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Abstract: The most prominent way of tuning optoelectronic properties of copper(I)
emitters is primary-sphere ligand engineering, but little attention has been placed on
noncovalent interactions. Here we demonstrate an effective strategy to introduce
secondary metal-ligand interactions into two-coordinate Cu(I) emitters with the goals
of optimizing conformation dynamics and improving optical properties. As a proof of
concept, a panel of Cu(l) complexes are developed via chalcogen-heterocyclic
engineering on the 1,2-positions of carbazole ligand. These complexes have distinct
noncovalent metal-ligand interactions mainly originating from chalcogen:--Cu and
Cu---chalcogen—C orbital interactions, verified by single-crystal structure and
theoretical simulation. Thanks to confined conformations and reduced ligand-ligand
rotation freedom, the optimized Cu(I) emitters afford high emission quantum yields of
up to 93% together with large radiative rate constants of up to 1.2 x10% s™!. This work

unlocks the large potential of noncovalent interactions in developing excellent Cu(I)

emitters for cost-effective and high-efficiency OLEDs.
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Introduction
Noncovalent interactions such as hydrogen, chalcogen, halogen, and pnictogen bonds,
as well as m--m interactions have attached paramount attentions for promising
capability of tailoring optoelectronic properties of organic semiconductors, such as
charge carrier mobility, energy level, absorption, and emission.! Therefore,
understanding and control of noncovalent interactions in organic semiconductors is
paramount for applications within the fields of organic photovoltaics,? organic field
effect transistors,® and organic light-emitting diodes (OLEDs).* So far, various
noncovalent interactions have been utilized to construct emissive materials. To illustrate,
hydrogen bonding and 7- - -7 interactions have been widely reported to play an important
role in determining emissive properties of thermally activated delayed fluorescence
(TADF) and room temperature phosphorescence materials.” For organometallic
complexes, noncovalent interactions have also been widely explored in the control of
secondary coordination sphere and self-assembly processes.® Due to unique ability of
tuning various coordination spheres and geometries, secondary metal-ligand
interactions have been well exploited as spontaneous force to arrange building blocks
for supramolecular polymers, organometallic clusters or aggregates.” However, the
influence of secondary metal-ligand interactions on the photophysical properties of
luminescent organometallic complexes, especially for mononuclear organometallic
emitters, have been rarely explored and rather understood.

Owing to high abundance, low cost, and the absence of low-lying metal-centered

states, mononuclear copper(I) emitters have long been regarded as appealing
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replacement for the widely studied iridium(III) and platinum(II) phosphors in OLEDs.®
Despite extensive efforts in Cu(I) emitters over the past 50 years,” achieving
comparable performance with noble metal phosphors is still a challenging task.
Currently, only a handful of Cu(I) emitters exhibit promising electroluminescent
performance with over 20% external quantum efficiencies (EQEs).!° The mainstream
design of Cu(I) emitters is to engineer primary ligands. For instance, early-stage four-
coordinate Cu(I) complexes usually phosphoresce from metal-to-ligand charge transfer
(MLCT) excited states (Figure 1).!'! With the introduction of halogen atoms, three-
coordinate Cu(I) complexes have been reported to emit delayed fluorescence from the
combined MLCT and halide-to-ligand charge transfer (XLCT) states (Figure 1).1°%
Similarly, the employment of strong n-donating amide ligands (e.g. carbazole derivates)
imparts three-coordinate Cu(I) complexes with distinct TADF properties stemming
from ligand-to-ligand charge transfer (LLCT) excited states.'> Notably, the
groundbreaking discovery recently reported by Di and Thompson and co-workers
inspire a resurgent interest in the development of coinage metal complexes, especially
for two-coordinate Cu(I) emitters.'* The combination of m-accepting carbene ligands
and m-donating amide ligands have been highlighted to construct efficient two-
coordinate Cu(I) emitters. With the unique carbene-metal-amide (CMA) motif, this
class of Cu(l) complexes not only emit TADF from LLCT excited states, but also
deliver high radiative rate constants (k:s) and promising device performance (the
reported highest EQE of 23.6%) (Figure 1).!* Alongside the manipulation of electronic

structure, the control of conformation dynamics also plays an important role in
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determining optoelectronic properties of Cu(I) CMA emitters.!*>%!5 The introduction
of bulky units into the primary carbene and/or amide ligands is the most straightforward
method to limit conformation deformation in excited states. Beyond this, we conceive
that the use of secondary metal-ligand interactions may be an alternative approach of
tuning the conformation dynamics of Cu(I) CMA emitters.

Chalcogen (Ch) heterocycles have been widely applied in coordination chemistry field
because their distinct electronic properties can support versatile secondary metal-ligand
interactions.'® In this study, we developed a class of Cu(I) emitters, Cu-12F, Cu-12T,
Cu-12BF, and Cu-12BT, using Ch-heterocycle-fused carbazole derivatives, 10H-
furo[2,3-a]carbazole (12-F), 10H-thieno[2,3-a]carbazole (12-T), 12H-benzofuro[2,3-
a]carbazole (12-BF) and 12H-benzo[4,5]thieno[2,3-a]carbazole (12-BT), as donor
ligands in the CMA motif. Similar with typical TADF complexes, the exciton energies
and lifetimes of these Cu(I) complexes are mainly influenced by the electronic
properties of primary-sphere ligands. Intriguingly, this series of complexes had specific
secondary metal-ligand interactions between the central copper and Ch-heterocycle
subunits, which significantly affect conformation dynamics. Accordingly, the strong
secondary metal-ligand interactions limited conformation deformation in excited states
of the S-embedded complexes (Cu-12T and Cu-12BT). In combination with the steric
hindrance effect, the panel of complexes exhibited superior @prs of up to 93% together

with large ks of up to 1.2 x10° s,
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Figure 1. Chemical structures, optical properties, and device performances of Cu()
emitters reported in literatures and this work.

Results and Discussion

Synthesis and Characterization

The Ch-heterocycle-fused carbazole ligands were prepared by Pd-catalyzed
intramolecular cyclization reactions according to the literatures.!” All the Cu(l)
complexes were synthesized via simple nucleophilic reactions between the key
intermediate of MAC"CuCl and respective carbazole ligands with K2COj3 as the base.
'"H/'3C nuclear magnetic resonance spectroscopy and high-resolution mass
spectrometry were conducted to characterize chemical structures of the Cu(I)
complexes. Notably, the resonances of *C-(carbene carbon) followed the order of Cu-
12BF (211.0 ppm) > Cu-12F (210.4 ppm) > Cu-12BT (210.3 ppm) > Cu-12T (210.0
ppm). This trend manifests the reduced magnetic shielding around the Cecarpene 0f Cu-

12F and Cu-12BF, implying the weaker CT transition between the carbene and O-
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heterocycle-fused carbazole ligands (12F and 12BF). The electrochemistry study
disclosed that all the complexes underwent donor-ligand-attributed irreversible
oxidation processes (Figure S1). According to the half-wave potentials (calibrated
versus ferrocenium/ferrocene), the highest occupied molecular orbital (HOMO) levels
of these complexes gradually lifted in the order of Cu-12BF (=5.52 eV) < Cu-12F
(—5.49¢V) <Cu-12BT (-5.43 eV) < Cu-12T (-5.38 eV). This is in accordance with the
calculated HOMO tendency of the donor ligands (Figure S2), largely depending on
donor strength of the Ch-heterocycle-fused carbazole ligands (Figure S3). Due to the
much lower electronegativity and more involvement of S atom in the conjugation, S-
heterocycle-fused carbazoles have stronger donor strength than the respective O-
heterocycle-fused ones. The introduction of additional fused phenyl moiety can slightly
reduce the donor strength of Ch-heterocycle-fused carbazole ligands. Combined with
optical band gaps, the lowest unoccupied molecular orbital (LUMO) levels of these

complexes were determined to be in the range of —2.85 to —2.88 eV.
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Figure 2. Single-crystal structures of Cu-12F, Cu-12T, Cu-12BF, and Cu-12BT.
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The molecular conformations were further confirmed by X-ray crystallographic
analysis (Table S1). Albeit similar in most bond lengths and bond angles with typical
CMA complexes bearing unsubstituted carbazole ligand,'® this panel of complexes took
distinct molecular conformations (Figure 2). In terms of ligand-ligand torsion, the O-
embedded complexes (Cu-12F and Cu-12BF) had significantly twisted conformations
accompanied with large ligand-ligand dihedral angles of up to 33° (Figure 2), while the
S-embedded complexes (Cu-12T and Cu-12BT) took nearly coplanar geometries.
Inspiringly, both anti- and syn-conformers existed in the crystal of Cu-12F (Figure 2a),
indicative of large ligand-ligand rotation freedom for Cu-12F. Basically, these
complexes possessed nonlinear C-Cu-N configuration with bent £ C-Cu-N angles of
9-12°. Impressively, the C-Cu and Cu-N bonds of all these complexes significantly
oriented to the Ch-heterocycle subunits. Meanwhile, ~ Cu-O-C4 and £ Cu-S-C4
angles approached about 170° in favor of electronic coupling between the central
copper and O—C/S—C bond. Furthermore, the distances between the copper and
chalcogen atoms ranged from 3.23 to 3.60 A, smaller than the sum of van der Waals
radii of Cu and chalcogen atoms. These results clearly established the existence of

noncovalent metal-ligand interactions in these complexes.
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Figure 3. Noncovalent intramolecular interactions of (a) Cu-12F, (b) Cu-12T, (c) Cu-
12BF, and (d) Cu-12BT depicted by independent gradient model [Isovalue = 0.005
(electrons/bohr®)!2]. Attractive and repulsive interactions are colored with blue and red,
respectively. Natural bond orbital overlap between the n-orbital of chalcogen atoms and
the s-orbital of copper nucleus in (e) Cu-12F, (f) Cu-12T, (g) Cu-12BF, and (h) Cu-
12BT [Isovalue = 0.05 (electrons/bohr*)!?]. Natural bond orbital overlap between the
d-orbital of copper nucleus and o*-orbital of O—C/S—C bond in (i) Cu-12F, (j) Cu-12T,
(k) Cu-12BF, and (1) Cu-12BT [Isovalue = 0.03 (electrons/bohr®)!?]. E® represents
stabilization energy taken from the corresponding interactions.

Nature of secondary metal-ligand interactions

To unravel the intrinsic nature of secondary metal-ligand interactions, we firstly
conducted noncovalent interaction analysis based on independent gradient model
(Figure 3a-d).! Attractive noncovalent interactions were observed in the region
between Cu and S atoms for the S-embedded complexes (Figure 3b and 3d). Whereas,

noncovalent interactions were much weaker for Cu-12F and even unobserved for Cu-

https://doi.org/10.26434/chemrxiv-2023-jrf4l ORCID: https://orcid.org/0000-0002-1166-9047 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-jrf4l
https://orcid.org/0000-0002-1166-9047
https://creativecommons.org/licenses/by-nc-nd/4.0/

12BF (Figure 3a and 3c¢). Subsequently, we performed natural bond orbital analysis to
obtain the secondary perturbation stabilization energy (E®) between the respective
molecular orbitals.?’ For the S-embedded complexes, strong S---Cu orbital interactions
were found between the n-orbital (lone pair p-electrons) of S atom and the valence
orbital of Cu atom (mainly contributed by 4s-orbital), together with significant E® of
—3.17 and —3.78 kcal mol ! for Cu-12T and Cu-12BT, respectively (Figure 3f and 3h).
However, the O---Cu orbital interactions in Cu-12F and Cu-12BF were much weaker
with £® values of > —0.6 kcal mol ! (Figure 3e and 3g). Furthermore, the electrons in
valence orbital of Cu atoms also interacted with the antibonding ¢*(Ch—C) orbitals to
afford Cu---Ch—C interactions (Figure 3e-3h). Similar with the Ch---Cu interactions,
Cu---Ch—C interactions in the S-embedded complexes were much stronger than that in
the O-embedded complexes. This could be attributed to the different orbital components
of 6*(Ch—C) orbitals. As displayed in Table S2, the antibonding orbitals of S atoms are
dominated by p orbitals (> 80% orbital parentage) when forming ¢*(S—C) orbitals,
therefore extending interaction regions to enlarge the orbital overlaps. Additionally, Cu-
12F, Cu-12T, and Cu-12BT had tiny electrostatic interaction energies (Figure S4 and
Table S3), manifesting the electrostatic interactions do not mainly account for their
noncovalent interactions; while both electrostatic attraction interaction and orbital
interactions contribute to the weak noncovalent interactions of Cu-12BF. To sum up,
orbital interactions are the main contributor to form strong secondary metal-ligand

interactions in S-heterocycle-fused Cu(I) complexes.
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Figure 4. (a) UV-vis absorption and normalized fluorescence spectra of Cu-12F, Cu-
12T, Cu-12BF, and Cu-12BT in toluene solutions (10~* M, 300 K). (b) Normalized
fluorescence spectra and (c) transient PL decay cruves of Cu-12F, Cu-12T, Cu-12BF,
and Cu-12BT in mCBP-doped films with 5 wt% doping concentration. (d) Boltzmann-
type and (e) Arrhenius-type fit to the temperature-dependent lifetime data (symbols) to
eq. S1-S4 (line) for the doped films of Cu-12F, Cu-12T, Cu-12BF, and Cu-12BT. (f)
Temperature-dependent TADF and phosphorescence fractional intensities of Cu-12F,
Cu-12T, Cu-12BF, and Cu-12BT.

TADF properties

As illustrated in Figure 4a, although the ligand-attributed absorption bands of these
complexes were similar, the absorption peaks from ligand-ligand charge transfer
(LLCT) transition followed the order of Cu-12BF (425 nm) = Cu-12F (426 nm) < Cu-
12BT (431 nm) = Cu-12T (432 nm). Similarly, Cu-12F and Cu-12BF exhibited nearly
identical PL profiles together with significant emission blue-shifts of 5~18 nm in
solution and film state compared with those of Cu-12T and Cu-12BT, respectively.
These results suggested the steady-state photophysics of these complexes largely
depended on donor ligands. To clarify this point, density functional theory (DFT) and

time-dependent DFT (TD-DFT) calculations were performed. As a result, the simulated
10
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S1 levels of these complexes were gradually declined as the decrease of donor ligand
strength, that is Cu-12BF (2.46 eV, 504 nm) = Cu-12F (2.42 eV, 513 nm) > Cu-12BT
(2.29 eV, 541 nm) = Cu-12T (2.25 eV, 550 nm). This calculated S; tendency was
basically consistent with the order of PL emission peaks for these complexes (Table 1).
These results pinpointed the excited state energies of these complexes are mainly
determined by the electronic properties of donor ligands.

To get insight into exciton dynamics of these complexes, we conducted transient
photoluminescence (PL) curves. All the complexes manifested double exponential
decay profiles composed of ps-scale intersystem-crossing-dominant components
(shown in Figure S5a) and ps-scale delayed fluorescence (DF) radiations in both
solution and film states (Figure 4c and S5b and Table 1). In comparison with the S-
embedded complexes, the DF lifetimes of the O-embedded complexes were slightly
elongated. To further picture the exciton dynamics of these complexes, temperature-
dependent lifetimes of these complexes were measured. As shown in Figure 4d, when
cooling down to 77 K, all these complexes exhibited two orders of magnitude longer
average decay lifetimes than those at 300 K, solidly establishing their TADF nature
(Figure S6 and Table S5). Fits of temperature-dependent emissive lifetimes to
Boltzmann- and Arrhenius-type fittings were also performed (Figure 4d, 4f, S7 and S8).
As listed in Table 1, the O-embedded complexes afforded slightly larger AEst of ~50
meV in comparison with those of the S-embedded complexes (~45 meV). This could
be ascribed to the longer-range LLCT for Cu-12T and Cu-12BT, according to the hole-
electron analysis of Si states (Figure S9 and S10). Moreover, the slightly higher

11
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phosphorescent proportion could be responsible for the longer exciton lifetime (1.13 ps)
of Cu-12BF compared with those of other complexes (0.79-0.84 pus).

Subsequently, these complexes had significantly different ®prs (Table 1), mainly
depending on donor ligands. Cu-12T exhibited superior ®pr of 70% compared with that
of Cu-12F (47%); whereas Cu-12BF and Cu-12BT possessed significantly enhanced
®prs of 91% and 93%, respectively, comparable to the best values reported for Cu(I)
complexes to date.!*'* To figure out this point, the key photophysical rate constants
were extracted. Accordingly, all the complexes exhibited similar 4 ranging from
0.56x10°to 1.16x10%s™!. Differently, their nonradiative rate constants (knr) fell in the
order of Cu-12F (0.63x10°s™") > Cu-12T (0.38x10°s™!) > Cu-12BT (0.09 x10°s™") =
Cu-12BF (0.08 x10°s™1), inversely related to the variation trend of ®pr. In this context,
the ®prs of these Cu(l) complexes could be mainly determined by the nonradiative

processes, which are highly associated to the conformation dynamics.

Table 1. Photophysical properties in solution and film states.

kPLa)/b) (DPLb) T da)/b) krc) knrd) A ESTe)/t)
compound
[nm] [%] [us] [106s71] [106s71] [meV]
Cu-12F 552/514 47 0.37/0.84 0.56 0.63 51/52
Cu-12T 569/525 70 0.29/0.79 0.89 0.38 46/48
Cu-12BF 551/516 91 0.39/1.13 0.81 0.08 53/47
Cu-12BT  569/521 93 0.37/0.80 1.16 0.09 42/43

9 Measured in diluted toluene solutions (10* M, 300 K). » Measured in mCBP-doped films with
doping concentration of 5 wt%. 9 k=®p1/td. ¥ kar=@pr(1/k:-1). @ Fitted from two-level Boltzmann-

type dynamic model. D Fitted from Arrhenius-type dynamic model.
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Figure 5. Evolution of potential energy and E® of noncovalent interactions of (a) Cu-
12F and (b) Cu-12T. Schematic diagram of the correlation between molecular
conformation and noncovalent interlocked interaction for the (¢) O-embedded and (d)
S-embedded complexes. Geometric deformation between the optimized So and S;
conformation of (e) Cu-12F, (f) Cu-12T, (g) Cu-12BF, and (h) Cu-12BT.

To understand the influence of conformation dynamics on the photophysical
properties, we conducted the flexible potential energy surface scanning with respect to
the ligand-ligand dihedral angle. As illustrated in Figure 5a and 5b, the optimal anti-
conformation of Cu-12T delivered smaller ligand-ligand dihedral angle (16°) compared
with that of Cu-12F (32°), in accordance with the angles observed in single-crystal
structures (Figure 2). The rotation energy barriers of Cu-12T were also slightly higher
than those of Cu-12F. Similar tendency was observed for Cu-12BF and Cu-12BT
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(Figure S12), yet their rotation barriers were much larger due to the sufficient steric
hindrance between carbene flank and fused phenyl moiety on amide ligand. Intriguingly,
the stabilization energy of secondary metal-ligand interactions of the O- and S-
embedded complexes exhibited different evolving tendencies with respect to the ligand-
ligand rotation. For the S-embedded complexes, S:---Cu and Cu---S—C interactions
gradually became weak as the conformation changed from coplanar to vertical,
accompanied with the £® increment of ~1.5 and ~0.3 kcal mol !, respectively. Such a
loss of stabilization energy induced by the ligand-ligand rotation is equivalent to ~30%
of the rotation barrier for the S-embedded complexes (Figure Sa and S12a). In contrast,
the £¥ of O---Cu and Cu---O—C interactions were kept small and basically independent
of the conformation evolution (Figure 5b and S12b). In this sense, the strong secondary
metal-ligand interactions in the S-embedded complexes afford sizable noncovalent
stabilization energies and support larger ligand-ligand rotation barriers, ultimately
flattening the ground state conformations (Figure 5c). Whereas, the weak secondary
metal-ligand interactions have a small influence on the conformation dynamics of the
O-embedded complexes and render twisted conformations (Figure 5d). Furthermore,
the S-embedded complexes possessed smaller ligand-ligand twisted angles in S; states
with respect to the O-embedded complexes (Figure S13). This suggests the strong
secondary metal-ligand interactions can suppress ligand-ligand rotation in excited
states to some extent. Subsequently, root mean square deviation (RMSD) between Sy
and S; in these complexes were calculated for the quantitative estimation of excited
state reorganization. As displayed in Figure Se and 5f, Cu-12T delivered smaller
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RMSD of 0.66 A than that of Cu-12F (0.77 A), which can be attributed to the stronger
secondary metal-ligand interactions of Cu-12T. Differently, Cu-12BF and Cu-12BT
were imparted with small and similar RMSD values (Figure Sg and Sh), consistent with
the high ®prs of both complexes. This pinpoints the conformation dynamics and excited
state reorganizations of Cu-12BF and Cu-12BT are mainly determined by steric
hindrance between carbene and amide ligands. With the fusion of additional phenyl
moiety on the amide ligands, the significantly enhanced steric hindrance gave rise to
considerable ligand-ligand rotation barriers and thus confined the conformations. To
sum up, in the coordination sphere with insufficient steric hindrance, strong secondary
metal-ligand interactions can confine conformational deformation and suppress excited
state reorganizations of two-coordinate Cu(I) complexes, thus supporting high ®ps.
Comparatively, for the Cu(I) complexes bearing sterically hindered subunits, secondary
metal-ligand interactions can also serve as a complementary contributor to the

conformation dynamics that are mainly controlled by steric hindrance effect.

Conclusion

In summary, we have developed a series of Cu(I)-based TADF complexes possessing
CMA motif by using chalcogen-heterocycle-fused carbazole derivatives as donor
ligands. Similar with typical CMA complexes, the emission wavelength and exciton
lifetimes of these complexes are strongly associated with the electronic properties of
primary-sphere ligands. Furthermore, specific secondary metal-ligand interactions
existed between the central copper and chalcogen-heterocycle subunits. More
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importantly, such unique interactions are beneficial to optimize conformation dynamics
and limit excited state reorganization of Cu(I) CMA complexes. Combined with the
steric hindrance effect, the S-embedded complexes realized high photoluminescence
quantum yields of up to 93% along with high radiative rate constants of up to 1.2 x10°
s~!. This finding not only opens a new avenue for the development of efficient CMA
complexes via noncovalent interactions, but also disclose the large potential of Cu(I)

emitters in the OLED field.
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