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promising for a wide range of applica-
tions in spintronics,[1] batteries,[2] and 
organic field-effect transistors,[3] or as 
organic magnets[4] and charge transport 
materials.[5] Light emitting radicals also 
bear potential in optoelectronic devices, 
where they offer a theoretical internal 
quantum efficiency of up to 100%. In con-
trast to typical closed-shell semiconduc-
tors, the electronic system of open-shell 
radical emitters does not feature dark 
triplet states and therefore avoids detri-
mental spin-statistics.[6] Radical emitters 
based on tris(2,4,6-trichlorophenyl)methyl 
(TTM) exhibit doublet state electronics in 
both the ground state (D0) and as the first 
excited state (D1) and can therefore over-
come the theoretical efficiency limit of 
traditional closed shell emitters.[7–16] Yet, 
the majority of luminescent radicals based 
on halogenated trityl or other triaryl radi-
cals exhibits photoluminescence quantum 
yield (PLQY) of less than 5%.[17–20] For 
example, TTM shows only weak PLQY 

of 3% and mediocre photostability. Interestingly, coupling of 
TTM to electron donor moieties improves the performance  
significantly. In such donor–acceptor systems the D1 state 
results from an electronic transition from the highest occupied 
molecular orbital (HOMO) of the donor molecule to the singly 
occupied molecular orbital (SOMO) of TTM.

The donor–acceptor design principle has been first  
introduced through N-carbazole (Cz) functionalized TTM 
(TTM-Cz).[19] With Cz as donor, TTM-Cz exhibits a PLQY 
of up to 53% in cyclohexane,[19] and could even be employed 
as a radical emitter in highly efficient organic light-emitting  
diodes.[7] In an attempt to further improve the PLQY and  
control the emission of TTM derivatives, the number of Cz 
units on TTM has been varied and different substituents have 
been introduced in the 3,6-position of Cz.[21,22] Besides Cz, also 
other substituents have been applied as donor moiety to the 
trityl motif. Many of the reported compounds exhibit reasonable 
quantum yields; however, the emission profile of all radicals 
reported so far remains in the red to deep-red spectrum.[11,23–27] 
For TTM-Cz functionalized with electron withdrawing nitriles 
in the 3,6 and 2,7-position of Cz, a hypsochromic shift of the 
photoluminescence into the green spectrum has been predicted 
using quantum mechanical calculations.[21,28] Yet, Cz-TTMs 

Doublet spin properties of organic open-shell luminophores evade the 
formation of dark triplet states, thus making radicals favorable emitters for 
next generation organic light-emitting diodes. However, their poor photosta-
bility and mediocre photoluminescence quantum yields (PLQYs) limit their 
application. In this work, two series of trityl radicals functionalized with one, 
two, and three 2,7-disubstituted carbazole units are presented. The authors 
either attach nitriles or bromines as electron-withdrawing 2,7-substituents. 
The resulting radical emitters exhibit outstanding optical properties. The 
electron-withdrawing properties of the substituents lead to a blue-shift of 
the emission, indicating a starting point for future emission engineering 
into the green spectrum. Due to the 2,7-substitution of the carbazole moiety, 
the radical emitters are sterically more hindered than the commonly used 
3,6-substituted carbazoles. This steric hindrance reduces non-radiative decay 
pathways in the molecules, enhancing photostability and pushing PLQYs up 
to 87%. Quantum mechanical calculations elucidate the influence of the elec-
tron withdrawing substituents on the optical performance of the open-shell 
molecules. The authors also show that intensity borrowing from higher lying 
locally excited states contributes to these exceptionally high PLQYs.
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1. Introduction

Stable organic radicals exhibit unique magnetic and elec-
tronic properties, rendering these open-shell molecules highly 
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with electron withdrawing groups in the 2,7-position have not 
been synthesized to date. Empirical characterization of such 
compounds would enable their utilization in optoelectronic 
devices, provided the theoretical predictions are correct.

Here, we synthesize TTMs that carry one, two, and three 
2,7-functionalized Cz donor groups, with electron withdrawing 
nitrile and bromide moieties. We obtain high PLQYs of up to 
87% in solution, which is amongst the highest values reported 
for radical dyes so far.[29] In contrast to previous theoretical  
calculations, we observe emission in the red spectrum with 
only a slight hypsochromic shift for the nitrile substituted Cz 
derivatives. To better understand the high PLQY for some of 
our radicals, we support our experimental results with quantum 
mechanical calculations.

2. Results and Discussion

2.1. Synthesis of 2,7-Functionalized Cz-TTMs

To scrutinize the predicted hypsochromic shift and green emis-
sion in a TTM-based radical,[30] we first couple TTM to carba-
zole-2,7-dinitrile in analogy to literature-known protocols for 
TTM-Cz (see Experimental Section, Supporting Information 
for details).[21,31] Since the final CN coupling step is a poorly 
controlled radical reaction, we obtain all mono-, di-, as well 
as trifunctional closed shell HTTM-(CzCN2)n congeners with  
n = 1–3 (see Figure 1). In the same way, we synthesize 2,7-dibro-
mocarbazole substituted HTTMs, where the bromides also 
function as weakly electron-withdrawing substituents (HTTM-
(CzBr2)1–3). In the future, these brominated compounds might 
also be of interest as building blocks for subsequent CC cross-
coupling reactions to form polyradicals or networks.

The three congeners of the respective dibromo HTTM-
(CzBr2)n or dinitrile substituted carbazole HTTM-(CzCN2)n can 
be easily separated by column chromatography. The respective 
radical compounds are produced through the typical deproto-
nation and oxidation reactions using Bu4NOH and tetrachloro-
p-benzoquinone, respectively (see Figure 1).[21]

Successful synthesis of the radicals is confirmed by electron par-
amagnetic resonance, where only one signal is found, ruling out 
hyperfine coupling with the Cz-nitrogens and implying a locali-
zation of the unpaired electron on the TTM unit (see Figure S1,  
Supporting Information).[21] This observation is further corrobo-
rated by DFT calculations, where the SOMO of all radicals is 
located on the TTM (see Figure S5, Supporting Information).

2.2. Absorption and Emission Spectra

All TTM-(CzBr2)n and TTM-(CzCN2)n radicals exhibit four dis-
tinct bands in their UV–vis absorption spectra (see Figure 2a).  
The strong signal between 290 and 310  nm derives from  
isolated absorption of the Cz unit, while the signal at 370 nm is 
typical for the π → π* transition of the TTM moiety.[22] As the 
ratio of substituted Cz to TTM varies among samples, we nor-
malize the UV–vis spectra to this π → π* transition to be able 
to compare the spectra within each congeneric family. A third 
signal is found around 440  nm, which includes contribution 
by the Cz units.[22] The focus lies on the weak signal between 
550 and 600 nm (see inset of Figure 2a). This signal is typically 
caused by the formerly mentioned charge transfer (CT) state 
in donor–acceptor structured radicals, with the hole residing 
on the Cz and the electron on the TTM motif. The electronic 
transition associated with this signal is also responsible for the 
characteristic red emission of the radical dyes.

Adv. Optical Mater. 2022, 10, 2102101

Figure 1. Reaction scheme of the coupling between 2,7-disubstituted Cz and TTM and the subsequent radical formation of the mono-, bi-, and trisub-
stituted Cz-based TTM radicals. Reagents and conditions: a) Cs2CO3, DMF, stirring and refluxed for 17−21 h at 160 °C; b) Bu4NOH, anhydrous THF, 
stirring for 2 h at room temperature, addition of tetrachloro-p-benzoquinone, stirring for 1 h.
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Because of the better donor character—due to less electron-
withdrawing strength of the bromines versus nitriles—the CT 
state absorption of the TTM-(CzBr2)n series is found at lower 
energies than for the TTM-(CzCN2)n series (see Figure  2b). 
Both congeneric series are hypsochromically shifted in absorp-
tion compared to the non-substituted TTM-Czn.[22] This shift to 
higher energies can be understood by consideration of the weak-
ened electron donor character of Cz, due to the electron-with-
drawing −I-effect of halides and pseudohalides, such as nitriles.

As expected, we observe a bathochromic shift for an 
increasing number of Cz functionalization, owing to an 
enhanced conjugated system. The intensity of this transition 
rises simultaneously with the degree of Cz-functionalization 
from n = 1–3 (see inset Figure 2a). Interestingly, the absorption 
in the TTM-(CzBr2)n series appears to be stronger than in the 
TTM-(CzCN2)n series, indicating a higher oscillator strength f 
for this transition in the TTM-(CzBr2)n series.

In general, all our radical congeners emit light in the red 
spectrum between 589 and 636  nm. Both, mono-substituted 
TTM-(CzCN2)1 and TTM-(CzBr2)1 exhibit fluorescence at lower 

wavelengths compared to their 3,6-substituted counterparts;[21] 
however, not as far in the green spectrum as predicted (for TTM-
(CzCN2)1: theoretical λ = 562 nm[28] versus observed λ = 589 nm 
in chloroform). Still, TTM-(CzCN2)1 exhibits emission at the 
lowest wavelength ever reported for a Cz-functionalized TTM.

The emission of our TTM-(CzCN2)n series is blue-shifted 
compared to non-substituted TTM-Czn. However surprisingly, 
TTM-(CzBr2)n emits red-shifted compared to the TTM-Czn  
(see Figure 2b).[22] We explain this by the +M-effect of bromides, 
which stabilizes the donor character of Cz once the CT state is 
reached and an electron has been transferred from the Cz unit 
to the TTM unit. This stabilization leads to a red-shift in emis-
sion, while this +M-effect is unknown for nitriles, rationalizing 
the blue-shifted emission of TTM-(CzCN2)n versus TTM-Czn.

The TTM-(CzBr2)n series exhibits greater PLQY than 
the TTM-(CzCN2)n series, with TTM-(CzBr2)2 exhibiting  
the highest PLQY of 87% in toluene (see Table 1). This is 
the highest quantum yield in solution reported so far for 
N-carbazole substituted TTM radicals, exceeding the PLQY of 
54% for the corresponding TTM-Cz2 by far.[22]

Adv. Optical Mater. 2022, 10, 2102101

Figure 2. Optical characterization of the TTM-(CzCN2)n (n  = 1: turquoise, n  =  2: cyan, n  = 3: blue) and TTM-(CzBr2)n (n  =1: orange, n  =  2: red,  
n = 3: maroon) series. a) Normalized UV–vis (dashed lines) and photoluminescence spectra (straight lines) in chloroform. The inset shows a zoom-
in on the charge transfer transition within the absorption spectra in chloroform. b) Comparison of the emission wavelength maxima of the TTM-
(CzCN2)n (blue) and TTM-(CzBr2)n (red) series with TTM-Czn (gray) in chloroform solution. c) Fluorescence decay of TTM-(CzCN2)n and TTM-(CzBr2)n 
radicals in degassed toluene solutions (1 mm) under irradiation using a 355 nm pulsed laser (pulse width: 7 ns, frequency: 10 Hz, energy density:  
2.87 ×·105 μJ cm−2). d) Lippert–Mataga plot of the TTM-(CzCN2)n and TTM-(CzBr2)n series. The Stokes shift is plotted against the orientational polariz-
ability of the solvent. The dipole moment of the excited state determined by a linear fit is given in D.
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2.3. Photoluminescence Decay and Stability

We use transient photoluminescence spectroscopy to deter-
mine the fluorescence decay rates. All congeners exhibit mono-
exponential decay (see Figure S2, Supporting Information). The 
rate constants can be easily calculated from the exponential 
fit of the decay curve and the determined PLQY. The lifetimes  
τ of the Cz-substituted radicals are longer compared to  
non-functionalized TTM (see Table  1). Excited states with CT 
character are known to exhibit long fluorescence lifetimes τ 
compared to the emission from locally excited (LE) states in 
unsubstituted TTM.[32] The nitrile substituted derivatives exhibit 
shorter lifetimes than the bromine substituted congeners, indi-
cating a less pronounced CT character for TTM-(CzCN2)n.

Because of the spatial separation of the participating 
orbitals in CT states, non-radiative pathways, such as vibronic  
coupling and internal conversion, are strongly impeded.[33] The 
non-radiative decay rate constants knr are significantly lower 
for TTM-(CzBr2)n compared to the nitrile derivatives, further  
corroborating their increased CT character (see Table 1).

Interestingly, the non-radiative decay rate constants knr 
also decrease with increasing functionalization (see Table  1). 
This effect is explained by greater steric hindrance caused by 
the 2,7-substitution of the carbazoles, which reduces vibronic 
coupling and internal conversion, therefore leading to excep-
tionally high PLQYs for our multi-functionalized open-shell 
molecules. We hypothesize that the steric hindrance increases 
for 2,7-substitution compared to the common 3,6-substitution, 
thus leading to improved PLQYs.

High photostability is another requirement for future appli-
cations of radical emitters. To test the photostability, we submit 
our molecules as 1 mm solutions in degassed toluene to pulsed 
laser irradiation (≈0.3  J cm−2) and measure the deterioration 
in photoluminescence intensity as a proxy for their degrada-
tion (see Figure 2c). All our synthesized radicals exhibit better  
photostability than unsubstituted TTM. Photo-degradation 
in TTM radicals is believed to be a single photon process and 
typically proceeds via H-abstraction from hydrogen-donating 
solvents or cyclization of the chlorinated phenyl rings in 
TTM, which requires their planarization.[18] This planariza-
tion is inhibited by increasing functionalization with sterically 
demanding Cz moieties. The TTM-(CzBr2)n series is even more 

stable than TTM-(CzCN2)n, probably due to the increased CT 
nature of the excited states.[18,34] TTM-(CzBr2)3 is the most 
stable compound of our studies, which exhibits a 600-fold 
increase in photostability compared to TTM (see Table 1).

2.4. Solvatochromism of Open-Shell Molecules

Comparing the emission in solvents of different polarity gives 
more information about the electronic structure of the excited 
state. As expected, the absorption spectra of our molecules 
remain unaffected by the changing polarity of the environment, 
due to the neutral nature of the ground state (see Figure S3, 
Table S2, Supporting Information). By contrast, the emission 
is strongly influenced by the solvent polarity when the excited 
state is a CT state, typically with a dipole moment of the excited 
state of μE > 10 D. For μE < 10 D the emission is considered to 
originate from a LE state, which is independent of the solvent 
polarity.[35] The correlation between the Stokes shift and the 
polarizability of the solvent is illustrated by a Lippert–Mataga 
plot (see Figure 2d). According to the Lippert–Mataga equation, 
μE can be calculated from the slope of the plot and the radius 
of the molecule (see detailed description in the Supporting 
Information).[36] For TTM-(CzCN2)n we derive μE = 5–7 D again 
corroborating their LE character, whereas the slopes of the 
TTM-(CzBr2)n series are steeper with μE = 9–11 D (see Figure 2d; 
Figure S3, Supporting Information). Here, the change in dipole 
moment is close to 10 D, so right at the theoretical threshold 
from a LE to a CT state. Therefore, it is assumed that the D1 
state for the TTM(CzBr2)n congeners is a hybridized local and 
CT (HLCT) excited state. These assumptions are in line with 
the fluorescence lifetimes discussed above; however, emis-
sion from LE or HLCT excited states are so far unknown for  
Cz-functionalized TTMs. Therefore, we will verify our assump-
tion by quantum mechanical calculations.

2.5. Quantum Mechanical Calculations

We conduct unrestricted Kohn–Sham density functional theory 
(UDFT) calculations. For the ground state geometry optimi-
zation we employ a uB3LYP functional with a 6-31+G** basis 

Adv. Optical Mater. 2022, 10, 2102101

Table 1. Photophysical parameters of TTM, and TTM-(CzCN2)n and TTM-(CzBr2)n compounds.

Compound PLQY [%]a) τ [ns]b) kr [106 s−1]c) knr [106 s−1]c) t1/2 [103 s]d) E1/2 [kJ cm−2]d)

TTM 3.1 5.9 5.2 163.7 0.01 0.02

TTM-(CzCN2)1 11.9 22.7 5.3 38.8 0.07 0.44

TTM-(CzCN2)2 20.7 26.7 7.8 29.7 0.18 1.48

TTM-(CzCN2)3 76.0 33.5 22.7 7.2 0.22 1.96

TTM-(CzBr2)1 41.3 35.7 11.6 16.5 1.66 4.76

TTM-(CzBr2)2 87.4 33.8 25.9 3.7 2.93 8.22

TTM-(CzBr2)3 83.5 32.7 25.6 5.1 5.90 16.6

a)PLQY is determined from measurements of toluene solution (c ≤ 0.5 mg mL−1) using an integrating sphere; b)Measured in oxygen-free toluene solution at room tem-
perature; c)Rate constants were calculated by PLQY = kr/(kr + knr) and τ = 1/(kr + knr); d)Photostability determined in 1 mm oxygen-free toluene solution under irradiation 
with a 355 nm pulsed laser (energy density: 2.87 × 102 mJ cm−2, pulse width: 7 ns, frequency: 10 Hz). t1/2 represents the irradiation time until half of the original intensity is 
reached. E1/2 indicates the total amount of energy (dose) that the sample is submitted to until reaching this half-value.
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set.[37–40] All further single-point calculations are performed at 
the ground-state geometry. Single point calculations are car-
ried out subsequently using the long-range corrected uLC-
ωPBE functional and the 6-31+G** basis set to increase the 
accuracy of the orbital energies.[41] uLC-ωPBE is supposed to 
deliver more accurate results for CT state molecules, compared 
to standard exchange-correlation functionals like B3LYP, since 
it takes long-range electron-electron exchange interactions into 
account and thus prevents underestimation of CT excitation 
energies.[42,43] The electronic properties of the excited-states are 
calculated by time-dependent DFT (TD-DFT) calculations with 
Tamm–Dancoff approximation (TDA).[41,44]

To assure ourselves that we employ a sufficient level of 
theory, we optimize the ground state geometries and calculate  
HOMO, SOMO, and lowest unoccpied molecular orbital 
(LUMO) energy levels, which correspond well with the absorp-
tion data (cf. Figures S4, S5, Supporting Information).[22] 
We then determine natural transition orbitals (NTOs) for 
the D0 → D1 transition to assess whether D1 is an LE or a CT 
state (see Figure 3). The NTOs of TTM-(CzCN2)n correlate 
well with the Lippert–Mataga plots, which showed only little  
solvent dependency (see Figure 2d). It can be clearly seen that 
for TTM-(CzCN2)1 and TTM-(CzCN2)2 the hole and electron 
are residing on the same part of the molecule, indicating LE 
behavior (see Figure 3). For the other molecules hole and elec-
tron do not completely share the same volume, which implies 
stronger CT character. Especially, in the bromide-functionalized 
TTM-(CzBr2)n series, the hole partly extends over the acceptor 
moiety, causing some overlap between hole and electron  
(see Figure 3). This spreading of the hole into the TTM structure 

is evoked by the electron-withdrawing character of the bro-
mides and produces HLCT states. These results correlate well 
with the Lippert–Mataga plots of lower dipole moment for the 
TTM-(CzCN2)n and higher dipole moment for TTM-(CzBr2)n 
(see Figure 2d). Therefore, it can be concluded that the electron 
withdrawing strength allows for fine tuning of the LE character 
of the D0  → D1 transition state in N-carbazole functionalized 
TTMs and therefore also for tuning of the PLQY (see Table 1).

Recent studies have explained high PLQYs of such radical  
emitters by hybridization of the D1 state with higher-lying 
LE states, which has also been referred to as intensity  
borrowing.[29,45] Hybridization of D1 with these high-energy 
LE states with high f causes an increase in transition dipole 
moment μD1 of the D1 state to the D0 ground state. We comply 
with previous reports and consider the energy states obtained 
in the D0 geometry for the intensity borrowing analysis.[29,45] 
For all our molecules, we obtain two high-energy LE states  
contributing to μD1 for each of our molecules (see Table 2). 
These two LEr1 and LEr2 hybridize with D1 and exhibit signifi-
cant transition dipole moment to the ground state, thereby 
improving the emission properties of the molecules. As a 
result, the TTM-(CzBr2)n series generally exhibits larger μD1 
compared to TTM-(CzCN2)n (see Table  2). This observation is 
in line with the general observation that TTM-(CzBr2)n delivers 
larger PLQY than the TTM-(CzCN2)n series (cf. Tables 1, 2).

Within each congener family, μD1 correlates well with the 
change in PLQY. μD1 is increasing with rising number of Cz 
substituents. Even the small difference in μD1 between TTM-
(CzBr2)2 and TTM-(CzBr2)3 reflects the almost identical PLQYs 
determined experimentally for these molecules (cf. Tables 1, 2).

Adv. Optical Mater. 2022, 10, 2102101

Figure 3. Illustration of calculated electron and hole NTOs of the D1 state in the TTM-(CzCN2)n and the TTM-(CzBr2)n series at the TD-DFT level with 
TDA, using an uLC-ωPBE functional.
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However, we believe that besides electronic reasons 
increased steric hindrance after 2,7-substitution also con-
tributes to the outstanding optical properties, thus enabling 
PLQYs that even exceed those of the common 3,6-substituted 
molecules. To provide evidence for our claim, the geo metries 
of 2,7- and 3,6-substituted molecules are compared in the 
ground and first excited states. For geometry optimization 
of the first excited state we employ TD-DFT calculations, 
using a uB3LYP functional with TDA and a 6-31+G** basis 
set. When we compare the dihedral angles between the Cz 
moiety and the directly connected phenyl ring of the TTM 
motif (see Figure S6, Supporting Information) in their the 
ground and excited states, we see larger changes in the dihe-
dral angles for the 3,6-substituted compared to the 2,7-sub-
stituted molecules (see Table S4, Supporting Information). 
This implies more non-radiative degrees of freedom for the 
D1 → D0 relaxation in the 3,6-substituted molecules. By con-
trast, 2,7-substitution produces a much smaller geometrical 
change for the D1  → D0 relaxation, due to increased steric 
demand of the 2,7-substitution especially in the bi- and  
trifunctionalized derivatives, therefore suppressing vibronic 
and increasing radiative relaxation. These results are in line 
with the outstanding PLQYs that are found for our bi- and 
trifunctionalized derivatives and support our hypothesis of 
increased PLQYs induced by steric demand of the 2,7-substi-
tuted Cz moieties.

3. Conclusions
We have successfully introduced two series of radical emitters, 
TTM-(CzCN2)n and TTM-(CzBr2)n, with outstanding optical 
properties. The high PLQY appear favorable for future studies 
as electroluminescent emitters. The introduction of stronger 
electron-withdrawing substituents might enable the develop-
ment of green or blue-emitting radicals. In the future, addi-
tional studies on intensity borrowing will become necessary 
for better understanding of the luminescence behavior in these 
radical emitters.
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