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A R T I C L E  I N F O   

Keywords: 
Fluorophore 
Delayed fluorescence 
Organophosphorus 

A B S T R A C T   

A series of six organophosphorus emitters featuring phosphinate and phosphinic acid groups as electron- 
accepting moieties coupled to various arylamine-based donor groups has been synthesized and fully charac
terized. Their photophysical properties were extensively investigated and the structure property relationships 
were rationalized using TD-DFT calculations. This work demonstrates that a judicious choice of the P-substituent 
allows promoting or suppressing the thermally activated delayed fluorescence (TADF). This investigation also 
offers interesting perspectives toward the preparation of stimuli-responsive TADF derivatives.   

1. Introduction 

Thermally activated delayed fluorescence (TADF) is a photophysical 
phenomenon observed in compounds displaying a small singlet–triplet 
energy gap (ΔEST). This characteristic allows triplet excitons to convert 
back to singlet ones through reverse intersystem crossing (RISC) [1]. 
Adachi et al. successfully used TADF emitters to surpass the 5 % theo
retical limit of fluorescent Organic Light-Emitting Diodes (OLEDs) [2]. 
Nowadays, TADF materials have gained considerable attention, and 
numerous examples of TADF-based OLEDs display External Quantum 
Efficiency (EQE) above 30 % [3–8]. Additionally, the relatively long 
luminescence lifetime of these emitters, due to the involvement of triplet 
states, provide advantages for other applications, such as 
organo-photo-catalysis and photodynamic therapy [9,10]. One 
approach to achieve TADF is to design Donor-Acceptor (D-A) systems 
where the Highest Occupied Molecular Orbital (HOMO) and Lowest 
Unoccupied Molecular Orbital (LUMO) are spatially separated, the small 
overlap leading to trifling ΔEST [11]. Currently, there is a wide variety of 
donor groups available for building TADF emitters, while the number of 
acceptor groups is comparatively limited [12]. Among the acceptors, the 
phosphine oxide moiety is one of them [13], as its intrinsic tetrahedral 
geometry associated with the presence of electronegative O-atom makes 
it particularly suitable for designing TADF emitters. This specific 

geometry favors high triplet energy by inhibiting the conjugation be
tween different substituents of the P-atom. Furthermore, such geometry 
efficiently prevents π-π stacking and can be used to introduce significant 
steric constraints. These characteristics limit non-radiative pathways in 
the solid-state, resulting in an overall improved Photoluminescence 
Quantum Yield (PLQY). However, the field of organophosphorus 
chemistry offers an almost unlimited array of variations of the phos
phine oxide moiety. Until now, only the P(=O)-Ph group has been 
employed in the TADF line of research. Increasing the variety of 
accepting units to build TADF compounds is essential to develop new 
TADF emitters and expand the scope of applications for example in 
biophotonic (if used in photodynamic therapy for example) or to 
develop novel hybrid material for example for application in 
photocatalysis. 

To address this issue, we started from a phosphine oxide scaffold 
known in the literature for its TADF properties (A and B), and we 
designed a full family of emitters by varying the phosphorous environ
ment (Fig. 1) [14–20]. Instead of the P(=O)Ph group, we substituted it 
with methylphosphinate (POOMe) or phosphinic acid(POOH) and 
explored the photophysics of the resulting compounds. In this article, we 
present the synthesis of six novel emitters and conduct a comprehensive 
physico-chemical characterization using a combined 
experimental-theoretical approach, with a particular emphasis on the 

* Corresponding author. 
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optical properties. In particular, we show that the TADF behavior of the 
compound can be modulated and even turned off depending on the 
P-environment. 

2. Synthesis 

All the phosphinic acid-based fluorophores 4–6 were successfully 
synthesized in high yields using a Pd-catalyzed approach developed by 
Botez et al. (Fig. 2)[21]. This synthetic pathway eliminates the need for 
halogeno-phosphines, making the synthesis safer and more environ
mentally friendly. All these compounds display limited solubility in most 
organic solvents. However, upon basic treatment with triethylamine, 
their triethylammonium salt display good solubility allowing their easy 
purification by silica gel chromatography. The phosphinic acid can be 
regenerated using hydrochloric acid. The corresponding phosphinates 
7–9 were also synthesized in good yield through N, 
N′-Dicyclohexylcarbodiimide (DCC) coupling with methanol(Fig. 2). All 
compounds were fully characterized by multinuclear NMR and mass 
spectrometry. Having in hands these compounds afford the possibility 
for a rational study of the impact of the P-environment on the photo
physical properties, including the TADF efficiencies. 

3. Optical properties 

The optical properties of compounds 4–9 were measured in diluted 
toluene solutions (C ≈ 10− 5 mol L− 1). First, the UV–visible absorption 
spectra of the entire family were investigated (Fig. 3). All compounds 
exhibit multiple absorption bands, mainly in the UV range. Compounds 
with the same electron-donating groups display very similar properties 
4, 6, 7 and 9 composed of DMAc or PXZ groups, display absorption 
spectra with two broad bands. The first band is intense (ε > 10 000 L 
mol− 1 cm− 1) with a maximum at ca. 290 nm and 324 nm for DMAc and 
PXZ respectively, associated with a π-π* transition located on the 
electron-donating groups. This band is followed by a weak shoulder (ε <
3000 L mol− 1 cm− 1) ranging from 340 to 390 nm for DMAc and 
360–420 nm for PXZ, associated with a charge transfer (CT) from 
DMAc/PXZ to the PO function. The same behavior is reported by Duan 
et al. for A-B emitters [14,15]. Emitters 5 and 8, containing tBu2Cbz 
groups, display absorption spectra with three bands characteristic of 
π-π* transitions located on the tBu2Cbz groups. No band with a pure CT 
state seems present in these two molecules (see also theoretical calcu
lations below). 

All derivatives are luminescent, and their emission spectra span from 
violet to blue-green. Emitters with tBu2Cbz groups emit at the most 
blueshifted wavelengths (λmax(5) = 390 nm and λmax(8) = 380 nm) due 
to the lack of marked CT character. Emitters containing DMAc groups 
display luminescence in the blue region: λmax(4) = 446 nm and λmax(7) 
= 428 nm, similar to their analog bearing a POPh group (compound A) 
[15]. Compound with PXZ groups exhibit blue-green emission: λmax(6) 
= 491 nm and λmax(9) = 475 nm, again rather similar to their POPh 
counterpart B [14]. Additionally, compound 9, featuring a POOH 

function, shows the most redshifted emission. Hence, the order of electro 
attracting power for the different PO functions seems to be: POPh ≈
POOMe < POOH. The photoluminescence quantum yields of all com
pounds were determined under both aerated and inert conditions to 
investigate any potential contribution of the triplet state in the radiative 
pathway. 

To gain deeper insights into the spectroscopic properties, DFT and 
TD-DFT calculations were carried out to understand the differences 
between 5 and 6 (see the ESI for details). In 5, the dihedral angles be
tween the phenyl ring attached to the P atom and the donor groups are 
ca. 50◦, allowing for a significant communication between the two 
moieties. Consequently, the resulting state shows a bright nature with a 
moderate yet significant CT character with the phosphorous acting as 
the acceptor (mostly in red in Fig. 4), the oscillator strength being large 
(f = 0.772 at TD-DFT level). Le Bahers’ CT model [22] predicts the 
transfer of 0.85 e over 1.61 Å, but the CT distance is likely slightly 
underestimated given the “V-shape” of the system. The second transition 
of 5 presents a rather similar nature, yet with a smaller oscillator 
strength. In 6 (Fig. 4), the uncoupling between the two donor units and 
the central accepting core creates two (nearly) degenerate and dark 
transitions, both of clear CT character, with a CT distance of ca. 2.94 Å. 

To have a general overview of the absorption spectra, we have 
simply convoluted the TD-DFT stick data obtained with a standard sol
vation model with a Gaussian broadening function of HWHM of 0.10 eV. 
As can be seen in Fig. S3., and unsurprisingly, the agreement with 
experiment is qualitative only. While the intense band of 5 above 300 
nm is reproduced, it is too blueshifted. Likewise, the less intense and 
higher-energy band of 6 is found, but the intensity of the redshifted peak 
corresponding to the CT (at ca. 335 nm in the calculations) is clearly 
strongly undershot. There are several reasons to this: i) the solvent 
model is not ideal for CT; ii) vibrational effects are neglected, which 
should greatly affect the lowest transitions of 6 due to Herzberg-Teller 
effects; and iii) TD-DFT is limited by the quality of the selected func
tional. In an effort to improve the simulations, we have determined 
vertical absorption and emission for the lowest transition accounting for 
state-specific solvent effects [23], and including coupled-cluster (CC2) 
corrections. Table S1 in the ESI provides the theoretically computed 
vertical transition wavelengths, as well as, the 0-0 energies. These en
ergies can be directly compared to experiment and theory return 3.29 eV 
for 5, corresponding to an absorption-emission crossing point at 376 nm, 
only slightly redshifted compared to experiment. Both the absorption 
and emission of 5 are associated to large oscillator strengths, consistent 
with the measurements. In contrast in 6, there is significant redshift of 
all computed values as compared to 5, in line with experiment. One also 
notices that the oscillator strengths associated to both absorption and 
emission are very small for 6, which indicates poorer absorptivity and 
radiative rate, respectively, again consistent with the experimental 
trends detailed in Table 1. 

Compounds 4, 6, 7, and 9 exhibit similar experimental quantum 
yields, ranging from 7 % to 13 %, under aerated conditions, whereas 
compounds 5 and 8 display higher quantum yields of 46 % and 47 %, 

Fig. 1. Structure of reported phosphine oxide based TADF emitters and compound studied in this article.  
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respectively. This disparity is attributed to the different nature of tran
sitions involved in fluorescence: for compounds 5 and 8, luminescence 
arises from a dipole-allowed π-π* transition with a limited CT character, 
whereas for compounds 4, 6, 7, and 9, the luminescence originates from 
an almost dark transition with a pure CT nature, associated with a very 
small oscillator strength (see Fig. 4). Moving from aerated to inert 
conditions leads to a remarkable increase in all quantum yields. While a 
slight rise is observed for compounds 5, 7, and 8, a much more 

significant increase is evident for compounds 4, 6, and 9. Remarkably, 
for compound 6, the quantum yield rises from 11 % to 67 %. This strong 
dependence on the presence of oxygen for emitters 4, 6, and 9 suggests 
the involvement of a triplet state in their luminescence. To gain deeper 
insights into these different responses, time-resolved spectroscopic 
studies have been conducted. 

Time-resolved spectroscopic studies have unveiled that emitters 4, 6, 
and 9 exhibit a long-lived emissive component ranging from 

Fig. 2. Synthetic access to 4–9 and their respective reaction yield.  

Fig. 3. Absorption and fluorescence spectra of emitters 4–9.  

Fig. 4. Structure (top) and electron density difference (EDD) plot (bottom) corresponding to the absorption of 5 and 6. The blue and red lobes correspond to decrease 
and increase of electron density, respectively. Oscillator strengths are indicated. Contour threshold 0.001 au. 
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microseconds to tens of microseconds (see Table 2 and Fig. S2). These 
long-lived components are coexisting with the prompt fluorescence of 
those emitters. For this reason, and by analogy with reported com
pounds A – B discussed above [14,15], this behavior has been ascribed 
to TADF. 

To understand the absence of TADF signatures in compounds 5, 7, 
and 8, we conducted an experimental determination of the ΔEST, Fig. S1. 
Emitters 5 and 8 possess a very large ΔEST (0.55 and 0.61 eV respec
tively). This is linked with the absence CT in absorption and explain why 
they do not display any TADF behaviour — the EDD of the lowest triplet 
of 5 is indeed localized (Fig. S6). Indeed, the Donor-Acceptor pairs 
tBu2Cbz/POOH and tBu2Cbz/POOMe are not electronically strong 
enough to induce TADF properties, at least on the geometries of the 
systems under investigation. In contrast, emitters 6 and 9 display a low 
ΔEST (0.15 and 0.20 eV respectively) consistent with a clear CT char
acter. The PXZ group is the strongest donor in the series, leading both 
emitters to display TADF behaviour. It is also noteworthy that the 
electron-attracting effect of the POOH group, stronger than that of the 
POOMe group, results in a lower ΔEST. Emitters 4 and 7, which incor
porate DMAc groups, exhibit CT bands in absorption and possess the 
lowest ΔEST values in series (0.03 and 0.09 eV respectively). However, 
despite these low ΔEST values, only emitter 4 displays TADF properties. 

Such observations were corroborated by theoretical calculations. 
Indeed, on the S1 optimal geometry of 5, SCS-CC2/aug-cc-pVDZ returns 
two triplet states below the lowest singlet with respective ΔEST (of 0.41 
eV and 0.05 eV, the second one therefore showing a very small sepa
ration favorable for ISC, but not RISC and therefore not TADF. The value 
of 0.41 eV is reasonably fitting the experimental measurement of 0.55 
eV. In 6, theory foresees an almost perfect alignment between the lowest 
singlet and triplet states at 2.71 eV each, i.e., a negligible ΔEST, 
consistent with the small value measured experimentally (in a different 
environment, which can affect the conformation of the system). 

To elucidate these disparities, the photophysical rate constants 
involved in the TADF process have been calculated (Table 3, see details 
in the ESI). Emitter 6 exhibits more efficient ISC, DF, and RISC than 9. 
The constants kDF and kISC are up to 30 times higher, and kRISC is five 
times higher as well for emitter 6. Additionally, the D-A pair POPh-PXZ 
(emitter B) showcases emission wavelengths similar to the POOMe-PXZ 

pair (emitter 9). Therefore, these two donor-acceptor pairs could be 
considered electronically equivalent. However, their TADF rate con
stants differ significantly, with emitter B displaying notably higher 
values (particularly kISC) compared to emitter 9. The presence of the 
POPh group seems more suitable to provide TADF properties than the 
POOMe group, an analysis supported by the characteristics of emitters 4, 
7, and A. Both compounds 4 and B exhibit TADF properties, whereas 
compound 7, which contains a POOMe group, does not. This discrep
ancy suggests that the kISC constant of compound 7 is likely insufficient 
to induce delayed fluorescence. 

This study shows that modifying the P environment through for
mation of an alkyl phosphinate leaves intact the TADF character pre
viously observed on POPh analogs. This observation is of high interest as 
P-functionalization is frequently used for material structuration [24], or 
bioconjugation [25]. 

Among the P-modifications that can be easily perform on pi- 
conjugated phosphinic acids, deprotonation appear to strongly affect 
its optical properties [26]. Investigation of the spectroscopic properties 
of the anionic phosphinate derivatives of compounds 4, and 6 was thus 
conducted to check its impact on the TADF behavior of these systems 
(Fig. 5 and Fig. S3). Measurements were carried out in solution by dis
solving compounds 4 and 6 in a toluene solution containing triethyl
amine (1 % by volume). Under basic conditions, the absorption spectra 
of both 4 and 6 undergo significant changes (Fig. 5). For emitter 4 and 6, 
the broad band attributed to transitions centered on the arylamine re
mains unaltered, but the CT-related band disappears. The emissions of 4 
and 6 also shift towards the blue under basic conditions (Fig. 5). We 
underline that theory does not reproduce the fluorescence blueshift from 
neutral to deprotonated 6, see the SI, which we attribute to the difficulty 
of obtaining very accurate energies for anionic species with the selected 
protocol. In the case of compound 4, the emission maximum shifts from 
446 nm to 402 nm. As for compound 6, the emission maximum shifts 
from 491 nm to 433 nm. In other words, the deprotonation of the POOH 
group doesn’t influence the electron properties of the arylamine groups, 
but totally quench the bands with CT characteristics. This is attributed to 
the transformation from an electron acceptor to an electron donor group 
while switching from POOH to a POO− function. Indeed, TD-DFT 
confirm that the deprotonated form of 6 displays large twist angles 
and nearly-degenerated transitions as the parent compounds, but these 
transitions have now a purely local character, as the PO2

− group cannot 
act as an acceptor moiety (Fig. S4). For emitters 4 and 6, the CT tran
sition is responsible for their fluorescent and delayed fluorescent prop
erties, which are also modified under basic conditions. Consequently, 
emitters 4 and 6 lose their TADF properties under basic conditions. 
Indeed, the luminescence decay only shows prompt fluorescence with 
similar lifetime (τ ~ 2.5 ns) and PLQY (0.07 vs 0.08) in presence and in 
absence of oxygen (Fig. S4). SCS-CC2 calculations confirm that in the 
deprotonated form of 6, there is only one triplet below the singlet state, 
but with a large gap of − 0.57 eV. 

Thus, emitters 4 and 6 display a very peculiar behaviour of switch
able fluorescence/delayed fluorescence properties trigger by pH. Such 
property can be of high interest to design stimuli responsive systems. 

4. Conclusion 

A new series of organophosphorus emitters 4–9 featuring phosphi
nate and phosphinic acid groups as electron-accepting moieties coupled 
to various arylamine-based donor groups has been synthesized. Notably, 
these derivatives were prepared without the use of toxic halogen
ophosphines. In total, six novel compounds were obtained a fully 
characterized, and their photophysical properties were extensively 
investigated and the structure property relationships were rationalized. 
This work demonstrates that a judicious choice of the P-substituent 
(POOH, POPh, POOMe, and POO− functionalities) allows to preserve or 
totally suppress the TADF. This study paves the way toward the prepa
ration of novel stimuli-responsive TADF derivatives [27–29] and their 

Table 1 
Optical properties of emitters 4–9 in toluene.  

Cpd λmaxabs 
(nm) 

ε (L.mol− 1. 
cm− 1) 

λmaxem 
(nm) 

ΦPL(A) aerated 
(±10 %) 

ΦPL(A) inert 
(±10 %) 

4 290, 350 32 000, 
2000 

446 0.13a 0.30a 

5 298 26 000 390 0.46b 0.53b 

6 324, 380 11 000, 
3000 

491 0.11a 0.67a 

7 290, 350 32 000, 
2000 

428 0.12a 0.20a 

8 298 24 000 380 0.47b 0.53b 

9 324, 380 12 000, 
3000 

475 0.07a 0.33a  

a Absolute quantum yield. 
b PLQY determined relative to quinine sulfate. 

Table 2 
Fluorescence and delayed fluorescence lifetimes of emitters 4–9 in toluene. 
Estimation of their E(S1), E(T1) et ΔEST.   

τPF (ns) τDF (μs) E(S1) (eV) E(T1) (eV) ΔEST (eV) 

4 16.2 2.5 3.15 3.12 0.03 
5 4.7 – 3.52 2.97 0.55 
6 24.8 12.4 2.88 2.73 0.15 
7 8.7 – 3.21 3.12 0.09 
8 4.0 – 3.59 2.99 0.61 
9 20.9 52.8 2.94 2.74 0.20  
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use for new developments in optoelectronics, in biophotonics or 
catalysis. 
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