           The fluorescence up-conversion (UpC) is a high-time resolution technique with high 

sensitivity from the fs to the ps regime.14 We performed it to evaluate the faster emissive 

characteristics that could not be investigated by the TCSPC technique. The measurements were 

done before and after the removal of oxygen from the solution and are shown in Figure 3. The 

data is summarized in Table S3. In Figure 3A, the fluorescence lifetimes of Rhodamine B before 

and after oxygen purging can be observed. As expected, there is no effect on the fluorescence 

lifetime after oxygen purging. In Figure 3B, a rise time in the ps regime was observed for the 

Ir(BT)2(acac) chromophore. Similar behavior was previously observed for iridium-based 

phosphorescence chromophores and it was attributed to the ISC process.43 Interestingly, our data 

shows that the rise-time is sensitive to O2. The idea of [O2] affecting the kisc of chromophores has 

been suggested.54 These results illustrate a very long lifetime for Ir(BT)2(acac).       
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             In Figure 3C, the fluorescence lifetime of BCC-TPTA can be observed. In contrast to 

Rhodamine B, the fluorescence lifetime of BCC-TPTA shows a bi-exponential decay profile. We 

ascribed this behavior to the donor-acceptor charge transfer nature of BCC-TPTA. Similar multi-

exponential behavior has been observed at this timescale in other donor-acceptor chromophores 

with charger transfer charasteristics.14,55 The multi-exponential behavior by BCC-TPTA observed 

Figure 3. Emissive lifetime of the investigated chromophores probed with the Fluorescence up-

conversion technique. All the measurements were done in solution, and before and after the 

oxygen purging process. 
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by the UpC also suggests that the lifetime measured by the TCSPC is the second and long 

component of its fluorescence decay (τ2). If we compare the UpC of the BCC-TPTA to the 

Ir(BT)2(acac) chromophore, the UpC measurements suggest no ISC occurring for BCC-TPTA in 

the ps regime. This was expected. The spin-orbit coupling (SOC) of similar organic chromophores 

with TADF characteristics are three orders of magnitude smaller than the ones reported for 

Iridium-based phosphorescence chromophores or copper-based TADF chromophores.38,41 Given 

that no evidence of ISC was observed by the UpC, the ns TAS was carried out to evaluate if BCC-

TPTA possesses triplet transient states that are characteristic of excited stated dynamics governed 

by a delayed fluorescence mechanism. 
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         3.4 Nanosecond Transient Absorption Spectroscopy. In order to further investigate the 

dynamics governing the excited state of BCC-TPTA, the ns TAS technique was also done (Figure 

4), and the data is summarized in Table S2. Our system possesses the ability and sensitivity to see 
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10 ns 

< 8 ns 

Rhodamine B 

112 ns 

ns 

90 ns 

ns 

108 ns 

ns ns 

Ir(BT)2(acac) 

300 400 500 600 700
-0.06

-0.03

0.00

0.03

0.06

∆
O

D

Wavelength (nm)

 0 ns

 16 ns

 32 ns

 48 ns

 64 ns

Figure 4. Time-resolved absorption spectra of Rhodamine B (A), Ir(BT)2(acac) (B), and BCC-

TPTA (C), obtained by ns TAS. These measurements were conducted in solution and at ambient 

conditions. 

300 400 500 600 700 800
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

∆
O

D

Wavelength (nm)

  0 ns

  6 ns

  12 ns

  18 ns

  24 ns

  30 ns

  36 ns

400 500 600 700

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

∆
O

D
 (

 x
 1

0
1
)

Wavelength (nm)

 0 ns

 100 ns

 200 ns

 300 ns

 400 ns

 600 ns

 900 ns

 1000 ns

 1200 ns

BCC-TPTA 

D 

13 ns 

300 400 500 600 700 800
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

∆
O

D

Wavelength (nm)

  0 ns

  50 ns

 100 ns

 150 ns

 200 ns

 250 ns

 300 ns

 350 ns

BCC-TPTA 

Page 21 of 39 Journal of Materials Chemistry C



T. Goodson III 22 U of Michigan 
 

time-resolved absorption spectrum of Rhodamine B in ethanol at ambient conditions. We only 

obtained one negative optical density (OD) signal from the ns TAS measurement. This negative 

OD band overlaps with the emission spectrum of Rhodamine B (Figure 1B). As expected, the 

kinetic traces of the negative OD band for Rhodamine B correlates well with its fluorescence 

lifetime obtained by the TCSPC (Table S2). Therefore, this negative OD signal is due to the 

overwhelming fluorescence of Rhodamine B (S1 → S0) detected as has been previously reported.40 

As is typical for fluorescence chromophores, no significant change or evidence of a transient triplet 

states was observed before or after oxygen purging at the investigated timescales (Figure S7). 

       In Figure 4B, we observed the time-resolved absorption spectrum of the Ir(BT)2(acac) 

complex in THF at ambient conditions. For the Ir(BT)2(acac) complex we detected both, positive 

(excited state absorption, ESA) and negative OD signals, which is in agreement with previous 

reported time-resolved absorption spectrums for similar iridium-based chromophores.57 These 

transient ESA signals detected by the TAS technique in iridium-based complexes have been 

previously attributed to spin-forbidden metal-to-ligand charge transfer (MLCT) processes and 

ligand centered (LC) transitions, which are all related to spin-orbit interactions and singlet to triplet 

electronic transitions.43,57 As expected, the kinetic traces obtained from the observed negative OD 

band correlates well with the Ir(BT)2(acac) complex phosphorescence lifetime obtained by the 

TCSPC (Table S2). Therefore, this negative OD signal can be attributed to its overwhelming 

phosphorescence (T1 → S0) detected as has been previously reported for similar iridium-based 

chromophores.43,57 The time-resolved absorption spectrum of the Ir(BT)2(acac) complex and the 

kinetic traces of its bands before and after the oxygen purging process can be observed in Figure 

S8. As observed, the time-resolved absorption spectrums of the Ir(BT)2(acac) complex is highly 

sensitive to the removal of oxygen. As a result, longer kinetic traces of the time-resolved 
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absorption bands are obtained after oxygen removal. This sensitivity to oxygen is in agreement 

with the emissive profile obtained by the TCSPC technique and is indicative of Ir(BT)2(acac) 

excited state triplet nature. 

      In Figure 4C and Figure 4D, we observed the time-resolved absorption spectra of BCC-TPTA 

in toluene at ambient conditions for the ns and µs timescales, respectively. Interestingly, we 

detected only one signal as a negative OD band for BCC-TPTA at any of the investigated 

timescales. This band perfectly overlaps with the emission spectrum of BCC-TPTA. In addition, 

its kinetic trace correlates well with the fluorescence lifetime obtained by the TCSPC (Table S2). 

Therefore, as with the Rhodamine B, the only signal obtained for BCC-TPTA is attributed to its 

overwhelming fluorescence (S1 → S0) detected. No significant effect in the time-resolved 

absorption spectrum of BCC-TPTA was observed after the removal of oxygen from the solution 

at any of the investigated timescales (Figure S9). This was intriguing. Given the 15% (58 % to 67 

%) 𝛷 enhancement after the removal of oxygen from the solution, we expected to see triplet 

transient signals in the form of ESA bands for BCC-TPTA. These ESA bands should be observed 

from the ns to the µs timescale, as it has been documented in similar organic chromophores with 

TADF characteristics.53  
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Table 3. Calculated rate constants of fluorescence (kF), ISC (kISC), and rISC (krISC), and available 

experimental values. (The ratio of the quantity to kF is given in the parenthesis) 

 

        3.5 Quantum Chemical Simulations. Quantum chemical simulations (QCS) were carried 

out to gain a deeper understanding of the key differences between BCC-TPTA and Rhodamine B. 

Specifically, the rate of fluorescence (kF), the rate of intersystem crossing (kISC), and the rate of 

reverse intersystem crossing (krISC) of these chromophores were determined by using a Fermi-

Golden rule rate based on spin-orbital couplings from time-dependent density functional theory 

and are reported in Table 3.32,59 BCC-TPTA has kISC and krISC values that are significantly larger 

than those for Rhodamine B, and these are comparable with the rate constant for fluorescence 

decay. The large kISC and krISC of BCC-TPTA originated from small ΔEST (0.34 eV) and indicate 

 Dynamic 

Process 

BCC-TPTA Rhodamine B 

Calc k (s-1) Calc τ 

(ns) 

Expt.2 Calc k (s-1) Calc τ 

(ns) 

Expt.58 

Fluorescence 1.6×108 

(1.00) 

6 9.6×107 7.5×108 (1.00) 1 N/A 

ISC 2.9×107 

(0.18) 

34 4.2×107 1.4×104 (1.9×10-5) ~ 105 5.3×105 

RISC 6.9×106 

(0.04) 

146 N/A < 0.01 (10-11) > 1011  N/A 

Figure 5. Energy diagram of the fluorescence, intersystem crossing, and reverse intersystem 

crossing rates for (a) BCC-TPTA and (b) Rhodamine B.  
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efficient population transfer between singlet and triplet, which is a distinct property of BCC-TPTA. 

On the other hand, for Rhodamine B, a typical fluorescent chromophore, the relevant rate constants 

follow the pattern: kF >> kISC >> krISC. The kF of Rhodamine B is four orders of magnitude larger 

than its kISC and ten orders of magnitude larger than its krISC. For BCC-TPTA chromophore, the 

calculated rate constants suggest that the fluorescence, ISC, and rISC processes all occur on a ns 

timescale. With these findings, it is suggested that this system exhibits a dynamic equilibrium 

between the kf, the kISC, and the krISC, which is important for a delayed fluorescence process.  

 

4. DISCUSSION 

       In this study, we used high-time resolution ultrafast spectroscopy, with an emphasis on the ns 

TAS, to probe the excited state dynamic of a TADF chromophores with a reported ηIQE of 84 %.2 

Also, two well-known fluorescence and phosphorescence standards, Rhodamine B and 

Ir(BT)2(acac), respectively, were used for comparison. The steady state measurements showed 

optical activity in the UV-Vis region for all the investigated chromophores. The 𝛷 measurements 

showed that BCC-TPTA has a higher sensitivity to oxygen than Rhodamine B but not as much 

sensitivity as the Ir(BT)2(acac) complex. This BCC-TPTA sensitivity to oxygen was observed as 

an enhancement in the 𝛷 after the removal of oxygen from the solution, and has been ascribed due 

to a delayed fluorescence process happening in the µs timescale.2,6,11,38,60,61 This delayed 

fluorescence process implies multiple electronic transitions in the excited states that are quantum 

mechanically forbidden. The probability of these transitions happening has been ascribed to the 

nature of their spin-orbit coupling (SOC), their small exchange energy (ΔEst), and the existence of 

locally excited triplet state (3LE).38,53 Therefore, several ultrafast spectroscopic techniques were 

coupled with QCS to evaluate the excited state dynamics governing in BCC-TPTA.  
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           Our emissive lifetime characterization measurements showed a lengthening in the 

fluorescence lifetime for BCC-TPTA after the removal of oxygen, which correlates well with its 

𝛷 enhancement. However, this lengthening was only about ~ 2 ns and no evidence of a long-lived 

emissive lifetime characteristic from a chromophore with excited state dynamics governed by a 

TADF mechanism was observed by any our spectroscopic tools (Figure 2C, Figure S6, Figure 

S10, and Figure S11). Literature shows extensive evidence of studies trying to understand the 

molecular oxygen quenching mechanism in a repertoire of organic chromophores with similar 

fluorescence lifetimes to the ones reported in this study.12,62 Those studies have highlighted the 

fluorescence (S1) sensitivity to oxygen even at ambient conditions.62 The Stern-Volmer equation 

was used to evaluate the quenching mechanism in which oxygen affects the excited state dynamics 

of the investigated chromophores. This equation would help us to calculate the emissive quenching 

rates of the investigated chromophores. After solving the equation (Table 1), it showed that the 

quenching rate constant for BCC-TPTA in toluene is about the oxygen diffusion limit in toluene.62 

This implies that oxygen can significantly quench the fluorescence (S1) of BCC-TPTA via a 

collisional mechanism. This explains the lengthening in the fluorescence lifetime and the 𝛷 

enhancement of BCC-TPTA after the removal of oxygen from the solution. This oxygen 

quenching effect was not observed for Rhodamine B. This is due to its significantly faster 

fluorescence lifetime compared to the ones obtained for BCC-TPTA. In the case of the 

Ir(BT)2(acac) complex, it is well known that the robust lengthening in the phosphorescence 

lifetime after the removal of oxygen is due to the triplet emissive nature of its excited state.41,62 In 

addition, the fluorescence UpC measurements suggests that the emission detected by the TCSPC 

comes from BCC-TPTA second and long component of its fluorescence decay (Figure 3C). The 

comprehensive study on the emissive lifetimes obtained from the UpC and the TCSPC techniques 
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suggests that BCC-TPTA have emissive dynamics as that of a typical fluorescence chromophore 

with charge transfer nature.  

         Studies have highlighted the effect of the dielectric constant of the medium and polarity of 

the solvent on the ΔEst of molecules with TADF character.63,64 Therefore, we probed the emissive 

lifetime of BCC-TPTA in different solvents to evaluate if the long-lived emissive lifetime was 

characteristic of a particular environment. As can be observed in Figure S6, no long-lived emissive 

lifetime was obtained in any of the solvents tested. In Table S1, we observed a proportional 

relationship between the fluorescence lifetime of BCC-TPTA and the solvent polarity in which the 

measurement was done. When we conducted the emissive lifetime characterization of BCC-TPTA 

at 77 K, we thought that the low temperature would prevent energy dissipation via non-radiative 

pathways, which should result in a longer fluorescence lifetime. Interestingly, we observed a faster 

fluorescence lifetime at 77 K relative to the one taken at RT. We also detected a long-lived 

phosphorescence emission for BCC-TPTA at detection wavelengths > 470 nm. This long-lived 

emissive component vanished when the temperature was raised (Figure S4 and Figure S5). These 

observations highlighted the lack of a long-lived emissive components for BCC-TPTA at higher 

temperatures than 77 K. This lack of a long-lived emissive component at high temperatures is not 

consistent with excited state dynamics governed by a TADF mechanism.2,6,9,53 In Figure S3, the 

fluorescence spectra at 77 K showed a blue-shift relative to the one taken at RT. A blue-shift in 

the emission spectra and faster fluorescence lifetimes in film relative to the one taken in solution 

were also observed for BCC-TPTA (Figure S13). In all cases, a lower energy in the emission 

spectra of BCC-TPTA was correlated with a longer fluorescence lifetime.63,64 These results shows 

the effect of the medium on the S1 stabilization of BCC-TPTA, which implies that the molecular 
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conformation of BCC-TPTA is highly dependent on the medium. Yet, no evidence of a long-lived 

emissive lifetime for BCC-TPTA was observed at RT in any of the medium tested.  

          We would like to reiterate that we did not observe any long-lived emissive lifetime spanning 

the µs timescale for BCC-TPTA at any of the conditions tested with any of our spectroscopic tools. 

This lack of long-lived emissive lifetime was intriguing. A previous study reported a long-lived 

emissive lifetime in the µs timescale for BCC-TPTA in blended film, which was ascribed to a 

delayed fluorescence process owing to the excited state properties of BCC-TPTA.2  We noticed 

that the emissive decay reported in solid state was conducted by using bis[2-

(diphenylphosphino)phenyl] ether oxide (DPEPO) as the host material. The problem with  using 

DPEPO as the host material is that it has steady-state optical properties in the same range of 

wavelengths that BCC-TPTA does.2,21,65 Furthermore, emissive lifetime in the µs timescale has 

been reported for DPEPO and its derivatives.21  This overlap in the steady-state optical properties 

and the long-lived emissive character of DPEPO could give rise to excited state mechanisms such 

as FRET transfer and DET among the chromophores.2,21,65 In contrast to the electroluminescence 

process, the excited state and bandgap optimization between the guest:host is detrimental for the 

photoluminescence process. This is due to the ambitious nature of deconvoluting and quantifying 

the influence of the host in the obtained emissive properties of the film.65–67 In this study, the 

selection of an optically inert host such as PMMA showed that BCC-TPTA seems to have emissive 

lifetimes characteristics of a fluorescence chromophore. 

          We carried out the ns TAS technique to further investigate and compare the excited state 

dynamics of the investigated chromophores. Correctly, we were probing for triplet transient state 

signals that could be linked to a delayed fluorescence mechanism in BCC-TPTA. Previous studies 

have reported transient absorption measurements for similar organic chromophores with TADF 
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characteristics.15,53,68 Specifically, they have reported ESA between 500-700 nm in blue and light-

blue TADF chromophores.53,68 This ESA has been linked to the 3LE state, which is believed to be 

an integral state for the rISC facilitation.38,53 Interestingly, the time-resolved absorption spectrum 

of BCC-TPTA behaves similar to the one obtained for Rhodamine B and no ESA was detected by 

the ns TAS techniques at any of the investigated timescales. Long-lived ESA was observed for the 

Ir(BT)2(acac) complex at the investigated timescales. These transient species detected on the 

Ir(BT)2(acac) complex have been linked to MLCT and LC transitions, which are all related to spin-

forbidden electronic transitions.43,57 In contrast to the ESA observed for the Ir(BT)2(acac) complex 

and with similar ns TAS conducted in similar organic chromophores with TADF characteristic, no 

evidence of the 3LE state nor any triplet transient state at all was observed for BCC-TPTA. Studies 

conducted in similar organic chromophores with TADF characteristics have been able to correlate 

the presence of this 3LE state with their observable long-lived µs emissive lifetimes after 

photoexcitation.15,53 Furthermore, Kuang et al reported the detection of robust long-lived triplet 

transient states in chromophores with TADF characteristics despite of their limited long-lived 

emissive profile in solution.68 Still, that study highlighted the transient triplet state as the focal 

point of the TADF mechanism.53,68 Despite our quantum chemical simulations suggesting a 

dynamic equilibrium between the kF, the kISC, and the krISC in the ns timescale for BCC-TPTA, our 

transient absorption experiments are highlighted by the lack of the 3LE state or any triplet transient 

state. This lack of the 3LE state could also explains why we do not observe long-lived emissive 

lifetime at in any of the medium tested by our multiple spectroscopic tools. Herein, the 

experimental evidence presented in this report suggests that BCC-TPTA has excited state 

dynamics of a typical fluorescence chromophore. As a result, we believe the influence of the 

electronic and optical properties of the host materials has been overlooked in previous studies 
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intended to report the photophysical properties of organic chromophores with TADF 

characteristics. 

 

5. CONCLUSIONS 

     Herein, we report the first study in which multiple time-resolved spectroscopic techniques, with 

an emphasis in the ns TAS, were coupled with QCS to elucidate the excited state dynamics of a 

reported chromophore (BCC-TPTA) with highly efficient blue TADF characteristics. We carried 

out a comparison of this chromophore with two well-known fluorescent and phosphorescent 

chromophores. The BCC-TPTA chromophore showed some sensitivity to the removal of oxygen 

but not as strong as the phosphorescent Ir(BT)2(acac) chromophore and not as small as the 

fluorescent Rhodamine B chromophore. The sensitivity to oxygen from BCC-TPTA was observed 

as an enhancement in the 𝛷 after purging oxygen from the solution, which has been previously 

attributed to a delayed fluorescence process occurring in the µs timescale.2 The evidence obtained 

by our spectroscopic tools showed that: (1) BCC-TPTA does not have a long-lived emissive 

lifetime that could be linked to a delayed fluorescence mechanism in any of the medium tested; 

(2) BCC-TPTA does not have any triplet transient state that could be linked to an excited state 

dynamic governed by a delayed fluorescence process. Therefore, the 𝛷 enhancement of BCC-

TPTA after the oxygen purging process is ascribed to the lack of oxygen-collisional quenching of 

the fluorescence (S1) rather than due to a delayed fluorescence process. These results imply that 

just comparing the 𝛷 difference before and after purging oxygen from the solution is not an 

accurate method to claim excited state dynamics governed by a delayed fluorescence mechanism. 

Consequently, the development of a better and more accurate method with a focus in probing and 
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characterizing the triplet state is in need. We believed that the ns TAS technique should be integral 

in the triplet characterization of rational designed chromophores with TADF characteristics. 

         Despite that the phosphorescence spectrum measurements on BCC-TPTA may have showed 

hints of a small ΔEST, our study suggests that BCC-TPTA has excited state dynamics such as 

typical fluorescence chromophores. Furthermore, this study suggests that previous studies in which 

the optical properties of organic chromophores with TADF characteristics are reported may have 

overlooked the influence and impact of the host electronic transitions on the obtained optical 

properties. 
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