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Towards Fast Circularly Polarized Luminescence in 2-
Coordinate Chiral Mechanochromic Copper(l) Carbene

Complexes

André M. T. Muthig,” Justin Wieland,” Carsten Lenczyk,” Stefan Koop,*' Jacopo Tessarolo,”
Guido H. Clever,” Benjamin Hupp,” and Andreas Steffen*"

A series of chiral mechanochromic copper(l) cAAC (cAAC=
cyclic (alkyl)(@amino)carbene) complexes with a variety of amide
ligands have been studied with regard to their photophysical
and chiroptical properties to elucidate structure-property
relationships for the design of efficient triplet exciton emitters
exhibiting circularly polarized luminescence. Depending on the
environment, which determines the excited state energies,
either thermally activated delayed fluorescence (TADF) from
3LLCT states or phosphorescence from *LLCT/LC states occurs.

Introduction

Circularly polarized luminescence (CPL) is a favorable tool for a
variety of applications, including quantum computing,
cryptography,”? spintronics,”) chemical sensors,” biological
probes® and display technologies.” The efficiency of a chiral
molecular emitter for generating CPL with a defined handed-
ness, i.e. the emission excess of photons with a spin-angular
momentum of J,= 41, is typically quantified by the anisotropy
factor g, and can reach maximum values of +2, correspond-
ing to purely left- or righthanded light, respectively. It is
important to note that the dissymmetry of the radiative
transition depends on the relative magnitudes of the electronic
(u) and magnetic (m) transition dipole moment vectors, and
the angle 0 between them (Eq. (1))."
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However, neither chiral moieties at the carbene nor at the
carbazolate ligands provide detectable luminescence dissym-
metries g,,- An exception is [Cu(phenoxazinyl)(cAAC)], showing
orange to deep red TADF with 4,.,=601-715 nm in solution,
powders and in PMMA. In this case, the amide ligand can
undergo distortions in the excited state. This design motif leads
to the first linear, non-aggregated CPL-active copper(l) complex
with gm of —3.4-107° combined with a high radiative rate
constant of 6.7-10° s™".

Bearing in mind that m is often several orders of magnitude
smaller than u, and that the latter determines the radiative rate
constant k, it becomes obvious that only electronic dipole
forbidden transitions in chiral molecules can provide access to
CPL. For example, high g, values >1 have been reported for
Laporte-forbidden f-f* transitions in lanthanide complexes,”®
while d-d* transitions in chiral octahedral Cr'" compounds can
exhibit g, of up to 0.2 However, implementation of these
classes of CPL emitters in electrically driven luminescence
applications that require triplet exciton emission, for example
OLEDs, would lead to serious efficiency roll-offs and small
external quantum efficiencies (EQE) due to their very low k, <
50 s for phosphorescence.’™ Archetypical molecular OLED
emitters of the 4d and 5d elements have been found to display
high k. of 10°-10° s7",""" but the dissymmetry factors g, of the
majority of their chiral examples usually do not reach beyond
Gium=107"-10721"" The only exception that we are aware of,
showing remarkable g, of up to 1-1072 combined with
moderate k, of 10°-10*s™", is a family of chiral Pt'-based
complexes bearing helicene-type ligands.™

An interesting approach to bypass the dilemma of sacrific-
ing a high k, of triplet state emission for sufficiently high
luminescence dissymmetries g, suitable for device applica-
tions would be the investigation of chiral thermally activated
delayed fluorescence (TADF) emitters." In contrast to spin-
forbidden T,—S, phosphorescence, this mechanism involves
endothermic reverse intersystem crossing (rISC) T,—S; with
subsequent spin-allowed S,—S, fluorescence. Although chiral
luminophores with a high g, would exhibit low u for
fluorescence, CP-TADF emission would still be faster than CP
phosphorescence directly from T,.

Various organic TADF emitters with chiral moieties or axial
chirality have been studied and a few examples show gy, of up
to 1.8-1072" Interestingly, the chiroptical properties of the
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fastest molecular TADF emitters to date with ko reaching 10°-
10°s™", namely carbene coinage metal amides (CMA)®"%%
have not yet been reported. These linearly coordinated donor-
M-acceptor (D-M-A, M=Cu, Ag, Au) type compounds exhibit
ligand-to-ligand charge-transfer (LLCT) states with some metal-
to-ligand (ML)CT admixture, which is most pronounced in
copper(l) complexes. Consequently, they can benefit from
rotation of the ligands and spin-orbit coupling (SOC) of the d'°
metal centre, both factors greatly influencing AE(S,-T;) and ks
to provide high kupr"®?"*? Importantly, the torsion angle
between the ligands also has an impact on u(S; — S,), and
high-level quantum chemical (QC) calculations showed that k¢
in CMAs varies between 10* s~ for perpendicular orientation of
the ligand planes to 10’s™' for a coplanar arrangement.?
Therefore, the specific structural features of CMA materials
should allow control of their chiroptical properties as well. Very
recently, Gong et al. discovered for some NHC-based chiral
CMAs that their aggregation can give rise to luminescence
dissymmetries with g,,,, of 2.7-1072 for one very specific single
crystalline phase, while in monomers no CPL is observed.?”
However, this aggregation strategy is difficult to transfer into
potential device applications.

The potential of molecular transition metal CP-TADF
emitters has recently been demonstrated by our study on
trigonally coordinated copper(l) carbazolate complexes bearing
chiral (S/R)-BINAP ligands, which show efficient TADF with k, of
3-10°s™" combined with high g, of £7-107% in solution and
up to £2.1-1072 in the solid state.”” The efficiency of the TADF
process depends on the environment, but careful choice of the
matrix materials allowed for successful implementation in CP-
OLEDs. Given our long-standing interest in d'° coinage metal
emitters,®®?”  in  particular copper(l) carbene  TADF
complexes,'’?® we decided to investigate the chiroptical
properties of a series of linearly coordinated [Cu(amide)(cAAC)]
complexes (cAAC=cyclic (alkyl)(@mino)carbene)) featuring a D-
M-A structure with chiral moieties either at the electrophilic
carbene ligand or at the amide donor. Although CPL is not
detectable for most CMA compounds, we find that
[Cu(PZN)(cAAC"*™)] (PZN = phenoxazinyl) is an efficient orange-
red triplet exciton emitter with high kypr=6.7-10°s™" and
Gium=23.4-10"% in PMMA films. The hindered ligand rotation in
the rigid matrix in combination with a butterfly distortion of the
PZN ligand, that is not available to the carbazolate donor
ligands, appears to be responsible for the CP-TADF properties
of the copper(l) carbene complex.

Results and Discussion
Synthesis and Structural Characterization

The air- and moisture-sensitive chiral copper(l) cAAC amides 1-
8 were prepared according to an established route by reaction
of the corresponding potassium salt of the respective N-ligand
with [CuCI(cAAC®)] in THF at RT (Scheme 1).'*'® While the
precursor [CuCl(cAAC™)] is available via the free carbene
route,” its menthone derivative was obtained by treatment of
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Ri=R2=H1 5 6
R1=Me;R2=H2
R1=0Me;R2=H3

R1=H;R2="Bu4

R:MeB

Scheme 1. Synthetic routes towards chiral [Cu(amide)(cAAC®)] 1-8

cAACM". HCl with mesityl copper (see Supporting Information).
We isolated 1-8 as orange to green powders, which were
characterized by multinuclear NMR spectroscopy, elemental
analysis and mass spectrometry. However, the 11H-
benzo[alcarbazolate compound 5 turned out to be unstable for
further analysis even in the single-crystalline solid state, but its
connectivity could be confirmed (Figure S2).

Comparison of the structural information obtained from
single crystals of 3 and 6-8 suitable for X-ray diffraction analysis
shows that a nearly ideal linear coordination geometry is
favored (Figure 1 and Table S1). Substitution in the 2-position of
the Cbz leads to deviations of the dihedral angle vy between the
N-donor and carbene acceptor ligand planes, reaching a
maximum of ca. 24° for 7. As reported for some other d'°
coinage metal carbazolates, we observe a tilting of the Cbz
towards the <cAAC that is most pronounced for
[Cu(Cbz®™)(cAAC™*™)] (3) with B=153.17(9)° (Figure 1). The
rationale behind these structural peculiarities is not clear and
certainly involves electronic and steric effects, such as C-
(carbene)-M—N m conjugation and rehybridization of the ipso-N,
but also packing effects in the solid state” However, as
demonstrated by the group of Marian,"*! the dihedral angle vy
is the most important structural feature determining the
efficiency of TADF in such D-M-A compounds.

We note that 6 is less distorted, with y=0.4(3)° and a
butterfly angle between the two aromatic planes of the amide
ligand of only a=173.43(9)°, than [Au(PZN)(cAAC*)] with
160.5(3)° and 21.1(4)° for a and v, respectively (see below)."® It
is important to note that our NMR studies suggest that free
rotation occurs in solution at room temperature, as only half as
many signals as expected are found in the 'H and "CNMR
spectra for the symmetrical N-donor ligands of 2, 4 and 6. An
alternative explanation is that the chiral cAACY™™ does not
influence the trans ligand, however, dynamical rotation proc-
esses occurring with low activation barriers at room temper-
ature have previously been reported for structurally related
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Figure 1. Molecular structures obtained by single crystal X-ray diffraction
and depiction of important angles a, § and y with values [in deg] for 3:
173.82(5), 153.17(9), 12.58(19); for 6: 173.43(9), 165.43(11), 0.4(3); for 7:
178.75(7), 174.6(1), 24.3(2); for 8: 176.84(9), 167.01(10), 21.4(2).

carbene complexes. Thus, the degree of flexibility facilitated by
the environment should greatly influence the electronic
communication between the donor and acceptor ligand and,
consequently, the excited state behavior of the CT states.

Photophysical Studies

The UV/vis absorption spectra of the chiral copper(l) carbazolate
complexes 1-4 and 6-8 in THF are very similar to those of
previously reported structurally related CMAs and show intense
high energy MLCT and mist* transitions of the N-Dipp substitu-
ent between A=250-320 nm (Figure 2, Figure S15).%"" The
vibrationally resolved band at 1=320-375nm (6=5-
8-10*°M'em™) is typical for LC(mm*) states of the Cbz-type
ligands (Figure 3). A very broad and moderately intense (¢=4-
6-10°M'em™") low energy absorption, with ., varying
between 370-400 nm in dependence of the Cbz substitution
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and overlapping with the LC(Cbz) band, can be assigned to the
SoYS; transition of dominantly LL(Cbz—cAAC)CT character with
some ML(Cu—cAAC)CT admixture according to our TD-DFT
calculations (Figures3 and S$17). The S,—S,; transition of
[Cu(PZN)(cAACM™)] (6), which we conclude to be LL(PZN—
cAAC)/MLCT in nature, is also very broad but significantly
bathochromically shifted to A,.,,=475nm. In contrast to the
Cbz localized mst* bands, the LC(PZN) band at A,,,,=350 nm is
broad and apparently contains an intraligand (IL)CT contribu-
tion.

The carbazolate compounds 1-4, 7 and 8 exhibit bright
green luminescence in THF at room temperature with a broad
spectral appearance indicative of LLCT states (Table1 and
Supporting Information). The combination of moderate to high
quantum yields ¢ =0.36-0.88 and high radiative rate constants
k. of ca. 3-4-10° s are the result of an efficient TADF process
as described by Thompson etal. for structurally related
copper(l) complexes, and is highly environment sensitive.'® In
general, the emission wavelengths found in flexible polar media
undergo a hypsochromic shift in rigid polar matrices, for
example microcrystalline solid state or PMMA, as depicted in
Figure 4 for [Cu(*Cbz")(cAAC)] (8) (see also Table 1 and
Supporting Information). Interestingly, upon grinding the
crystalline material, the emission again shifts bathochromically.

Theoretical work by Marian et al. suggests that the ground
state S, of CMAs is more polar than the LLCT excited state and
the respective static electric dipole moments point in opposite
directions.'®"”* Since a rigid polar environment cannot reor-
ganize to acknowledge the new dipole moment of the excited
species, the 2LLCT states are then more destabilized than in
fluxional media and thus higher emission energies are
observed. The emission in polar THF solution, which can
readjust its dipole orientation on the timescale of the excited
state lifetime, is further shifted bathochromically due to
destabilization of the ground state at the reorganized LLCT
geometry and its environment within the Franck-Condon
principle. In contrast, the "LLCT states of the Cu' complexes in
the ground samples experience a smaller destabilization by the
environment, i.e. the surrounding complex molecules that
remain in their S, state. We attribute this finding to partial
disruption of the crystalline order and a larger surface-to-
volume ratio upon grinding, increasing the number of surface
molecules that influence the photophysical properties of the
macroscopic sample. Both effects decrease the destabilizing
influence of the dipole-dipole interactions mentioned above,
and thus give rise to a bathochromic shift compared to the
single crystalline solid state.

In other media than THF, the chiral copper(l) complexes 2—
4, 8 and racemic 7 show higher k. in comparison to
[Cu(Cbz)(cAAC™™)] (1), which can vary by two orders of
magnitude between 10°-10°s™' at room temperature in
dependence of the environment, with a record within this series
of k,=5.1-10°s" resulting in ¢=0.91 for [Cu(Cbz®")(cAAC"*")]
(4) in the ground solid. The substitution patterns at the N-donor
ligand also lead to significantly higher rate constants for non-
radiative decay k,, on the order of 10°s™', giving quite diverse
@ between 0.01-0.91 (Table 1).
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Figure 2. Absorption (solid) and ECD (dashed) spectra of 1-4, 6 and (5/R)-8 recorded in THF (c=10""-10"* mol L") at room temperature.

So—S1
(431 nm, f = 0.099)

So—S3

So—S1 So—Se
(478 nm, f=0.12) (322 nm, f = 0.29)

Figure 3. Selected electron density differences (isovalue +0.005) relevant for
the experimental absorption spectra of 3 (top) and 6 (bottom) in THF
calculated at the D3(BJ)-PBEO/ZORA/def2-SVP level of theory. Loss of
electron density is indicated in blue and gain in yellow.

The changes in k, and k,,, and thus in ¢, do not follow any
obvious trend but rather seem to be the result of a combination
of various effects. While free rotation and other reorganisation
processes of the Cbz ligand allow for facile ISC and rISC that are
paramount for efficient TADF, rigidification can hamper this
mechanism.”? Furthermore, the polarity of the environment has
a large influence on the energy gap between the LLCT and LC
states, which determines on the one hand the nature of the
emitting states, but on the other hand the operative SOC and
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Figure 4. Normalized emission spectra of 6 (top) and 8 (bottom) in various
media under argon at room temperature.

thus the efficiency of spin-forbidden processes.”” We also note
that the copper(l) carbazolate complexes experience diverse
specific environments in the single crystalline solid state
because of their different space groups, which also influence
the respective dipole interactions between the complex mole-
cules. As a result, these combined parameters can even switch
the emission from TADF to dominantly phosphorescence from
the 3LLCT state with weak SOC as is evident from the broad
spectral appearance and low k, of 2 (49-10°s™") and 3
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Table 1. Selected photophysical data of the chiral copper(l) complexes 1-4 and 6-8 recorded in the solid state at room temperature. For biexponential
lifetime decays, the relative pre-exponential factors are given in parentheses.
Medium Ao, 7 [us] @@ k, Ko Medium Aoy 7 [us] o k, -
[nm] [10*s™  [10*s7] [nm] [10°s  [10*s™]
1 THF 509 27 0.88 32 4.4 THF 715 0.032 0.01 31 3069
Crystal 466 25.6 (72)/ 0.12 0.28 2.1 Toluene 698 0.048 0.01 21 2079
86.4 (28)
Ground 492 4.8 (90)/ 0.44 5.6 7.1 Crystal 553 0.26 (12)/1.0 (88) 0.72 79 31
34.2 (10)
PMMA 472 6.8 (90)/ 0.53 5.8 5.1 Ground 635 0.09 (46)/0.25 0.12 70 513
31.5(10) (54)
2 THF 537 1.5 0.47 31 35 PMMA 601 0.16 (20)/0.53 0.29 67 164
(60)/1.0 (20)
Crystal 476 2.3 (76)/5.6 0.15 4.9 28 THF 530 1.6 0.52 33 30
(24)
Ground 503 1.5 (95)/4.1 0.37 23 39 Crystal 440 1.1 (76)/2.3 (24) 0.27 20 54
(5)
PMMA 485 1.0 (93)/7.1 0.39 26 41 Ground 490 1.8 0.45 25 31
@
3 THF 540 0.86 0.38 44 72 THF 550 1.3 0.36 28 50
Crystal 490 2.1 (88)/4.8 0.01 0.41 41 Crystal 470 2.1 (76)/4.1 (24) 0.33 1 22
(12)
Ground 513 1.9 (91)/5.5 0.21 9.3 35 Ground 505 1.9 0.63 33 19
C)
PMMA 484 2.2 (90)/7.2 0.65 24 13 PMMA 498 1.8 (84)/4.8 (16) 0.13 5.7 38
(11)
4 THF 537 1.8 0.65 36 19
Ground 519 1.8 0.91 51 5.0
PMMA 485 3.2 (90)/ 0.13 29 19
15.7 (10)
[a] Error margin +0.02.

(4.1-10°s™") in crystalline samples, or 4 (29-10*°s™") and 8
(5.7-10*s™") in PMMA.

Shifting the LLCT states to lower energy by introduction
of a stronger N-donor in [Cu(PZN)(cAAC™*™)] (6) gives rise to
efficient TADF in rigid environments, with very high k, of up to
7.9-10°s™' and concomitant ¢=0.79 in crystalline material
(Table 1). We note that previously reported [Cu(PZN)(cAAC")] is
too weak an emitter for determination of k, while its heavier
congener [Au(PZN)(cAAC’)] exhibits k of only 0.4-
2.2-10° s7'."¥ As such, 6 is in general amongst the most efficient
copper(l)-based triplet exciton emitters and even rivals the k, of
structurally related gold(l) cAAC amides, underlining the
potential of earth abundant 3d elements for photoactive
materials. Increasing A, from 553 nm in the single crystals to
601 and 635 nm in PMMA and the ground material, respec-
tively, leads to more pronounced non-radiative decay and ¢ =
0.12 as a result of Siebrand's rule, which states that vibrational
overlap and k,, increase with decreasing energy gap between
the excited state and the ground state.®” The bathochromic
shift even in rigid environments is much more severe for 6 than
observed for the other investigated CMA compounds.

In solution, the emission shifts even further to lower
energies with emission maxima at 698 and 735 nm in toluene
and THF, respectively. High k, of 2-3-10° s™' typical for TADF
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are maintained, but the energy-gap law and increased structural
flexibility leads to enhanced radiationless deactivation of the
excited states.

Chiroptical Analysis

The chiral copper(l) complexes described above feature efficient
TADF in THF solution from the lowest energy 'LLCT state. In this
scenario, we expect the measured dissymmetry of the lowest
energy absorption band g, (Eq. (2)) to be of the same order of
magnitude as the g, of the triplet exciton emission.”" There-
fore, we first analyzed the circular dichroism of the S,—S,
transition to relate the chiroptical properties to the structural
peculiarities of the ground state (Figure2 and Supporting
Information). Important data obtained from Eqgs.1 and 2 that
connect the measured dissymmetry with the electronic (x) and
magnetic (m) transition dipole moments, and the angle 6
between their vectors, are given in Table 2.

Ae & — &
Gabs = = 7
€ (e +eg)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 118D 3]qe! [dde aup A peuieno aJe e YO ‘@SN Jo Sa|nJ o AkeldTaU1|UO /8|1 UO (SO IPUOD-PUB-SWLBY W00 A8 | 1M ARe.d 1 jBul[U0//:SANY) SUORIPUOD pue Swis 1 8y 8es *[Z0z/TT/9z] U0 Ariqiaulluo A8|IM ‘Punwmoq BISIBAIUN 8YaSIUYe L A 9¥600EZ0Z WeUd/Z00T 0T/I0p/w0o A8 i Ake.qjpuljuoado.ne-AnsiweLo;/sdiy wolj pepeojumod ‘TS ‘sloz ‘G9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300946

Table 2. Chiroptical properties of the S,—S, transition of 1-4, 6 and (S/R)-8 in THF solution.
Arnan [NM] eMem™] FWHM [cm ] f ‘a‘ ) Gaps [1079] ‘m’ cos(0)[10°* gl
1 3709 4500" 3200 0.061 22 0.2 1
2 375" 4000% 3200 0.055 2.1 0.9 5
3 3851 4600 3500 0.070 24 -1.0 6.4
4 395 5900 3600 0.091 2.8 0.1 0.7
6 470 3850 3600 0.059 24 -1.0 6.6
(5)-8 395 4000 3600 0.061 23 -1.7 10
(R)-8 395 4000 3600 0.061 23 1.4 8.6
[a] Data approximated due to partial overlap of the S,—$5, transition with the absorption band of the LC(rtrt*) state of the Cbz ligand.

The g, values increase by ca. one order of magnitude from
2-107° and 1-107° for 1 and 4 with symmetric carbazolate
ligands, respectively, to 9-107° and 1.0-10* for compounds 2
and 3 bearing asymmetric carbazolates. For the (R/S)-enantiom-
ers of 8 we find g,,, of 1.4-107* and —1.7-107%, respectively,
while the LLCT band of the PZN compound 6 at 475 nm
exhibits g, = 1.0-107". Surprisingly, there seems to be no direct
correlation between ¢, of the LLCT band and its g,,, value,
implying that either

rﬁ‘ or cos(f) also varies. Since the
oscillator strength f can be obtained from the experimental
data and is directly related to the electronic transition dipole
moment ‘ﬁ‘ via

4ey-m, - -In(10)
fio - N,-ee
3)

o, 8T -m,-c _

with the integrated transition intensity being approximated by
7/2-€ael” (C=full width at half maximum),®? we could estimate

the product of ‘rﬁ’ cos(0) using Equation (1).

While f and ‘ﬁ‘ for our complexes are in line with earlier
published data (f=~0.1 and ﬁ‘%.% D) obtained from QC

calculations,"® the values of ‘ﬁv cos(0) vary greatly from only
0.7-1072 ug for 4 to 10-1072 ug for 8. It is reasonable to assume
that the decreased “kink” angle (3 or the increased torsion angle
vy between the amide and carbene ligands are generally
responsible for enhancing ‘m‘cos(e) as the PZN ligand and
substitution in the 1-position of the Cbz are obviously advanta-
geous for the dissymmetry. Since cos(f) <1, the minimum
value we deduce for ’m’cos(e) of the 'LLCT is 6.6-107° i,
which is relatively small compared to, for example, f-f*
transitions in lanthanide complexes (‘rﬁ) cos(0) 0.2 ug) or the
absorption in chiral knot copper(l) complexes reported by

Meskers and co-workers (’rﬁ‘ ~ 0.5u3>.[33'3‘” However, we note
that on the one hand the structural flexibility in solution can

have a drastic effect on the relative orientation of x and m, but
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on the other hand it also allows for beneficial high k, (see
abOVQ).[17’23]

Studies on the circularly polarized triplet emission of
copper(l) complexes are scarce and recently, linearly coordi-
nated C,-symmetric [CuCl(cAAC*™)] has been reported by Ung
etal. to show g,,=13-10" for yellow luminescence with
Amax=555nm and @=0.018 in THF solution.® In order to
ensure comparability of data, we reinvestigated that compound
with our instrumental set-up and obtained dissymmetry values
for the absorption of g,,,=2.6-10"° (Figure S13), similar to the
data we extract from the A¢ and ¢ plots given in the Supporting
Information of Ung etal. of 3.4-107%. Also, the dissymmetry
values for the emission at concentrations of 1-4-10™*M could
be confirmed. However, a significant hypsochromic shift of the
emission to A,,,, =450 nm is observed in PMMA and in the solid
state that is more in line with our own studies on structurally
related [CuX(cAAC®)] complexes, arguing for excimer formation
in solution (Figure 5).2¢

Indeed, the quantum yields are enhanced to 0.12 upon
increasing the concentration to 4-10™*M, which suggests
reduced non-radiative decay due to higher rigidity of the
excited state. Furthermore, Thompson etal. have previously
demonstrated that copper(l) cAAC halide complexes are prone
to excimer and exciplex formation in non-coordinating and
coordinating solvents, respectively, leading to severe bath-
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Figure 5. Normalized excitation (dashed) and emission (solid) spectra of
[CuCl(cAAC™*™)] in THF, PMMA and in the solid state at room temperature,
indicating excimer formation in solution.
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ochromic shifts from blueish-green to orange, which is hindered
in rigid matrices.’® Since [CuCl(cAAC™™)] shows identical
emission spectra and g,,, in concentrated benzene and in THF
solutions (5-107> M),*” we thus conclude that the CPL detected
for [CuCl(cAACM™™)] most likely originates from a dimeric species
with a {Cu(u-Cl),Cu} core, i.e. trigonally coordinated Cu' ions,
and not linearly coordinated monomers.

We were therefore curious to study the CPL properties of
our linearly coordinated copper(l) amide compounds, but
unfortunately the g, of the Cbz complexes in THF solution as
well as in PMMA matrices is below the detection limit of our
instrument (< 1-107°). Actually, this finding coincides with the
obtained low values for g,,, of the 'LLCT states, which are
responsible for the TADF process (Table 2). In contrast, and
counterintuitively, [Cu(PZN)(cAACY*™] (6) exhibits g, =
—3.4-102 for triplet exciton emission in PMMA (1-2.5 wt.%)
(Figure 6), but not in other media. Optical artefacts, which
might derive from linear dichroism and birefringence, were
further excluded by measurement at several angles and
positions of the films. It is important to note that the CPL of
[Cu(PZN)(cAACM*™)] (6) is similar to other chiral organic TADF
emitters,*® but combines the relatively high dissymmetry with
higher k, of nearly 7-10°s™" in the red region of the electro-
magnetic spectrum (Table 1). Furthermore, the circular polar-
isation brightness By, =€-@-gy,m/2 of 1.9 M 'em™' is similar to
other CPL emitting materials, and even better than obtained for
most Ir"- and Pt"-based triplet emitters featuring comparable
k%% highlighting the potential of linearly coordinated copper(l)
TADF emitters for this purpose.

The origin of the CPL performance of 6 in comparison to
the other CMA compounds must be related to the specific
excited state structure and coupling with energetically higher
lying states, which should depend on the limited geometrical
reorganisation in PMMA as a rigid polar environment (see
above). This can be concluded from the fact that CD measure-
ments of 6 in PMMA films provide g,,, similar to those in THF
(1.0-107%), and one order of magnitude smaller than the g .
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Figure 6. Normalized emission spectrum (dotted red), CPL spectrum (solid
red) and corresponding g, values (grey) of [Cu(PZN)(cAAC"*"™)] (6) in PMMA
at room temperature.
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which suggests negligible rotatory strength R of the 'LL(PZN—
cAACM™)CT transition at the ground state geometry. In
addition, a “chaotic” reorganisation process is indicated by the
three lifetime components necessary to fit the time-resolved
luminescence decay. The increasing g, observed at higher
emission energies (5-107° at 520 nm) indicates that more
destabilized and less reorganised conformations exhibit en-
hanced R.

If indeed the reduced reorganisation in PMMA is responsible
for the high g, it does not at the same time decrease k,
significantly in comparison to other media (see Table 1). This
beneficial result might be due to one of the following two
extreme scenarios within the TADF scheme or, more likely, a
combination of both: 1) as g,,.> scales with k;™', a higher kgsc
might compensate a decreased oscillator strength f(S,—S,), or
2) the product ‘ﬁv‘cos(e) is increased. Assuming for the first
case kpsc> kg, and therefore k,~k;, a maximum possible value
of ’rﬁ’ cos(0) =0.046 u; for S;—S, is obtained using Egs. 1 and
3, with k:=6.7-10°s™" and 7,,,, =19,000cm™" providing f=
0.0022 and ‘;}‘:o.so D for the 'LLCT emission. Regarding the

second possibility, we use ‘/Z‘ =24 D of the S,—S, absorption
band, which then yields f=0.05, and Equation (1) with |g,,m| =
0.0034 provides a magnetic transition dipole moment of
‘rﬁ‘cos(@):O.ZZ,uB. In both extreme cases, i.e. either mini-
mized k,(S;—S,) or maximized ‘rﬁ)cos(@), the latter is greatly
increased in comparison to the estimated value of the
absorption process of 0.0066 ug (see above). This result appears
indeed realistic, in particular if cos(0) ~ 1, considering that for a

similarly sized [Cu(phen),]* complex a value of 0.5 ug was found
(341

for ‘rﬁ

Large differences between the dissymmetry values g in
solution and rigid media are often explained with aggregation
or excimer formation of emitter molecules."” These effects have
been described in detail to be of importance for planar Pt"
complexes and extended (organic) mt-systems, and can lead to
greatly enhanced g,,.!'"? An interesting behavior was also
reported by Wang et al. for highly ordered assemblies of a non-
planar phosphorescent Cu' complex, showing negligible CPL in
DMSO suspension, but increasing g, values of 5-107° for films
and 1-1072 for microcrystalline solid state.*"” A similar behavior
was also found for aggregated chiral NHC copper(l) amide
complexes.”” However, for [Cu(PZN)(cAAC*™)] (6) we exclude
excimer formation or aggregation being responsible for the
remarkable g, in PMMA due to the low concentration of the
dopant of 1 to 2.5wt%, and the emission and excitation
parameters do not show typical signs for such processes.

Besides restricted reorganisation in PMMA, either a butterfly
or a "kink” angle distortion of the PZN ligand in the excited
state can also provide a mechanism to enhance the rotatory
strength of the transition. A butterfly distortion of the more
rigid Cbz ligands in 1-4, 7 and 8 would be hindered, while the
excited state structure in CMAs is typically coplanar,"”?® which
could thus further explain the inefficiency of CPL in such
compounds. Also, the polar matrix PMMA could support
distortions by hydrogen bonding to the oxygen of the PZN
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ligand, an interaction mechanism that would also not be
available for the Cbz ligands.

An indication of a possible environment dependent dis-
tortion is provided by our DFT/TD-DFT calculations on 6 in the
gas phase, showing that the rotatory strength R of the vertical
transitions between the ground state S, and the S, state are
very structure sensitive (Figure 7).

The lowest energy conformation of the S, state adopts a
nearly coplanar arrangement of the phenoxazine and cAACM™™
ligands and bears very little rotatory strength R in the vertical
transition S,—S,; (Figure 7), which is in line with the measured
CD spectra in solution (Figure 2 and Table 2). Interestingly, we
found a “kink” angle B distortion of 6 as a local minimum on
the energy potential surface of the ground state only 0.03 eV
above the planar geometry, which is thus thermally accesible at
room temperature. The vertical transition to the S, state then
exhibits a ten-fold increased R value of 10.2-107* cgs. Further-
more, the mathematical sign of the luminescence dissymmetry
is also very sensitive to the structural pecularities, since the
So =S, transition at the optimized T, geometry, which ist most
likely very relevant for the TADF process, shows R=
—7.5-10"% cgs.

E S;
ST N .
5.~ 2.71eV. T, A
! 2.60 eV R=10.2
R=-1.1 T K

T, AT

4 37eV 2.45 eV 1.76 eV
IAE =0.27 eV
/j-\'\ Y.
_____ AE =0.03 eV
So

b ey 5

Zeuns = 169.6°
Lar1z-ar = 176.1°

Leung = 155.1°
Larrza2 = 173.4°

Leunz=176.9°
Larrzae = 177.7°

Figure 7. TD-DFT (D3BJ-PBE0/ZORA/def2-SVP) calculated vertical transitions
of [Cu(PZN)(cAAC™*")] (6) from the DFT (D3BJ-PBEO/ZORA/def2-TZVP)
optimized geometries of the ground state S, (left and middle), and from S,
at the optimized T, geometry (right). Z denotes the centroid of the amide
ligand, while Ar1 and Ar2 denote their two arene rings. Rotatory strengths R
given in 107* cgs.
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Conclusions

Structure-property relationships for the design of chiroptical
properties of transition metal CP-TADF emitters are very scarce
despite their relevance for electroluminescent devices. We have
thus studied a series of chiral copper(l) carbene amide
complexes as representatives of a class of highly efficient TADF
emitters, which emit from "LLCT/MLCT states with high k, in
the range of 10° s™' at room temperature as reported previously
for non-chiral or racemic analogues. For all compounds,
pronounced mechanochromic photoluminescence behavior
upon grinding the single crystalline materials leading to bath-
ochromic emission shifts and increased k, is observed. We trace
this phenomenon back to changes in the intermolecular dipol-
dipol interactions and larger surface-to-volume ratio after
application of the stimulus. However, the chiral moieties at the
cAAC acceptor or amide donor ligand do not lead to detectable
CPL of the carbazolate complexes irrespective of the medium.

In contrast, [Cu(PZN)(cAAC"®™)] (6) is a very efficient orange-
red TADF emitter in PMMA (k,=6.7-10°s™") with a notable
dissymmetry factor of g,,,=—3.4-10">. Either restricted ligand
rotation or a “kink” angle distortion of the PZN ligand
supported by hydrogen bonding of the ligand's oxygen atom
with the PMMA matrix might be responsbile for producing the
rotatory strength of the electron density change of the vertical
transition. Such an interaction with the matrix is not available
to the carbazolate ligands and is thus most likely responsible
for the effective chiroptical properties of the excited states,
which are inherently introduced by the chiral carbene ligand.
Further exploitation of this design motif for efficient CP-TADF is
a currently ongoing work in our group and will be reported in
due course.

Experimental Section

Essential Experimental Procedures/Data.All experimental details
provided in the Supporting Information in a separate file (pdf),
including synthetic procedures, details of characterization, X-ray
crystallographic data, photophysical spectra, as well as computa-
tional details.

Deposition Number(s) 2175343 (for 3), 2195861 (for 6), 2195860 (for
7), 2175342 (for R-8), 2175341 (for S-8) contain(s) the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service.
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