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ABSTRACT: Molecular emitters that combine circularly polarized luminescence (CPL) and high radiative rate constants of the
triplet exciton decay are highly attractive for electroluminescent devices (OLEDs) or next generation photonic applications, such as
spintronics, quantum computing, cryptography or sensors. However, the design of such emitters is a major challenge because the
criteria for enhancing these two properties are mutually exclusive. In this contribution, we show that enantiomerically pure
[Cu(Cbz®)((S/R)-BINAP)] (R = H (1), 3,6-tBu (2)) are efficient TADF emitters with high radiative rate constants of krapr up to
3.1:10° s, and exceptional dissymmetry values of the emission gum of £0.7-102 in THF solution and £2.3-10% in the solid state are
observed. Importantly for application in electroluminescence devices, the efficiency of the TADF process and emission wavelengths
are highly sensitive to environmental hydrogen bonding of the ligands, which can be disrupted either by grinding of the crystalline
materials or by employing sterically bulky matrices. Accordingly, we have investigated various matrix materials for successful im-

plementation of the chiral copper(I) TADF emitters in proof-of-concept CP-OLEDs.

INTRODUCTION

The efficiency and further development of photonic applica-
tions such as OLEDs, data encryption, optical quantum technol-
ogies or quantum computing, would greatly benefit from the de-
velopment of emitter materials that can exhibit circularly polar-
ized luminescence (CPL).! Circular polarization (CP) of pho-
tons is analogous to the spin of electrons, with an associated
spin angular momentum quantum number J, = A, which trans-
lates into left- and right-handedness of the electromagnetic field
due to a phase shift between the electronic and magnetic field
vectors by +m/2.1%! Usually, molecular emitters generate light
with linear polarization along the direction of the electronic
transition dipole moment vector as their ensemble does not dis-
criminate between photons of different J,, i.e. in the collective,
light particles are undefined with respect to their CP and inter-
fere to give an “in-phase” electromagnetic wave.!*! With this
background, various classes of molecular luminophores have
been investigated to elucidate synthetic design criteria by fol-
lowing the idea, that the handedness of the emitted photons can
be connected to the chirality of the emitter itself, which should
provide a rotatory strength R for the electron density change
during the transition from the excited to the ground state.[*
Thus, the radiative decay requires a maximized magnetic tran-
sition dipole moment vector || ideally aligned (anti-)parallel
to the electronic transition dipole moment vector || for high
dissymmetry factors gium according to Eq. 1.5

4R __ 4lullm]|cos 6 (Eq. 1)
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The gium represents the degree of CPL achieved by the lumi-
nophore, with the maximum values of +2 describing emission
of photons of solely right- or left-handedness. Bearing in mind
that |fi| is typically several orders of magnitude larger than
|m|,[") the obvious drawback when achieving high gum values is
the precondition that |fi| must be relatively small, i.e. the emis-
sion process bears little oscillator strength and thus, as a side
effect, small radiative rate constant k;, which can be detrimental
for the quantum yield 4.!* It is important to note that high k, are
particularly important to minimize premature decomposition of
the emitters and undesired charge built-up in electrically driven
devices, where predominantly long-living triplet excitons are
harvested for formally spin-forbidden emission.”'!! In order to
solve this dilemma, a fine balance between |i| and |m]| for ef-
ficient and fast triplet exciton CPL must be adjusted.

Accordingly, transition metal complexes of, e.g., the 4d and
5d elements Ru", Ir'™ and Pt" as prototypical OLED emitters
have been studied with regard to their chiroptical properties, but
the large majority showed low gium < 3-107.['2! An exception is
a family of Pt complexes with chiral helicene-type ligands that
can give respectable dissymmetry values of 1.3-10? originating
from the molecular properties,'* while aggregation and for-
mation of chiral assemblies led to exceptionally high gm = -
6.4-102 for A as reported by Park et al. (Scheme 1).['Y Signifi-
cantly larger dissymmetry values can be obtained from metal-
centered (MC) states that are Laporte-forbidden, such as in chi-
ral Cr'" spin-flip complexes. Piguet et al. reported record gium of
+0.2 for B,["! and also Heinze and co-workers demonstrated
that the concept of u-forbidden/m-allowed MC transitions



works in C with a value of £0.1.' However, these formidable
values come at the price of low k < 10% s! similar to those of
electronic dipole forbidden f-f transitions in lanthanide com-
plexes, seriously limiting the value of these classes of chiral
emitters for application in devices.”'!) Reports on molecular
chiral emitters based on 3d transition metals are generally
scarce, but a series of menthone derived [CuX(CAAC)] (X =
halides, F (D), Cl (E), Br (F), I (G); CAAC = cyclic (al-
kyl)(amino)carbene) complexes has been reported to exhibit
low gum = £1-107.1'71 Some chiral aggregates and Cu' clusters
have been found to reach relatively high dissymmetry values of
up to £2-102, but such compounds are difficult to process for
applications.!®!
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Scheme 1. Comparison of selected classes of chiral emitters
with regard to their luminescence dissymmetry factors gium
and radiative rate constants k, of triplet exciton emission.

A different approach is to employ chiral thermally activated
delayed fluorescence (TADF) emitters that bypass the spin-for-
bidden phosphorescence from T by reverse intersystem-cross-
ing (rISC) and radiative decay from the S; state, of which the
small || necessary for CPL properties would still provide a
high k; of triplet exciton emission due to the spin-allowed nature
of the transition S;—S,. Various organic intrinsically chiral
TADF emitters have been studied in the past decade, in which
the dissymmetry is induced either by chiral moieties such as the
[2.2]paracyclophane motift!! or by axial chirality. Although the
axially chiral H BPPOACz described by Tu et al. gave remark-
able gum = 1.8:102, the vast majority of organic TADF com-
pounds remained at < 3-107.12%

Interestingly, transition metal derived TADF emitters that
add spin-orbit coupling (SOC), which can also influence || and
|m|, have not yet been studied with regard to their CPL proper-
ties. As part of our long-standing interest in developing struc-
ture-property relationships for efficient Cu'-based triplet and
TADF emitters,?!! we have now embarked on investigating the
influence of chiral ligand frameworks on the dissymmetry of
their electronic vertical transitions and application thereof. Spe-
cifically, we herein report on the design of enantiomerically
pure copper(I) TADF complexes by employing (S/R)-BINAP as
an acceptor unit and a carbazolate (Cbz) ligand as a donor to
access chiral ligand-to-ligand charge-transfer (LLCT) states,

that also benefit from the SOC of the metal center by additional
metal-to-ligand (ML)CT states. The TADF process of the re-
sulting compounds can reach k. of up to 3-10° s!, but is highly
dependent on the environment with respect to emission wave-
length Aem and 4, which we attribute to specific C—H- - -x inter-
actions with neighboring matrix molecules that can be disrupted
by grinding of the single crystals, leading to pronounced mech-
anochromic luminescence. Similar effects have previously been
described for other organometallic TADF emitters, but mostly
related to intramolecular geometrical changes.”” In our case,
the mechanism is significantly different and relevant for device
applications, as we demonstrate that using bulky or unpolar ma-
trix materials incapable of undergoing hydrogen bonding has an
enormous influence on the TADF performance. The chiral
structural motif indeed leads to high dissymmetry factors gum
of up to £7-107 in THF solution and £2.3-10 in the solid state,
and in combination with the high £, this new class of CP-TADF
compounds has been applied in CP-OLEDs.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The chiral
copper(I) complexes (S/R)-1 and (S/R)-2 have been prepared
by addition of (S)- or (R)-BINAP, respectively, to a suspension
of CuCl in THF and subsequent reaction of the intermediary
chloride complexes with KCbz® (Cbz = carbazolate, R = H,
fBu) (Scheme 2). The products were finally collected as yellow
crystalline materials in good to excellent yields of 41-86% by
slow diffusion of cyclohexane and n-pentane into saturated so-
lutions of either tetrahydrofuran (THF) or dichloromethane (see
ESI). The structures of compounds (S/R)-1 and (S/R)-2 ob-
tained by single-crystal X-ray diffraction studies are shown in

Figure 1.
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Scheme 2. Synthesis of enantiomerically pure

[Cu(CbzR)((S/R)-BINAP)| (R = H (1), Bu (2)).

Despite the trigonal coordination geometry, the Cu—P bond
lengths of the respective compounds are not identical and devi-
ate by ca. 0.015-0.019 A, a phenomenon that has also been ob-
served in trigonal [Cu(Cbz)(PPhs),] (0.030 A), tetrahedral
[Cu(BF4)(3,5-dimethylpyrazole)(BINAP)] (0.274 A) and di-
meric {CuCI(BINAP)}, (0.005 A).>*?* For (§/R)-1 and (S/R)-
2, this might partly be due to packing effects in the solid state,
as the DFT geometry optimized structure has nearly identical
Cu-P bonds (Tables S15 and S17). The BINAP complexes
(S/R)-1 and (S/R)-2 exhibit shorter Cu-N(Cbz) bonds of
1.919(2)-1.917(2) A and slightly smaller differences of the N-
Cu-P(1/2) angles of 0.5° and 3.0°, respectively, in comparison
to [Cu(Cbz)(PPhs;),] with 1.9499(11) A and 5.7°. However, the
dihedral angle between the Cbz ligand and the plane defined by
the metal center and the P atoms is only 26-29° for (S/R)-1 and
(S/R)-2, whereas [Cu(Cbz)(PPhs),] is much more distorted with
ca. 41°. Itis important to note that C—H- - -7 interactions between



the BINAP and the Cbz ligands of the surrounding complex
molecules occur in the single crystalline solid state, which sta-
bilizes the ground state, but would destabilize CT states that ex-
perience a different electron density distribution (vide infra).

Figure 1. Molecular structures of ($/R)-1 and (S/R)-2 in the single
crystalline solid state (top) and hydrogen bonding with neighbor
molecules in the unit cell (bottom). Thermal ellipsoids were drawn
at the 50% probability level; H atoms have been omitted for clarity.
Selected bond lengths (A) and angles [deg] for (R)-1: Cu—P(1)
2.2430(8), Cu—P(2) 2.2577(9), Cu-N 1.919(2), P(1)-Cu-P(2)
101.09(3), N-Cu—P(1) 128.95(7), N-Cu—P(2) 129.51(7), dihedral
Cbz—(P(1)CuP(2)) 29.15(10); (R)-2: Cu—P(1) 2.2519(8), Cu—P(2)
2.2711(8), Cu-N 1.917(2), P(1)-Cu—P(2) 98.85(3), N-Cu—P(1)
132.00(8), N—Cu-P(2) 129.00(8), dihedral Cbz-(P(1)CuP(2))
26.34(18).

Electrochemical and Photophysical Studies in THF solu-
tion. For the following discussions we refer to the respective
enantiomers only for chiroptical measurements, as all other
properties are identical for the enantiomers of 1 and 2. The cop-
per(I) complexes 1 and 2 show Cbz ligand dependent, quasi-
reversible oxidation potentials of 0.64 and 0.46 V vs. Fc'/Fc,
respectively, which is also nicely displayed in the difference of
DFT calculated HOMO energies (-4.60 (1) vs. -4.47 (2) eV, see

Figure S12 and Table S19). An irreversible reduction at ca. -2.0
V is observed for both, in line with the calculated very similar
energies of the LUMO of -1.89 (1) and -1.90 (2) eV, that is pri-
marily located at the BINAP ligand. These findings suggest that
the low energy transitions of photoexcitation should be domi-
nated by LLCT contributions (vide infra).

The UV-vis absorption in THF solutions of the Cu! BINAP
complexes 1 and 2 are very similar and can be divided in four
major bands (Figure 2). Very broad low energy absorptions be-
tween Aqps = 400-500 nm with small extinction coefficients of &
= ~1,000 M'cm™! indicative for orbital overlap and symmetry
forbidden  transitions arise = from  excitation  to
LL(Cbz—BINAP)CT states with ML(Cu—BINAP)CT admix-
tures according to our TD-DFT calculations (Figure 3). The ab-
sorption band Aups = 350-400 nm (&= ~4,000 (1) and 6,500 (2)
M'lem') is due to transitions of dominantly
ML(Cu—BINAP)CT character, while the much higher absorp-
tivity between 320-400 nm results from LC states of the Cbz
ligands, which contain some MLCT admixture according to the
electron density difference representation of the Sp—S;s transi-
tion of (S)-1 (Figure 3). High energy absorptions beyond 320
nm with &= 40,000-50,000 M cm™ can be assigned to LC(-
©*) transitions of the PPh, and naphthyl moieties.
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Figure 2. Absorption spectra in THF solution (dark solid), and
emission spectra of  [Cu(Cbz)(BINAP)] 1) and
[Cu(Cbz®")(BINAP)] (2) in THF (dark dashed) and cyclohexane
solution (bright solid) at room temperature.

The emission of [Cu(Cbz)(BINAP)] (1) in THF solution is
very broad with a maximum at A, = 585 nm and occurs with a
rather short average lifetime of z,, = 190 ns due to efficient non-
radiative decay as evidenced by the low quantum yield ¢ <
0.013 (Figure 2 and Table 1). The data suggest a maximum ra-
diative rate constant of k, = 6.8-10* s, indicating that moder-
ately efficient TADF from "LLCT states is involved. Conse-
quently, solvents of lower polarity, such as toluene or cyclohex-
ane, give rise to hypsochromic shifts to Aem = 577 and 565 nm,
respectively.

The electron donating /Bu substituents at the Cbz ligand in 2
lead to bathochromic shifts of the emission maxima to 614 and
586 nm in THF and cyclohexane, respectively, and simultane-
ously increase the rigidity and steric hindrance of the complex,
which greatly enhances the luminescence efficiencies to ¢ =



0.17 and 0.22 (Table 1). This is quite surprising, as the energy
gap law (EGL) typically dictates that lowering the emission en-
ergy of a given system decreases the luminescence effi-
ciency.™ However, the values of k = 2.3-10° (THF) and
1.9-10° s (Cy) of 2 are greatly increased by factors of 3.4/2.4
in comparison to 1, which seems to be sufficient to counteract
the EGL. We attribute the origin of this counterintuitive behav-
ior to an enhanced efficiency of the TADF mechanism in 2. We
note that the excitation spectra generally match the low energy
region of the absorption spectra, and thus aggregation effects
that might influence the emission can be excluded as an alter-
native explanation.

It is imperative to compare the photophysical properties of 1
and 2 with structurally related [Cu(Cbz)(PPhs),] reported by Pe-
ters et al., that shows blue (Amax = 461 nm) phosphorescence
with ¢=0.24 in methylcyclohexane, indicating a low k; of 2-10*
s'1.2% It appears that the BINAP ligand is more beneficial for
low energy LLCT/MLCT states and smaller AE(S,-T)) to allow
for higher £;, either by more efficient coupling with S, states to
borrow oscillator strength or via TADF.

(388 nm, = 0.062)

(329 nm, = 0.071)

Figure 3. Differences between the electron density distributions of
selected excited states and the electronic ground state So of
[Cu(Cbz)((S)-BINAP)] ((S)-1) relevant for the absorption spectrum
in THF calculated at the D3(BJ)-PBE0/ZORA/def2-SVP level of
theory. Loss of electron density is indicated in blue and gain in yel-
low (see also ESI).

Interestingly, steady-state and time-resolved luminescence
measurements of [Cu(Cbz®*)(BINAP)] (2) in frozen 2-MeTHF
at 77 K show an enormous hypsochromic shift from "*LLCT
states towards a vibrationally resolved, localized *BINAP state
with millisecond lifetimes (Figure S9 and Table 1). This

behavior can be explained as follows. As reported for some
other d'° coinage metal complexes with a donor-M-acceptor
structure,**?") the ground state of our copper(I) complexes is
more polar than the excited state (Agcac= +10.1 D (1), +7.8 D
(2)). Upon photoexcitation in solution at room temperature, the
surrounding solvent molecules can rearrange their orientation
in response to the changed electron density distribution in the
excited state of the Cu' compounds, which leads to stabilization
of the CT state and simultaneous destabilization of the ground
state at that particular geometry. However, in a frozen matrix
the solvent molecules cannot reorientate freely to acknowledge
the new dipole interactions in the excited state of the copper(I)
complex, which destabilizes the "*)LLCT states and the system
is trapped in a high energy *LC at the BINAP.

Photocatalytic properties of [Cu(Cbz®")(BINAP) (2). In
order to further prove the formation of triplet states upon pho-
toexcitation in solution, we investigated the energy transfer
properties of compound 2 within the trans-/cis-isomerization of
stilbene, which is known to occur via population of its *(m-r*)
state.”®! Indeed, cis-stilbene is formed in 85% yield within 4
hours when 2 is added in 3 mol-% under 475 nm light irradia-
tion (Figure 4 and S11). The luminescence quenching experi-
ments reveal a dynamic process, i.e. Dexter energy transfer
from the T state of 2 and not static quenching by aggregation
of stilbene and the copper(I) complex in its ground state. Inter-
estingly, the Stern-Volmer constant Ksy of 30 M! yields a low
bimolecular quenching constant kq = Ksv/ = 7-10° M's™! and
points to an inefficient, non-diffusion-controlled process. Ap-
parently, the steric hindrance in 2 antagonizes the prerequisite
of good orbital overlap between donor and acceptor for efficient
Dexter energy transfer. This finding is also in line with the
higher ¢ for photoluminescence of 2 found in THF solution in
comparison to 1 (vide supra).
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Figure 4. Photocatalytic trans-/cis-isomerization of stilbene by 2
upon irradiation at 475 nm (top). Luminescence quenching of 2 in
the presence of varying amounts of stilbene (left) and correspond-
ing Stern-Volmer plot (right). For further details, see ESI.



Table 1. Photophysis of 1 and 2 in Solution, Microcrystalline, Ground Solid State, and various OLED Matrices under Argon.

medium T[K] A’ [nm] z[us]® Tay [us] ¢ ke [10%s71° ke [10% s71]°
1 THF 295 585 0.17 (96), 0.68 (4) 0.19 0.013¢ 6.8 520

toluene 295 577 0.12 (97), 0.57 (3) 0.13 -

cyclohex- 295 565 0.31(96),2.8(3), 13.2(1) 0.51 0.04 7.8 190

ane

crystalline 295 564 5.0 (91),46.0 (9) 8.7 0.25 2.9 8.7

ground 295 579 2.1(94),9.0 (6) 2.5 0.55 22 18
77 580 105 (38), 480 (44), 1466 (18) 515 0.74 0.14 0.05
17 577 223 (43), 840 (46), 2421 (11) 749

mCP (1) 295 534 5.7(78),22.9 (19), 184 (3) 14.3 0.64 4.5 2.5

CzSi (10) 295 575 1.7 (76), 3.7 (24) 22 0.47 21 24

UGH-3 (10) 295 575 2.1(91),5.409) 2.4 0.30 13 30

PMMA (1) 295 553 6.7 (72), 19.5 (25), 75.8 (3) 12.0 0.47 39 44

77 551 461 (39), 1404 (49), 3616 (12) 1302 0.47 0.036 0.04
7 551 282 (31), 1231 (51), 3555 (18) 1355
2 THF 295 614 0.73 0.17 23 112

77 498 2400 (39), 6100 (61) 4657 n.d.

cyclohex- 295 586 1.2 0.22 19 67

ane

crystalline 295 549 19.2 (74), 62.6 (26) 30.5 0.22 0.72 2.6
77 538 557 (57), 1652 (43) 1028 0.08 0.008 0.09
5.3 498 2400 (47), 8252 (48),23901 (5) 6284 n.d.

ground 295 606 1.4 (94), 6.6 (6) 1.7 0.53 31 27
77 603 68.7 (58), 446 (42) 227 0.25 0.11 0.33
5.8 601 239 (47), 1038 (43), 2817 (10) 840 n.d.

mCP (1) 295 538 4.6 (75),24.4 (21), 157 (4) 149 0.51 0.34 0.33

CzSi (10) 295 595 0.96 (70), 2.0 (30) 1.3 0.14 11 68

UGH-3 (10) 295 590 0.83 (71),2.0 (29) 1.2 0.18 15 68

PMMA (1) 295 540 50.3 (86), 519 (14) 116 0.46 0.40 0.47

*The respective maxima are given. °For biexponential decays, the pre-exponential factors are given in parentheses. “Estimated from & = ¢/ 7.

Mechanochromic Luminescence behavior in the solid state.
The emission in the single-crystalline solid state is broad and
hypsochromically shifted compared to polar THF solution to
Aem = 564 and 549 nm for 1 and 2, respectively, with a much
more pronounced effect for 2 (Figure 5 and Table 1). Due to
increased rigidity, the quantum yields of ¢ = 0.22 (1) and 0.25
(2) are higher than in solution and the time-resolved photolumi-
nescence (TRPL) decays are bi-exponential, providing aver-
aged lifetimes of 7, = 8.7 (1) and 30.5 (2) ps (Table 1). Inter-
estingly, while the estimated k = 29-10* s! of
[Cu(Cbz)(BINAP)] (1) is ca. half of the value obtained in solu-
tion, the /Bu derivative 2 experiences a more drastic decrease
by nearly two orders of magnitude to k = 0.7-10* s\ The long
lifetimes in the millisecond regime and pronounced vibrational
progression of the emission of [Cu(Cbz®")(BINAP)] (2) at low
temperatures indicate thermal population of the *LLCT state
from a *LC state of the BINAP (Figure 5). Although we cannot
exclude a minor involvement of TADF via an additional
SLLCT equilibrium at 295 K, the low k9sk of both 1 and 2
favor the interpretation of dominantly phosphorescence from
SLLCT/BINAP states.

We rationalize the hypsochromic shift and lower 4 in the
crystalline solid state as follows. The environment of the ex-
cited molecule consists of highly symmetrically surrounding
polar copper(I) complex molecules that mainly remain in their
ground state due to the relatively low extinction coefficients.
The dense packing in the single crystals prohibits their reorien-
tation to acknowledge the new dipole interactions in the excited
state, resulting in a destabilization. In addition, X-ray diffrac-
tion studies show significant C—H- - -7 interactions between the
BINAP ligand and the PPh, and Cbz moieties of other com-
plexes (Figure 1). Although this leads to a stabilizing effect in
the ground state, the new electron density distribution in the ex-
cited state of LLCT character is further destabilized even into
the energetic region of the *BINAP state, and thus a hypso-
chromic shift in emission is observed. The interactions in the
crystalline solid state apparently also increase the energy gap
between the *LLCT states, so that TADF becomes very ineffi-
cient with a major phosphorescent component as described
above.
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Figure 5. Left: temperature dependent emission spectra of 1 in PMMA and ground solid state, and of 2 in microcrystalline and ground state.
Right: radiative lifetime of 2 in the ground solid state at various temperatures and state diagram visualizing the TADF process.

Upon grinding, the intermolecular C—H:--n interactions are
disrupted and the number of surface molecules of the micro-
crystals increases, reducing the effects of surrounding dipoles.
Consequently, the broad CT emission of 1 and 2 is bathochro-
mically shifted to 589 and 606 nm, respectively, with a concom-
itant drastic increase of k; to 2.2-10° and 3.1-10° s”!, respectively
(Figure 5). Apparently, the smaller energy splitting between the
SLLCT states and their larger energetic separation from the
SBINAP states allows a switch of emission mechanism to
TADF. The fitting parameters obtained from the variable tem-
perature measurements of 2 give AE(S;-T1) of 455 cm™, which
nicely matches the shift of the experimental emission onset be-
tween the 'LLCT at 295 K and the *LLCT state at 5.8 K.

Matrix dependent TADF properties. With the indication of
specific environment interactions being potentially decisive for
the TADF properties of the BINAP complexes 1 and 2, we in-
vestigated their photophysics in various matrices relevant for
device applications (Table 1, and Figure 6 and S7-S9).
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Figure 6. Emission spectra of [Cu(Cbz)(BINAP)] (1) and

[Cu(CbzB*)(BINAP)] (2) in various matrices relevant for device
applications and structures thereof.

In unpolar 1,3-bis(triphenylsilyl)benzene (UGH-3), no sig-
nificant dipole interactions are expected and, consequently, low
energy emission at Amax = 575 (1) and 590 (2) nm similar to the
ground solid state or in unpolar solvents is found with k. of
1.3-10° (1) and 1.5-10° s (2) showing an efficient TADF pro-
cess. In contrast, highly polar matrices such as 1,3-bis(N-

carbazolyl)benzene (mCP) or polymethylmethacrylate
(PMMA) shift the emission hypsochromic even beyond the
crystalline solid state and lower the £ significantly by one to
two orders of magnitude. Apparently, the efficiency of the
TADF process is severely hampered due to an increased AE(S;-
T)) and concomitant strong mixing with phosphorescence from
SBINAP states (vide supra). At first glance, one would argue for
destabilizing dipole-dipole interactions of the excited state of 1
and 2 with the surrounding rigid polar matrix being responsible
for these photophysical changes as found for other coinage
metal amides.[***”! However, in polar but bulky 9-(4-tert-bu-
tylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi), an effi-
cient lower energy TADF similar to UGH-3 or the ground pow-
der is observed, suggesting that the dominating factor for phos-
phorescence or TADF is the specific hydrogen bonding of the
polar moieties surrounding the emitting molecule as observed
in the single crystals, which is absent in CzSi due to the steric
constraints.

Chiroptical properties. The enantiomerically pure com-
plexes (S/R)-1 and (S/R)-2 show circular dichroism in the
ground state with absorption dissymmetry factors gubs of £0.01
and £0.005, respectively, for the lowest energy transitions in
THF (Figure 7 and Table 2). The magnetic transition dipole mo-
ments |m| = 0.18 and 0.24 up obtained by TD-DFT for the
So—S; transition of (§)-1 and (S)-2, respectively, are in the
range of those found for similarly sized chiral metal com-
plexes.®” Interestingly, the angle € between m and the elec-
tronic transition dipole moment ji approaches 180°, resulting in
relatively high calculated dissymmetries of @aps caic Up to -0.068
for ($)-2. The discrepancy with the experimental values might
originate from the overlap of the more allowed So—S; absorp-
tion band, which exhibits a nearly parallel orientation of 1 and
i with positive dissymmetry values, thus reducing the overall
observed gans (Table 2). Although the radiative rate constants 4:
of 1 and 2 suggest different relative efficiencies of the TADF
process in THF solution (vide supra), their relatively high dis-
symmetry factors gjum 0f £0.007 ((S/R)-1) and £0.006 ((S/R)-2)
are very similar. The excited state distortion reduces the calcu-
lated dissymmetry of the emission in comparison to the calcu-
lated absorption, and is in line with the experimental values, but
also enhances ji by factors of ca. 6-28 leading to a beneficial
combination of CPL and high oscillator strength (Table 2). We
have estimated the radiative rate constant of CPL as a new
measure of generated photon flux with the desired quantum
property to kcpL = k: * gum/2 > 600 s, and an attractive CPL



brightness of Bepr, = 2 M'em!, which is in the range of the most
efficient molecular chiral emitters featuring high 4; (for details,
see ESI). Interestingly, the rigidity of the ground solid state, the
environment where our Cu' BINAP complexes exhibit the high-
est k (2-3-10° s™1) of all studied matrices, even increases the de-
gree of CPL to excellent values of gim = +£0.023 for (S)-1/(R)-
2. To the best of our knowledge, these are the highest dissym-
metry factors obtained for TADF emitters so far.
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Figure 7. Top left: time-resolved polarization dependent photolu-
minescence decay of (S)-1 in the ground solid state. Top right: cir-
cular dichroism (dotted) and circularly polarized luminescence
(solid) of enantiomerically pure (S/R)-1 and (S/R)-2 in THF. Bot-
tom: CPL of (S)-1 (left) and (R)-2 (right) in the ground solid state.

Table 2. Selected chiroptical properties of enantiomerically
pure (S/R)-1 and (S/R)-2.

&abs |ﬁi| |ﬁ| 0 [0] Slum
[10°]*  [us] [D] [10°7
(S)-1 (exp.) -10 -7

So—S; (531 nm) -27 024 033 178
So—S: (499 nm) 94 0.15 058 12

So—S; (628 nm, -7.5 042 21 173
T1)

(R)-1 (exp.) 10 7
(8)-2 (exp.) -5 -6 / -
23¢

So—S; (581 nm) -68 0.18 0.10 180
So—S: (544 nm) 6.7 0.09 049 12

So—S; (686 nm, -4.6 035 2.8 180
T1)

(R)-2 (exp.) 5 6/23¢

The difference in intensity along the various polarization di-
rections raises the question on the underlying photophysical
process governing excitation emission and their spatially aniso-
tropic dynamics and transition rates. For this purpose, the time

dependent intensity decay has been analyzed on various scales
as function of direction of polarization. Representatively, Fig-
ure 7 shows the photoluminescence decay of compound (5)-1
measured by time-correlated single photon counting (TCSPC)
on thin films. Despite the fact that the overall intensity is differ-
ent along different spatial directions by a factor of 1.18, and
shows the angular variation as expected for CPL materials, the
photophysical dynamics along diagonally oriented polarization
axes, here 0 ° and 315 °, turned out to be identical. This holds
true for short time-scales of nanoseconds (Figure 7, inset of top
left), where the decay dynamics are determined mainly by direct
fluorescence contribution to the intensity, but also for longer
times of microseconds, where phosphorescent transitions and
the reverse-intersystem crossing defines the emission of the
compounds. As such, these data indicate and corroborate that
the material inherent mechanisms of excitation and emission
can be coherently described within a model based on just one
set of transition rates without need to account for any specific
directional variations, and that the S; and T, states both exhibit
the same dissymmetry.

Implementation of [Cu(Cbz)(BINAP)] (1) in OLEDs. We
have prepared proof-of-concept organic light emitting diodes
(Figure 8 and Figure S13) employing (S)-1 as active emitter in
different matrices with varying polarity and steric complexity,
namely mCP, 2,2'2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) and CzSi. For mCP and TPBi matrix
based devices, the electroluminescence maximum of (S)-1 is
observed at 545 nm, whereas it is bathocromically shifted by
about 11 nm for the devices employing CzSi as host material
(Figure 8). We attribute this shift to differences in specific C—
H:- @ interactions between the matrix molecules and (S)-1 af-
fecting the energetic landscape experienced by the relevant con-
tributing excited states and their dynamics as observed and ra-
tionalized for the photoluminescence properties, already. This
bathochromic shift in the electroluminescence of (S)-1-doped
CzSi devices is in qualitative agreement with the photolumines-
cence data discussed above, hinting again to the significant im-
pact of C-H- - interactions on the radiative transitions extend-
ing to electrically driven devices. It has to be noted, however,
that its magnitude as well as the absolute position of the emis-
sion maxima differ slightly. We attribute these observations to
either an additional state admixture enrolled in the emission or
to the presence of non-recombined charges yielding additional
polarity contributions by the local environment in case of elec-
trical operation.

Observation of circular dissymmetry in solid state light emit-
ting devices is a highly pursued objective but turns out chal-
lenging due to, e.g., reflection at the metallic back electrode
which is a key element in standard OLED design. Considering
the situation of statistically positioned molecules within the de-
vice, emitting light of equal intensity in all directions (Lamber-
tian emitter), in particular, towards the front glass support as
well as the reflective back electrode. The CPL hitting the metal
back electrode experiences a phase jump by =, effectively re-
versing its handedness and resulting in a superimposition of
backward reflected and forward emitted light. Under idealized
conditions of a back electrode with perfect (100 %) reflectance,
the phase jump together with the intensity of the back reflected
light would nullify the dissymmetry of the outcoupled polarized
emission components.*!3%!
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But since for real OLED device stacks the intensities of the
superimposed spectral components are expected to be not ex-
actly the same, residual dissymmetries will evolve and can be
identified in the corresponding CPL spectra. We have therefore
analyzed all fabricated OLED devices with respect to their po-
larization dependent electroluminescence dissymmetry. Figure
9 shows the effective electroluminescence dissymmetry of the
examined light-emitting devices for several consecutive meas-
urement cycles (line color fades for subsequent measurements).
Each cycle comprises a subsequent measurement of both, 0°
and 45°, polarization components (cf ESI). For mCP as well as
TPBi based OLEDs, we observe a positive dissymmetry under
electrical operation even though effects by intensity fluctuation
and device deterioration are superimposed and render the eval-
uation demanding. For devices comprising an (S)-1 doped CzSi
matrix, these detrimental effects appear to be significant with
respect to the magnitude of the detected emission dissymmetry
and, hence, preventing a clear verdict on possible circular po-
larization asymmetries.

In summary, we were able to show the successful implemen-
tation of (§)-1 as emissive molecular dopant in prototypical
light-emitting devices. Despite utilizing the most basic single
layer OLED architecture without further optimization of the in-
dividual stack design in respect to stability or out-coupling

efficiency of polarized light, the circular polarization dissym-
metry could be clearly confirmed for mCP as well as TPBi ma-
trix-based devices. In case of CzSi matrix OLEDs a clear state-
ment on this property is veiled by the interference of parasitic
effects that might be solved by more advanced device concepts.
Approaches towards this direction have to address the opera-
tional device stability as well as the polarization selective out-
coupling efficiency, in combination leading to an improved sig-
nal-to-noise ratio and, hence, to a distinct contrast in the dis-
symmetry measurements as elucidated by Zinna et al .?1*¥ De-
spite its attractivity for synthetic chemists, physicists as well as
device engineers, we want, in a constructive statement, raise
awareness that the small polarization differences in the lumi-
nescence of many organic compounds which become even
smaller in electrically driven OLEDs as function of the opera-
tional conditions (Figure S14) can substantially influence the
circular dissymmetry of their spectral emission. Hence, reliable
conclusions on this parameter require for thorough investiga-
tions of all relevant polarization components in a true one-shot
experiment and for accounting both the instrumental response
as well as possible intensity fluctuations if one intends to quan-
tify the chiral dissymmetry of solid state OLEDs.
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Figure 9. Spectrally resolved dissymmetry in the circular polarized electroluminescence of three different kinds of (S)-1 doped OLEDs (line
color fades for subsequent measurements). Whereas for OLEDs comprising a mCP and TPBi matrix, a positive dissymmetry can be identified
in the measured CPL spectra (left and middle graph), a clear statement on this property in case of (S)-1 doped CzSi devices is not feasible
due to the significant impact of intensity fluctuations as well as deterioration of the devices during operation



CONCLUSIONS

We have reported the synthesis and structural characteriza-
tion of enantiomerically pure trigonal coordinated
[Cu(Cbz?)((S/R)-BINAP)] (R = H (1) or 3,6-1Bu, (2)), which
experience strong C—H: - -m interactions between the ligands and
surrounding molecules, that greatly influence the photophysical
properties. While in the single crystalline solid state a dominant
phosphorescent component from *LLCT/Cbz states at Amax =
564 (1) and 549 (2) nm is observed, grinding greatly enhances
the efficiency of the TADF process with high & of up to 3.1-10°
s and a bathochromic shift of the emitting *LLCT states to
Amax = 579 (1) and 606 (2) nm. The influence of intermolecular
hydrogen bonding on the excited state energies is very relevant
for the choice of matrix material for device preparation, as polar
and sterically unprotected mCP or PMMA shift the emission
hypsochromically into the green region of the electromagnetic
spectrum with a drastic decrease of &, to < 5-10* and < 0.5-10*
s for 1 and 2, respectively, while unpolar UGH-3 or bulky
CzSi maintain the excellent TADF properties of the copper(I)
complexes at lower emission energies. The chirality of the emit-
ter molecules induces a significant rotatory strength of the elec-
tronic transitions, resulting in circularly polarized luminescence
with excellent dissymmetry factors gum of £7-10° (1) and
+6-10 (2) in solution, and +£2.3-107 for (S)-1/(R)-2 in the solid
state. Time-resolved CPL measurements reveal that both the T,
and S; state exhibit the same level of rotatory strength. The CPL
properties are maintained under electroluminescent conditions,
and we demonstrate the application of this class of chiral triplet
exciton emitters in proof-of-concept CP-OLEDs with various
matrix materials, indicating that careful device design is an im-
portant factor for efficient generation of CP electrolumines-
cence.
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Enantiomerically pure chiral copper(I) BINAP complexes show efficient thermally activated delayed fluorescence (TADF)
with mechano-stimulus behavior due to specific C-H: - -7 interactions of the ligands with the environment, that can be disrupted
by grinding. The high dissymmetry factors gium for circular polarized luminescence (CPL) of up to 2.3-10% lead to application

of the copper(I) emitters in proof-of-concept CPL-OLEDs.
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