Hybridized Local and Charge Transfer Modulated Triplet Decay Brightens

Ultra-Long Circularly Polarized Afterglow and Chiral Diradical Activity
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ABSTRACT: The design and construction of chiral
phosphors with significant long-lived triplet exciton
decay have received great attention because of their
prospective applications in ultra-long circularly
polarized room-temperature phosphorescence (CP-
RTP) for chiral optics. However, the practical
utilization of pure organics as triplet incubators is
often hindered by their spin-forbidden transition.
Therefore, it is a substantial challenge for the
developments of organic-derived CP-RTP emitters
with both long lifetimes and asymmetry factors.
Herein, via precisely manipulating hybridized local
and charge transfer (HLCT) and multiple n—-nt* effects,
we report the first P,N-embedded tactic to construct
the BINAP-derived emitters, which show tunable
circularly polarized luminescence (CPL) with high
photoluminescence quantum efficiency (up to 95%),
|gwm| values (1.2 to 6.2 x 107%), and ultra-long RTP with
remarkable lifetime as long as 448 ms in the
polymethyl methacrylate. Experiments and quantum
chemistry simulations unveil that the above-
mentioned triplet decay is derived from tunable HLCT
and a balanced electric-magnetic dipole moment
environment. Moreover, the synergetic enhancement
of chemical and configurational stability enables
stable chiral diradicals with a high diradical character
(vo=0.953) and Near-Infrared Ray (NIR) optical activity.
This work provides important clues for CP-RTP
phosphors and chiral diradical materials from
phosphine chemistry.

INTRODUCTION
Designing and constructing novel chiral luminophores with
triplet exciton populations are stepping-stones for chiral
photo-electro-magnetic materials, such as circularly
polarized organic light-emitting diodes (CP-OLEDs),'®
ultra-long CP-RTP,”!" chirality-induced spin electronics,'?
and triplet photosensitizers.'> Among the available emissive
building precursors for constructing desired CPL, binaphthyl
derivates have attracted tremendous attention over the past
decades because of their remarkable structural diversity as
well as high stereochemical stability (Figure 1la).%!*"
However, triplet population and utilization by exclusive
binaphthyl-derived molecules are particularly unsatisfying
for single-molecular CP-RTP because of limited spin-
flipping via the !m—m*—3n—m* conversion during the
intersystem crossing process (ISC).>!%18

In this background, constructing donor-acceptor (D—A)
molecular knots has been utilized to establish the prominent

electron-hole pair separation and a small single-triplet energy
gap (AEst < 0.3 eV), leading to the additional intermolecular
charge transfer (ICT) and dominant !CT«>*CT shuttling.'*?°
The higher ISC speed and small AEsr will enable the reverse
ISC (RISC) possibility for realizing thermally activated
delayed fluorescence (TADF) instead of ultra-long RTP at
room temperature.”’’>> Despite all this, the inherent spin-
forbidden transition in the S,<»T, is still present because of
the small spin-orbit coupling coefficient ({sc) in most
organics.”*** Hence, the doping of heteroatoms (N, O, P, S,
B, Br, and 1)*% and heavy-atoms (Ir, Pt, Au, Cu et al)’*=2
has been proposed to realize effective (s on the basis of the
El-Sayed rule. The former heteroatom doping has dominance
in the balanced phosphorescent efficiency, RTP lifetime, and
low cost.

At present, many chiral-emitting blocks are still under
development. For instance, the D—A chiral emitters of
triazine/cyano-decorative carbazoles and B-N multiple
resonance structures have been widely explored in their
circularly polarized TADF (CP-TADF) activity in recent
years (Figure la)."® In this context, how to selectively
balance the emission decay, quantum efficiency, and
asymmetry factors has been the current research focus.”’*
Generally, superior luminescence efficiencies often
accompany deteriorated dissymmetry factors in CPL, which
is mainly caused by the near-vertical angle of electro-
magnetic dipole moment (f...) from unsatisfactory chiral
excited states. This physical connotation is quantified by the
formal of g = 4 |ue| X |ttm| / (e + |ttm*) * c0SOc-m, where the
Oe.m 1s crucial for the CPL optimization.®? Unfortunately, the
sophisticated TADF emitters are known to output both fast
ISC and RISC processes in the excited states at room
temperature due to predominant intramolecular !CT<*CT
progress, which do not apply to pursue long-lived triplet
resident and radiation for ultra-long CP-RTP. Therefore,
further exploration should be considered for the
phosphorescence emitters with CP-RTP in monocomponent
organics. 0

In the continuous advances, chiral multi-component
assembly and single-molecular tailoring tactics have received
great dedication in mechanism investigation and application
exploitation.”!”*? In fact, phosphine is a variable valency unit
for modulated electronic structures (Figure 1b).* Recently,
our team reported the selective ISC output in P,0-atoms
embedded SEGPHOS for CP-RTP in single crystals, but the
weak emission and RTP are annihilated in solution and
amorphous state at room temperature.”> Unfortunately, this
nonluminous disadvantage exists extensively in conventional
chiral phosphine ligands, where the molecular design is
considered from the catalytic perspective rather than
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Figure 1. Conceptual design of single-component CPL and RTP. (a) The well-known skeleton design of chiral D-A
emitters for CP-TADF. (b) P-atom embedded skeleton enables CPL or RTP. (c) Chemical structures of the CP-RTP active
BINAPs based on decorative carbazole and triphenylamines. Weak D-A emitters for the integration of both CP-RTP, CP-
TADF, and chiral diradicals. (d) SCXRD structure and structural characters of compound P3 (H-atoms are omitted for
clarity). Schematic illustration of a Jablonski diagram outlining the origin of possible triplet decay avenues from excited

states.

luminescent performance.??4>4¢ In commercial
bis(diphenylphosphino)-1,1'-binaphthyl (BINAP) ligands,
the orthotropic orientation and structural motion of two
naphthyl structures inhibit sufficient n—delocalization and
n—n* transition, which prevent the radiation probability to
emit visible light in solution.”” We suppose that the charge
transfer type could be switched from n—=n* to CT via
implanting the hybrid D—A moiety with huge steric hindrance
(Figure 1c). The extra heteroatom insertion and rigid structure
would boost the triplet local transition (*LE) and 3CT
population (i.e. *HLCT), facilitating both RTP and CPL in
any state. In view of the truth of similar valence electrons of
N and P elements, the integration of electron-riched aryl
phosphines and arylamines into one chiral knot would
incubate weaker D—A electron separation, producing a robust
HLCT and multiple SOC effects from lone-pair electrons on
the N and P atoms, respectively (Figure 1d).*”*® This
characteristic HLCT might induce an effective ISC and
controllable triplet decay through precisely manipulating
electron-donating strength and P-atom valence state.

On the other side, the study of open-shell chiral molecules
with multiple unpaired electrons on the nitrogen group
elements (e.g. N, P, et al) is important for spin materials and
radical catalysts.*” 5> For two unpaired electrons in one
structure, diradicals might exhibit a switchable spin between

high and low spin states, and thus, they are quite fascinating
in chiral spintronics and optics.”»* Nevertheless, two
unpaired single electrons in the whole system are quite
reactive. In general, the delocalized resonance will cause a
decreased diradical component. To improve their stability
and the diradical character yo, the steric protection and
delocalization reinforcement are established in the previous
works.>>® However, the chiral-associated reactivity and
opto-magnetic dichroism have not been well explored on
chiral ammonium and phosphonium radicals because of poor
stability (including stereochemistry). Up to now, only a few
chiral diradicals have been discussed by chemical oxidization,
which showed small diradical characters.>>

Based on the above-mentioned conception, we aim to
rebuild the electronic structures of traditional BINAP ligands
by creating D—A electronic knots with P and N-containing
components and large steric hindrance. Herein, we introduce
functional groups of N-phenylcarbazole (Cz) or
triphenylamine derivatives (TPAs) into BINAP at 7,7'-
positions, producing weaker D—A backbones. After facile
oxidation of tervalent phosphines, the stronger pentavalent
D—A emitters are facile established to enhance the CPL
luminance (Figures lc,d). These oxides display enhanced
CPL brightness and chemical stability due to the tunable D—A
feature. Consequently, the triplet exciton decay is highly
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Figure 2. Photophysical properties and frontier molecular orbitals of emitters. (a) UV-vis and PL spectra of six emitters
in DCM (Aex = 350 nm, 298 K, 10-> M). (b) PL spectra of PO2 in different solvents. (c) Time-resolved emission spectra
(TRPL) for their emission peaks (inserted image shows emission picture of PO2 in DCM). (d) CIE 1931 chromaticity
coordinates for six emitters in DCM. (e) HOMO and LUMO orbital distribution analysis and their calculated energy gaps

of AEu. (isovalue= 0.02 a.u.).

dependent on the HLCT components, where both enhanced
TPA donors and pentavalent phosphine oxide acceptors favor
the CPL with a remarkable PLQY up to 95% owning to strong
CT transition. However, the weak tervalent phosphine
emitters exhibit ultra-long CP-RTP via key 'HLCT—’LE
authorization. In this continue, single-electron oxidation of N
and P-atoms produces the chiral diradical ammoniums of
phosphine oxides. Moreover, their additional diradical
character and optical activity are disclosed synchronously.

RESULTS AND DISCUSSION

The synthesis and separation of target racemic P1-P3 is
achieved in multiple steps according to supporting
information (Figure S1).*>%! Racemic P1 and P2 could be
resolved into their enantiomers by HPLC on chiral stationary
phase columns (>99.5% purity, >98% ee, Figure S2).
Employing the H>O, oxidation, highly emissive PO1-PO3
emitters are obtained in equivalent yields. Their structures are
confirmed by NMR, HRMS, and SCXRD (see SI). The
SCXRD of (Rac)-P3 reveals a C>-symmetrical conformation
with an axially chiral dihedral angle of 75.7° and a large
NeseP distance 0f 9.40 A (Figure 2a). The (R) and (S)-isomers
of (Rac)-P3 are packed without obvious n— interactions due
to nonplanar geometry. After the chemical oxidation of P-
atoms, the reasonable D—A distance of NeeeP atoms is
established for 8.58 A according to the density functional
theory (DFT) simulation (Figure S3).

To reveal the strength of D—A nature, the photophysical
properties and electronic structures of six compounds are
studied by spectral measurements and DFT calculations
(Figures 2b—e, Table S3). P1-P3 show distinct UV-vis
absorption curves from 300 to 430 nm in DCM, where the
ICT bands are located at ~325 and 360 nm for P1 and P2/P3,

respectively. TPA-decorated derivatives P2 and P3 display
enhanced CT bands because of stronger donor strength,
which is in line with the oscillator strength (f) from time-
dependent density functional theory (TD-DFT) simulation
(0.177 for P1 to 0.441 for P3). Compared to ligands P1-P3,
their oxides PO1-PO3 exhibit a slightly blue-shifted
absorption but significant emission in DCM (Figure 2b). For
instance, the primitive P1 and P2 reveal a structureless
fluorescence emission at 427 and 482 nm (PLQY = 0.12,
63.1%), but PO1 and PO2 emit slight blue-shift light at 418
and 474 nm with boosted PLQY of 33.7 and 72.8%,
respectively (Figure 2b, Table S3). Additionally, the short
lifetime of emission is variated from 2.67 to 4.57 ns,
indicating typical singlet-dominant fluorescence decay at
room temperature for main peaks (Figure 2d). Similarly, the
enhanced CT effect of methoxyls on TPAs facilitates a near-
unity PLQY of 95.3% for PO3 in degassed DCM. The
emission of all oxidative emitters has obvious positive
solvatochromism behaviors as well (Figure S4). As shown in
Figures 2¢ and S15, the UV-vis spectrum of PO2 is almost
insensitive to the solvent type but the solvatochromic
emission changes from 428 (toluene) to 503 nm (MeCN). The
larger Stokes shifts of D—A pairs in polar solvents imply
structural relaxation of polar CT excited states (Figure 2c).
The stronger solvatochromic fluorescence is also observed in
P3/PO3 compared to P1, suggesting that the P1 emission is
HLCT-dominant character, while the emissive state of
P3/PO3 is better described as having CT feature (Figures S4,
S5). The TD-DFT results of P1 disclose the unambiguous
HLCT component on electron excitation analysis, where
HOMO electrons are equally located on 4-Cz and binaphthyl
cores but LUMO electrons are mostly situated on binaphthyls.
In addition, P1 displays small fingex value (0.034 A) and hole-
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Figure 3. Spectroscopic and quantum-chemical investigations of phosphorescence. (a) PL and delay PL spectra of P1 in
DCM at 77 K. (b) Excitation and emission spectra of P1 and PO1 in PMMA@PVP films at 298 K (0.5 wt%). (c) PL and
delay PL spectra of P1-P3 in PMMA@PVP films at 298 K. (d) TRPL spectra for four doped films at their corresponding
RTP peaks (lifetimes are revealed by bi-exponential fitting). (e) Representative photographs of ultra-long CP-RTP
observed in the emitter doped films at ambient conditions and cryogenic DCM solutions at 77 K. (f) TD-DFT calculated
energy diagrams and SOC coefficients (ésoc) for (R)-P1, (R)-P3, and (R)-PO1 at the So geometry. (g) PL intensity change
of peak of PO1 in PMMA with contiouns UV irradiation (inserted picture is afterglow of P1 and PO1 doped PMMA). (h)
Electron (yellow)-hole (blue) distribution analysis of So—S1 and So—T1/T4 transitions at the So geometry (isovalue:

0.002). (R)-isomer are used for spectral investigations.

electron centroids distance (Dingex = 1.82 A) but a large S,
function of 0.6097 a.u. (denotes overlap of electron and hole
over 60%), indicating imperfect CT in this weak D—A knot.®>
% However, HOMO and LUMO are gradually separated as
the enhanced D—A character from P1/PO1 to P3/PO3
(Figure 2e). These characteristics suggest that the emission
originates from the ICT excited state between the TPAs and
pentavalent phosphine oxide moieties (PO2 and PO3), which
is found to be in line with the TD-DFT calculation results and
solvatochromic fluorescence (Figures 2¢, S16—S18, Table
S3). In consideration of the duple P/N heteroatom effects in
these emitters, the phosphorescence spectra are measured in
DCM at 77 K. Expectantly, the intense afterglow of P1-P3
and their PO1-PO3 oxides is observed at 77 K, while their
low-temperature phosphorescence (LTP) lifetimes are ranged
from 783 to 898 ms (Figures 3e, S11-S12). P1 shows mixed
exciton emission the 77 K (video S1), which displays two
emission bands at ~400 nm (zmu = 4.85 ns) and 518 nm with
structured features (Figure 3a). The delayed LTP spectra
display the same 518 nm band with long decay of 857 ms,

suggesting hybrid singlet (S,) and triplet (T,) decay
characters at cryogenic solutions. Based on the fluorescence
and phosphorescence spectra onset of P1 at 77 K, the energy
gap between the lowest S| and T, excited states (AEs;-11) is
determined as large value of 0.83 eV, which is well matched
to the TD—DFT simulative value (0.86 eV, Figure 3f). This
nature of P1 endows the prerequisite of organic ultra-long
phosphorescence instead of TADF (Figure 3e, vide infra).
Importantly, O-atom insertion not only improves PLQY for
P1-P3 but also the photochemical stability in solvents
(Figure 3g, see last section),”® which could benefit from the
ICT effects and bonding saturation of P atoms (Table S4).5%-¢7

The population and preservation of the generated triplet
exciton stem from both suppressive nonradiative energy
dissipation and thermal vibration relaxation.> Thus, P1-P3
emitters are doped into polymethyl methacrylate (PMMA) or
mixed PMMA@Polyvinyl pyrrolidone (PVP) polymers to
enhance the molecular rigidity and isolate oxygen (details see
SI). As shown in Figures 3b—d, the doped film of P1-PMMA
emits an intense fluorescence peak at 410 nm with a short
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Figure 4. Chiral optical properties. (a-b) ECD spectra of P1, P2 enantiomers in DCM (10-* M, fracation 1 and 2 is (R)-
isomer and (S)-isomer, respectively). (c-f) CPL and gum spectra of P1, PO1, P2, and PO2 enantiomers in DCM (10-* M,
Aex = 340 nm). (g-h) Solvatochromic CPL and gum spectra of PO2 enantiomers in solvents (inserted picture shows TD-
DFT simulated transition electric-magnetic dipole moments and its fe-m angle during So—S1 transition for (R)-P02). (i)
Calculated electric (blue arrow, pe) and magnetic (red arrow, um) transition dipole moments at the B3LYP-D3/6-31G(d)
level for So—S1. (j) Chiroptical properties comparison of four emitters in this work.

decay of 8.58 ns and a tail at 523 nm with an ultra-long decay
of Tayg =269 ms (Figures 3d, S14a). Moreover, this RTP band
overlaps well with their LTP spectra (~520 nm),
demonstrating the same decay channel from monomers. After
further optimization of the polymer matrix, the P1-
PMMA@PVP film displays a similar phosphorescence band
but an extended lifetime of 448 ms, which could be related to
the elevated rigidity of the polymer frameworks (Figures
3d—e, S7, videos S2—S3).* Similarly, the RTP with a faster
decay has been observed in PO1 and P2 doped polymers, and
their RTP lifetimes are gradually decreased to 233 and 218
ms, respectively (Figure 3c, Table S3). This tendency is
supported by the additional O-atoms incorporation from
methoxyl and P=O units in PO2, P3, and PO3, where the
fluorescent quantum efficiency is boosted but weak afterglow
is indistinguishable by naked eyes observation (Figures S8,
S9, Table S3, video S4). With the high-resolutive
phosphorescence test with a short time-gate of 0.1 ms, the
weak RTP is recorded (Figure S6b). Time-resolved
photoluminescence (TRPL) spectra reveal the short RTP
lifetimes of a millisecond regime (Figures S14f, S14g). Their
afterglow is significantly shorter than that of the P1-doped
polymer, indicating a fast triplet decay speed of CT-driven
emitters. This phenomenon has also been noticed in donor-
fused Corannulenes by a recent Zysman-Colman’s work.?*
TD-DFT simulative results have been analyzed to
elucidate the phosphorescence decay mechanism. For the
So—S, transition of emitter P1, the 'LE transition is driven

by !m—m* in binaphthyl itself, and the weak 'CT originates
from the Cz donors and binaphthyl acceptor (Figures 2e, 3h).
The lone pair p-electrons of N-atoms have a prominent
HOMO occupation and transfer via the !CT channel during
the So—S; (H-L = 95.1%, f'= 0.177) transition (Table S5),
suggesting the 'HLCT behavior. Furthermore, the hole-
electron analysis documents of T, and T, states have an
exclusive LE character rather than *CT, in which the hole-
electron pairs are overlayed on the binaphthyl (Figures 3h,
S20). In contrast, the higher T3/T4/Ts states have dispersive
SLE (n—n* and 3n—n*) transition on both binaphthyl and Cz
units to promote the spin-flipping from HLCT-type Si,
following El-Sayed’s rule.>* In this condition, TD-DFT
profiles reveal a small spin-orbit coupling coefficient of
S1=T1 (Gsoef{S1—T1} = 0.02 cm™') but larger magnitudes of
S1—T25(0.14 t0 0.78 cm™!) and So—T) (4.8 cm™) (Figures 3f,
S20). According to those above-discussed identifications and
matched experimental energy gaps and emission energy
(*PAEsi-11 = 0. 83 eV, *PEr; = 2.40 eV, “E1; = 2.44 ¢V) in
P1, it is concluded that the RTP is originated from lowest T,
state via effective ISC in S;—T,.s and sufficient internal
conversion (IC) between T.s and T;. In a sharp contrast to P1,
the calculated results of P3 clarify a perfect singlet 'CT (from
TPAs to binaphthyl) process instead of 'HLCT of So—S;,
while the delocalization-reinforced *LE of S¢—Ti4 is
documented on phenyl bridges. Thus, the electron-hole
separation enables a smaller AEg;-11 value of 0.60 eV. The
degenerated AEsi-t34 shows a modest & addition of 0.26
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Figure 5. CPL and chiroptical activity of P1-P2 and [P02]2*2*[(SbF¢)2]%, respectively. (a-d) CPL and gum spectra of P1
and P2 enantiomers in doped PMMA (0.5 wt%). (e-f) ECD spectra and solution photographs of [P2]2:2+[(SbF¢)z]?%~ and
[PO2]%*2*[(SbFs)2]?- enantiomers in DCM at ambient conditions. (g) VT-ESR spectra of [P0O2]2°2+[(SbF¢)2]2-in dry DCM.
(h) Spin density population of (R)-[P02]22+ at UB3LYP-D3/6-31G(d) level.

cm™! and an energy gap of 0.16 eV, which allow a fast ISC
by the 'CT—’LE (S;—T)) transition. The subsequent IC
follows *HLCT to *n—n* progress (Figures 3, S9, S25, video
S4). These outcomes imply a crucial HLCT-governing triplet
decay for ultra-long RTP emission from weak D—A structures.
Overall, for the continuous reinforcement of D-A
competence, every sample follows the progressive alteration
of electron transition from 'HLCT (S)) to !CT (S)) as well as
SLE (T)) to *HLCT (T,) (Figures 3h, S20—S25), which might
cause the discrepant inheritance of spin state between SHLCT
(T4) and 3LE (rn—n*, T;) via IC. Noteworthy, the emitters
carry different donor substituents but show similar
phosphorescence bands (Figures 3c), indicating that triplet
decay should be derived from the common binaphthyl core.?
This hypothesis is also substantiated by the 3LE occupy of
binaphthyl. Thus, the existence of the *n—n* (T)) triplet is
essential for the long-lived RTP. The shoulder of the RTP
band is produced by the vibronic coupling of the triplet,
where the triplet excited state communication is present in the
D—A unit via HLCT.?*% As a consequence, the synergetic
incorporation of n—=n* from lone-pair electrons on P and N
atoms as well as HLCT states from weak D—A electronic
structures would facile regulate the ISC and IC process,
endowing the desired ultra-long RTP. However, the
immoderate reinforcement of D—A specialty will accelerate
the triplet decay rate via CT dominance,***% bringing higher
fluorescence PLQY but short lifetimes of CP-RTP (Figure
3g). Using different decay times and flexible manufacturing
potential of doped films for P1-P2, the distinct afterglow
films have been prepared by the drop-casting method (Figure
3e). Under the 365 nm light, the films document a strong blue
emission. After removing the UV flashlight, the sequential
yellow-green afterglow could be observed by the naked eyes
for a long time, up to 10 seconds for P1-PMMA@PVP
(videos S2—S4). In addition, this flexible film could be curled
and used under moist conditions for practical applications in
optical encryption (Figure S26).

To evaluate the P,N-synergy triggered chiroptical
performance of P1-P2 and PO1-PO2 enantiomers.
Electronic circular dichroism (ECD) and CPL spectra are
collected in different solvents. At first, the stereo-
conformation for chiral-HPLC separated isomers is
determined by comparing both experimental ECD and CPL
spectra with the ones calculated by the TD-DFT results
(Figure S28). The first fraction of chiral HPCL belongs to the
(R)-isomer and the second is the (S)-isomer. Similar to
solvent-insensitive UV-vis absorption, all ECD curves are
almost identical in variational solvents from toluene to MeCN
(Figures S15a—S15b). In DCM, the trivalent phosphines
(R)/(S)-P1 and (R)/(S)-P2 exhibit a similar ECD curve shape
from 250—450 nm except for red-shifted absorption and
exciton split spots (Figures 4a,b). The oxides of PO1 and
PO2 have slightly hypochromatic CD signals and higher
absorption dissymmetry factors (gus, Table S4). These gups
values manifest a maximum at the lowest-energy CT
absorption band, with a range of 3.4 to 9.6 x 103 in all
investigated compounds for (S)-configuration (Table S3),
suggesting effective chiral induction and expression in this
axially chiral D—A skeleton. The oxides have slightly larger
Zabs values, which are mainly caused by larger electric-
magnetic dipole moment angles (Figures 5i, S28—S30).
Remarkably, the stereochemic robustness of (R)-PO1 and
(R)-PO2 are elucidated according to chiral conformation
analysis by variable temperature ECD spectra. The ECD
spectra of compounds are unchanged after 180 °C heating for
3 hours, unmasking ultrahigh stereo conformation stability by
virtue of the robust hindrance (Figure S29).

The optical activity of excited states for enantiomeric P1,
P2, PO1, and PO2 was elucidated through CPL spectroscopy
(Figures 4c—f, 4j), revealing strong CPL with the large
luminescence dissymmetry factors (gum) ranging from ~3.4 x
1073 (P1) to 1.3 x 1073 (P2) in DCM, which are comparable
to other best emissive TADF emitters.'33% 7! However, the
excellent stereo conformation stability and solvatochromic
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CPL represent state-of-the-art performance.'® TD-DFT
calculations provide further physical insights into the ECD
absorption and excitation-emission processes of the ground
(So) and excited states (S1). For (R)-P1, the Sy—S; processes
balanced electron transition dipole moment (e = 3.76 x 107'8
esu cm), magnetic transition dipole moment (um = 8.05 X
102! erg/Gauss), large ue—um angle (Gem = 159.1°), and
Zabscay Of —8.0 x 1073, which are in agreement with
experimental results gaps.exp) = —6.5 X 107, Figures S28, S30).
Other compounds exhibit approximate geabscay levels for
So—S; transition (Figures S21, S32—S35). In this case, the
S1—So of (R)-P1 could inherit these equivalent transition
conditions (fe.m = 163.6°), which produces both robust
S(lum,exp) = 6.2 x 103 and Z(lum,cal) = 7.0 x 1073 for CPL in rigid
polymers (Figures Sa—b, S32, S37).

Importantly, the solvatochromic CPL has also been
explored for enantiomeric PO1 and PO2 emitters (Figures
4g—h, S31). In the polar solvents, the CPL becomes broad
emission and large Stokes shifts because the structural

reorganization occurs during the excitation-emission progress.

The case in point is (R)/(S)-PO1 emits deep-blue CPL with
negative and positive signals at 416 nm in nonpolar toluene
but 440 nm in polar MeCN (AAmax = ~25 nm). Their g;,» has
reached maximums of 5.0 x 1073 in toluene. In comparison
to (R)/(S)-PO1, (R)/(S)-PO2 have a stronger D—A character,
endowing a more significant solvatochromic CPL
wavelength change of Almax = 75 nm, which is among the
highest values for chiral D—A molecules.®””> Noteworthy, the
CPL performance of doped PMMA films displays an
equivalent |gpm| level (~1.2 to 6.2 x 107) in contrast to the
solutions but reserves high PLQY and ultra-long RTP due to
suppressive structural relaxation (Figures 5a—d, S31,
S36—S37). From a comparison perspective, in the pace of CT
enhancement and high PLQY, the g values and RTP lifetimes
suffer deterioration. Thus, PO1 holds balanced quantum
efficiency and ultra-long CP-RTP in all samples (Figure 4;).
In this work, via the implantation of nonplanar chiral
backbones and D—A moieties, we build sufficiently stable
diradicals with chiral genes. As shown in Figure 5f, the
neutral ($)-PO2 could be transformed into a diradical
ammonium  [(5)-PO2]*?*[(SbFs)2]** by adding excess
chemical oxidant of AgSbFs (Figure S38a). (5)-PO2 in DCM
is colorless under daylight but it changes into green after
chemical oxidation. UV—vis—IR absorption of the [(S)-
PO2]*?*[(SbFs)2]* solution exhibits a new absorption onset
at around 1100 nm and vibronic visible signatures (Figure
S38e). Using the same condition, (Rac)-PO3 is quantitatively
converted to [(Rac)-PO3]*?*[(SbFe)2]*, which shows
similar UV-vis—IR absorption efficacy to [(S)-
PO2]***[(SbFs)2]*” with half-life evaluation to be ~6 days via
electron spin resonance (ESR) monitoring in atmosphere
conditions (Figure S39). These results imply a remarkable
persistence for those above radical species. Unambiguously,
ESR analysis of radical products reveals the presence of
diradial characters. Specifically, the ESR of [(S)-
PO2]*?*[(SbFe)2]* exhibits a broad but intensive signal in
the |Am,| = 1 region. The half-field |[Am, = 2 region also
manifests a characteristic signal, which strongly supports a
diradicals affiliation (Figures S38b—S38d).3>* The broad and
weak ESR split also suggests weak interactions between two
radical ammoniums. Spin-unrestricted DFT calculation of
[($)-PO2]**" dication at UB3LYP-D3/6-31G(d) level
shows a large NeeeN distance (dnn = 14.47 A) since
coulombic repulsion of ammoniums. Spin density population

is partly delocalized on two TPAs and binaphthyl units to
increase the stability (Figure 5h). The diradical character yy
of [(S)-PO2]*?" is calculated to be 0.953 by Yamaguchi’s
scheme at the same UB3LYP—D3/6—31G(d) level (details see
SI), which surpasses the previous TPA-based chiral diradicals
(vo = 0.53, 0.64).°%7° Besides, the VT-ESR experiment is
executed to unveil the spin ground state in [(S)-
PO2)*?*[(SbFe)2]>". The IT intensities gradually decrease
with decreasing temperature from 160 to 95 K, corroborating
a singlet ground state of these diradicals (Figure 5g). The
Bleaney—Bowers equation fitting gives a small singlet-triplet
energy gap (AEs—r = —1.23 kcal mol™) of diradicals.”**
Expectant diradicals with chiral triplet ground state and
strong coupling effects are still in progress in our lab.
Benefiting from good chemical and stereoscopic
conformation stability of [(S)/(R)-PO2]*2*[(SbFs)2]*", their
chiral optical properties have been disclosed by ECD
measurements, which show remarkable circularly polarized
light absorption in the NIR region, as indicated by its
absorption anisotropy factor, |gus/= 2.6 x 107 at 920 nm
(Figure 5f). On the other hand, the trivalent phosphine of
(S)/(R)-P1 is chemically unstable in the presence of AgSbFs,
which could be gradually transformed into [(S)/(R)-
PO2]*?*[(SbFe)2]* in air. The in situ ECD monitoring of
oxidation for (S)/(R)-P1 system displays a very similar ECD
trace compared to [(S)/(R)-PO2]**[(SbFs)2]*~ (Figures 5Se,f),
implying mixed species of radicals from mono oxidation and
ultimate dioxidation of two P-atoms (Figure S42).

In fact, the single-electron transfer process of P-atom is
quite different by chemical oxidation and photoinduced
electron transfer (PET) of phosphines at ambient
conditions.”>#4® This feature is mainly related to the
oxytropic predilection and chelation of P-atom. Under air
conditions with continuous UV light irradiation, P1 is a
photodegradable skeleton in solution. The new broad PL band
is observed with a peak at ~613 nm, where the color of
emission is changed from blue to pink (Figures S43b, S43e¢).
Spectral and HRMS detection data manifest a cyclization
product from phosphonium radical species (Figures S43a-i).”
Recent research has uncovered that this molecular
restructuring is a common feature of photochromic
phosphines.”>*#¢ On the contrary, P1 is still stable in
protecting PMMA (Figure 3g).

Discussion

In summary, we have firstly validated the general concept
for designing ultra-long CP-RTP and stable chiral diradicals
via synchronous implantation of HLCT in P,N-doping
BINAPs. These tunable D—A emitters not only endow
controllable HLCT excited states to optimize the intersystem
crossing but also the chiral environment, facilitating the
solvatochromic CPL and ultra-long CP-RTP. Their triplet
decay speed and channel highly depend on the ICT strength,
which could be adjusted by altering the donors, together with
associated variable valency on the P-atom. Moreover, the
TPA diradicals are isolated by a chiral binaphthalene bridge,
which endows the high diradical character and NIR optical
activity because of high structural stability. Given the
diversity of BNIAPs and other phosphine ligand skeletons,
we believe this P,N-synergetic strategy would provide new
candidates for the development of efficient CPL emitters, and
chiral-driven spin materials from chiral phosphines and their
oxides.
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