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Tuning the charge transfer in A3-phosphinines

ABSTRACT: We report the substitution of A5-phosphinines (2,6-dicarbonitrile diphenyl-1-A%-phosphinine) with amino-group. The
impact of these modifications on both the optical and redox properties is investigated using a joint experimental/theoretical approach.
In particular, we show that the choice of the donor diphenyl-amino group dramatically impacts the nature of the charge transfer. The
use of di(methoxyphenyl)amine redshifts the optical properties and allows thermally activated delayed fluorescent in the solid-state.
Finally, we demonstrated that A-phosphinines with amino-group can be used as active emitter in an electroluminescent device.

In the field of n-conjugated P-heterocycles based functional
materials,! A°-phosphinines recently emerged as promising
fluorophores (Fig. 1). These compounds feature a phospha-
benzene with an internal phosphorus ylide bond.? Their poten-
tial for luminescence applications was demonstrated in the sem-
inal work of Muller et al.® Later, it was also shown that r-ex-
tended AS-phosphinines such A (Fig. 1) can be used as fluores-
cent emitters in Organic Light-Emitting Diodes (OLEDs).*
Hayashi et al. recently described an efficient synthesis of 2,6-
dicarbonitrile diphenyl-1-A*-Phosphinine (DCNP) based fluor-
ophore B (Fig. 1).° This organophosphorus scaffold is fully air
and moisture stable and highly fluorescent. Adachi et al. further
modified this building block to design efficient organic laser
dyes and OLED without efficiency roll-off.¢ However, no ther-
mally activated delayed fluorescence (TADF) properties have
been reported on these fluorophores to date.

TADF is a photophysical phenomenon characteristic of com-
pounds featuring a small singlet—triplet energy gap and signifi-
cant spin-orbit couplings (SOCs), allowing the triplet excitons
to be up-converted to singlets through reverse intersystem
crossing. Even if it is known for decades, it received a renewed
attention recently since Adachi et al. showed that TADF

emitters such 4CzIPN allows breaking the 5% theoretical limit
of fluorescent OLEDs.” Indeed, in TADF materials, both triplet
and singlet excitons can generate light yielding to a potential
Internal Quantum Efficiency (IQE) of 100%. The development
of novel TADF emitters remains a blooming research area. One
way to achieve TADF is to design Donor-Acceptor (D-A) sys-
tems in which the HOMO and LUMO are spatially separated,
for example upon ortho/meta substitution on a phenyl ring, like
in 4CzIPN.}
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Figure 1: Chemical structure of 4CzIPN, of reported AS5-
phosphinines A-B and of targeted structures C.

To obtain the first TADF A°-phosphinines, we decided to pre-
pare D-A systems by connecting electron rich amines directly
in meta position of the cyano groups in a structure reminiscent
of 4CzIPN (C, Fig. 1). In addition to the possibility of generat-
ing TADF, this structure affords an original platform to study
the impact of charge transfer (CT) in AS-phosphinines.

The fluorophore 2-5 were synthesized from the precursors
DCNP and 1 for which the synthesis protocols described
in the literature allow them to be obtained in good yields.>°
The amines were then introduced on 1 using Buchwald-
Hartwig coupling (Scheme 1). Fluorophores 2-5 were iso-
lated in low to moderate yields. All the derivatives were
fully characterized by multinuclear NMR, mass spectrom-
etry, and X-ray diffraction for 3.

Scheme 1: Synthesis of 2-5
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3 was characterized through X-ray (Fig. 2). 3 crystallizes in
the P 2i/c space group of the monoclinic system. The bond
lengths within the A°-phosphinine ring are classical and attest
the conjugated ylidic nature of the P-C bond (d = 1.75 A).° The
P-ring is globally planar (maximal deviation from the mean
plane: 0.07 A) and the N-cycle lies almost perpendicularly to it
(angle: 88°). Due to the bulkiness of the exocyclic P-Ph rings
and the N-cycle, no clear intermolecular interactions are ob-
served in the packing.

Figure 2: X-ray structure of 3. Hydrogen atoms are omitted for
clarity and thermal ellipsoids are set at 50% probability.

The electrochemical behavior of 2-5 was investigated by
cyclic voltammetry in dichloromethane solution. All com-
pounds display similar irreversible reduction wave charac-
teristic of the DCNP (Eeq = -2.17 V vs Fc+/Fc) (Table 1).
In agreement with Balijapalli et al, all para-substituted
DCNPs display two reversible oxidation waves (Fig. S2),°
the first corresponding to the oxidation of the electron rich
amino group, the second to the oxidation of the A%-phos-
phinine ring. The trend in the first oxidation potential
nicely follows the increasing donor strength in the 2, 3, 4,
5 series (Table 1). The evolution of the second oxidation is
not gradual with the increasing donor strength and is thus
more difficult to rationalize.

The optical properties of 2-5 were investigated in diluted
toluene solutions (c = 10°° mol.L?, Fig. 3 and Table 1). De-
spite the presence of electron-rich amino groups, 2-4 dis-
play similar visible absorption band as DCNP (455 nm <
Aabs < 465 nm, while Apcne = 458 nm, Table 1). This is
somehow unexpected as m-extension with electron rich
groups led to a redshift in the work of Hashimoto et al and
Balijapalli et al (B, Fig 1).>° This outcome, rationalized
by theory (see below), implies that the amino group is not
involved in the transition responsible for the absorption,
which is consistent with the neglectable solvatochromism
in absorption (Fig. S3-6). This observation is also con-
sistent with the X-ray structure of 3 showing a 90° angle
between the DCNP fragment and the amino-cycle. In 4,
one notes nevertheless a shoulder at ca. 520 nm (Fig. 3),
hinting at an extra weakly allowed absorption. In sharp
contrast, 5 presents a redshifted absorption band with a
lower extinction coefficient (Aaps= 529 nm, £ = 6000 L.Mol"
1.ecm1) making it the most redshifted A%- phosphinine de-
scribed to date. In 5, the redshifted absorption band sug-
gests the presence of CT between the diphenylamine donor
and the DCNP acceptor, which is corroborated by theoret-
ical calculations (vide infra). All compounds also show lu-
minescence in the visible with a redshift compared to
DCNP (Aem = 491 nm). Indeed, a gradual bathochromic
displacement is observed in the series 2-3-4-5, in agree-
ment with the increasing donor strength of the amine. This
observation comes with a parallel decrease in lumines-
cence quantum yields and the fluorescence lifetime, in
agreement with the energy gap law (Table 1). In contrast to
2 which displays no clear solvatochromism in emission



(Fig. S3), 5 undergoes positive solvato-fluorochromism, a
signature of CT (Fig S6). All compounds display lumines-
cence lifetime in the order of the ns (either in aerated or
degassed conditions), characteristic of pure fluorescence
emission (and thus not of TADF, see Table 1 and S2).
However, in the case of 5, the approximated experimental
Ast (< 0.2 eV, Fig S7) confirms Adachi’s observation of
DCNP having small singlet-triplet gap.5 Theoretical cal-
culations (in gas phase) confirms that only one triplet state
of 5 is accessible (Ast = 0.41 eV) with a corresponding
SOC of 0.27 cmtindicating possible, yet not optimal re-
verse intersystem crossing.

To get additional insights into the photophysical properties
of the dyes, we have relied on first-principle calculations,
and more precisely on the cLR?*PCM-wB97X-D/6-
311+G(2d,p) approach (details in SI).** The main theoreti-
cal results are collected in Table 2. For absorption of
DCNP, the lowest transition is strongly dipole-allowed and
involves the central six-membered ring only (Fig. 4). The
computed CT parameters indeed indicate a local transition
(Table 2). In both 2 and 3, for which the donor group is
orthogonal to the core of the compound in the ground state,
a similar picture emerges for absorption, consistent with
the experimental observations (Figs. 3 and 4). In contrast
in 4, the lowest transition is almost dark and presents a pure
CT character leading to a large electron-hole separation of
2.86 A. The main absorption band at 455 nm experimen-
tally in fact corresponds to the second excited state that pre-
sents a topology totally similar to the lowest one in DCNP,
2, and 3. The presence of this low-lying CT transition in 4
likely explains the tail at longer wavelength present in the
experimental absorption (Fig. 3). Eventually, in 5, the do-
nating group is not perpendicular to the phosphinine core,
and the two lowest transitions have significant CT charac-
ters, again consistent with the very different absorption
spectrum measured for that compound. Interestingly, the
lateral cyano substituents play a role in 4 and 5 while it is
neglectable in DCNP, 2 and 3. However, their presence is
crucial to the overall chemical stability of all derivatives,
in comparison with “classical” A3-phosphinines.*
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Figure 3: UV-vis absorption (up) and emission (down) of
DCNP, 2-5 in diluted toluene solutions (c= 10°M)

Interestingly, Table 2 shows that while the vertical absorp-
tion wavelengths computed for DNCP and 2-4 are highly
similar, their fluorescence counterparts strongly differ,
which totally fits the experimental trend (Table 1 and Fig.
3), and indicates a strong geometrical relaxation of the ex-
cited state in 2-4. Indeed, the orthogonality between the
amine and the phosphinine moieties is lost in the excited
state, which induces a significant local/CT mixed character
for the emitting state, consistent with their stronger solva-
tochromism than for absorption (Fig. S3-5). For a more
quantitative comparisons between theory and experiment,
we report in Table 2 the TD-DFT 0-0 energies. On average,
they are blueshifted by +0.28 eV as compared to the meas-
ured values, an error (at least partially) ascribable to the
selected exchange-correlation functional (see CC2 values
in Table S4). In the SI, we provide vibrationally-resolved
fluorescence spectra obtained with TD-DFT, but they un-
surprisingly show no peculiar shape (as their experimental
counterpart Fig. 3), though the agreement with experiment
is striking. More interesting are the computed radiative
rates listed in Table 2. The theoretical values range from



5.4 (DCNP) to 0.9 x 107 s (4), with the same order of
magnitude and ranking as in the experiment, clearly con-
firming that the emissive state has been correctly identified
by theory.

DCNP 2 4 5

Figure 4: Density difference plots. Navy blue and crimson
red lobes indicate decrease and increase of electron density
upon absorption, respectively. Contour threshold: 2 x 103
au.

Table 1: Measured optical and electrochemical data

Due to its peculiar behaviour, additional photophysical char-
acterization have been performed for 5 in solid state. While 5
does not fluoresce as pure powder or spin coated as pure ma-
terial on glass substrate, it shows luminescence when blended
in PMMA matrix (3% weight mass) (Aem= 680 nm, ¢ = 6%,
Fig. S8). It should be noted that in the same conditions, 4 does
not emit at all. More interestingly, in these conditions, at room
temperature, 5 presents both prompt and delayed fluorescence
components (ter = 11.2 ns and tor = 1.44 ps, Fig. S8). The
delayed fluorescence is longer at low temperature (tor-208«(5)
=1.59 ps) and the ®or/Der ratio decreases from 298K to 77K :
®@pr/Dpr(298K) = 1.99 et ®pr/®pr(77K) = 1.09.12 We checked
that the emission at 77K occurs at similar wavelength than at
rt (Fig. S8), thus ruling out the possibility of observing phos-
phorescence at low temperature. These observations indicate
that 5 presents TADF in PMMA matrix. Even if this effect
needs to be optimized, to our knowledge, 5 is thus the first
TADF A5-phosphinine.

Aaps” (NM) g? Aem® ¢?° Ao-o Eoo a kl0™ ko 1070 Ereq© Eoi1© Eoo€
(LMol'.em™) (mm) (%) (am) (eV) (ns, (%)) M (s (\%) W) )
DCNP 458 16 000 491 97 473 2.62 10.4 (100) 8.8 - 217 +0.82 X
2 465 11 000 575 62 521 238 18.9 (100) 33 2.0 2.08  +0.50¢  +0.88¢
3 465 12 000 582 28 513 242 12.8 (100) 22 5.6 2.06 +0.45¢  +0.70¢
4 455 13 000 618 2 535 232 4.9 (92); 14.2 (8) 0.4 17.5 202  +031¢  +0.86¢
5 529 6 000 694 11 620  2.00 6.9 (88); 14.0 (12) 1.4 11.4 2.10  +0.08¢  +0.46°

2In Toluene (10-°M). P Measured in calibrated integration sphere. ¢(c = 10" M) recorded in CH2Cl> with BusN*PFs(0.2 M) at a
scan rate of 200 mVs™*. Potentials vs Fc*/ Fc. 9 quasi-reversible process

Table 2: Main TD-DFT results computed in toluene: vertical absorption wavelength and corresponding oscillator strength,
CT parameters for absorption, fluorescence wavelengths, 0-0 energies and radiative rate constant (see the Sl for details).

Transition Mvert-abs(NM) DCT (A) " (e) Myert-fuo(TM) Eo0(eV) k. (107 s7)

DCNP So-S; 386 0.238 0.10 0.44 429 3.00 5.4

2 So-Si 386 0.201 0.21 0.46 499 2.68 2.8

3 So-S; 395 0.196 0.03 0.45 509 2.69 1.9

4 So-S; 446 0.000 2.86 1.22 551 251 0.9
So-S> 387 0.201 0.02 0.45 na na

5 So-S; 484 0.109 2.46 0.77 606 2.24 14
So-S> 348 0.070 2.07 0.64 na na

Given its satisfying thermal properties (Td:o = 353°C, Fig.
S12) associated with suitable redox properties and presence of
TADF emission in solid matrix, the electroluminescent proper-
ties of 5 were evaluated in a multi-layered OLED device (details
in SI). The use of various doping rates of 5 in either CBP (4,4'-
Bis(N-carbazolyl)-1,1'-biphenyl) or mCP (1,3-Bis(N-carba-
zolyl)benzene) matrices only led to low external quantum effi-
ciency (EQE) and brightness (EQE< 0.4%, B< 86 cd.m2, Table
S3). Such low emission originates from various factors. First,
the luminescence quantum yields of 5 in the matrix are low, e.g.,
it attains 10% only for 5 diluted in CBP (12% weight). In addi-
tion, in these conditions, no delayed fluorescence was detected
(Fig. S13). These results illustrate that the intermolecular inter-
actions with the matrix are key parameters to obtain TADF with
this A5-phosphinine. Such phenomenon has already been ob-
served with several other fluorophores, but remain poorly

understood in term of structure properties relationships.'3> How-
ever, these results remain promising as the OLED is very stable
and presents a brightness increasing until very high current den-
sities (300 mA.cm-2).

In this letter we report the substitution of 2,6-dicarbonitrile
diphenyl-1-A3-Phosphinine with diphenyl-amino donor group in
meta to the cyano substituents groups in a structure reminiscent
of 4CzIPN. Four new fluorophores were prepared and fully
characterized. Using a joint experimental and theoretical ap-
proach, we show that the optical properties depend on a com-
plex interplay between the amino-donor group and the A5-phos-
phinine acceptor. In particular, with di(methoxyphenyl)amine
we could redshift the optical properties of compound 5 and ob-
serve TADF in PMMA matrix. Finally, the redox and thermal
properties of 5 allowed to prepare stable OLED device, thus



paving the way toward molecular engineering of A5-phos-
phinines toward efficient TADF OLED devices.
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