Heinrich Heine
Universitat
Dusseldorf .

Four-membered N-heterocyclic carbenes in carbene
metal amide emitters: a quantum chemical view

Jasper Guhl, Tu Viet Chu, Tobias Kretschmer, Leonard Karl, Christian Ganter,
Christel M Marian

Article - Version of Record

Suggested Citation:

Guhl, J., Chu, T. V., Kretschmer, T., Karl, L., Ganter, C., & Marian, C. (2026). Four-membered
N-heterocyclic carbenes in carbene metal amide emitters: a quantum chemical view. Methods and
Applications in Fluorescence / Institute of Physics , 14(2), Article 025001.
https://doi.org/10.1088/2050-6120/ae428d

UNIVERSITATS- UND

Wissen, wo das Wissen ist. LANDESBIBLIOTHEK
DUSSELDORF

This version is available at:

URN: https://nbn-resolving.org/urn:nbn:de:hbz:061-20260421-122225-7

Terms of Use:
This work is licensed under the Creative Commons Attribution 4.0 International License.

For more information see: https://creativecommons.org/licenses/by/4.0



Methods and
Applications in
Fluorescence

&%, PURPOSE-LED
“w§# PUBLISHING™

PAPER « OPEN ACCESS

Four-membered N-heterocyclic carbenes in
carbene metal amide emitters: a quantum
chemical view

To cite this article: Jasper Guhl et al 2026 Methods Appl. Fluoresc. 14 025001

View the article online for updates and enhancements.

You may also like

- Luminescence spectroscopy of a

macrocyclic ligand and its modulation
through Gd(lIl) coordination

Alex J Salazar-Medina, Yedith Soberanes,
Rosa Elena Navarro et al.

- Luminescent properties of thermally

activated delayed fluorescence molecule
with intramolecular — interaction between

donor and acceptor
Lei Cai, , Jianzhong Fan et al.

- Perspective for agaregation-induced

delayed fluorescence mechanism: A
OM/MM study

Jie Liu, , Jianzhong Fan et al.

This content was downloaded from IP address 134.99.2.136 on 21/04/2026 at 11:17


https://doi.org/10.1088/2050-6120/ae428d
/article/10.1088/2053-1591/ae1c9b
/article/10.1088/2053-1591/ae1c9b
/article/10.1088/2053-1591/ae1c9b
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/26/11/118503
/article/10.1088/1674-1056/aba2d9
/article/10.1088/1674-1056/aba2d9
/article/10.1088/1674-1056/aba2d9

10P Publishing

W) Check for updates

OPENACCESS

RECEIVED
10 October 2025

REVISED
13 January 2026

ACCEPTED FOR PUBLICATION
5 February 2026

PUBLISHED
24 February 2026

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL

Methods Appl. Fluoresc. 14 (2026) 025001

https://doi.org/10.1088,/2050-6120/ae428d

Methods and Applications in Fluorescence

PAPER

Four-membered N-heterocyclic carbenes in carbene metal amide
emitters: a quantum chemical view

Jasper Guhl' © , Tu Viet Chu', Tobias Kretschmer’
Christel M Marian"*

, Leonard Karl’

, Christian Ganter™*® and

! Institute of Theoretical and Computational Chemistry, Faculty of Mathematics and Natural Sciences, Heinrich Heine University

Diisseldorf, 40204, Diisseldorf, Germany

* Institute of Inorganic Chemistry, Faculty of Mathematics and Natural Sciences, Heinrich Heine University Diisseldorf, 40204,

Diisseldorf, Germany
* Authors to whom any correspondence should be addressed.

E-mail: Christian.Ganter@hhu.de and Christel. Marian@hhu.de

Keywords: computational molecular design, structure-property relationships, linear coinage metal complex, lactam-based carbenes,

intersystem crossing, thermally activated delayed fluorescence (TADF)

Supplementary material for this article is available online

Abstract

Using computational chemistry, we have scanned a set of four-membered N-heterocyclic carbenes
with bulky substituents for their ability to form carbene metal amides (CMAs) with excellent
thermally activated delayed fluorescence (TADF) properties. In comparison to the properties of their
well-known five- and six-membered analogs, the transition dipole moments of the first excited

singlet states of the corresponding Cu®”

carbazolide (Cz) complexes increase. For CMAs of the most

promising four-membered carbene, a lactam-based carbene (4LAC), detailed investigations of the
TADF properties have been performed using advanced quantum chemical methods. Due to the small
energy separation between its singlet and triplet ligand-to-ligand charge-transfer (LLCT) states,
4LAC-Ag®"—Cz exhibits the best ratio between reverse intersystem crossing (rISC) and intersystem
crossing in the coinage metal triad for a coplanar orientation of the ligands. The TADF properties of
the corresponding Cu® and Au® complexes benefit from twisted ligand—ligand alignments,
achieved by using tetrafluorocarbazolide (4FCz) as donor ligand. The moderate reduction of the
fluorescence rate constant upon twisting by about 45-50° is overcompensated by a decrease of the
singlet—triplet energy gap, thus improving the TADF performance. Overall, with fluorescence rate
constants of the order of 107 s~ and rISC rate constants between 10° and 10'° s, TADF should have
competitive advantage over common triplet deactivation processes such as triplet—triplet annihila-
tion. Like in other CMAs, full excited-state geometry relaxation in liquid solution is detrimental for
the emission properties. In the solid state, where the formation of a perpendicular ligand-ligand
alignment is sterically hindered by the environment, 4LAC-M—-Cz and 4LAC-M—-4FCz are predicted
to be efficient TADF compounds with red to orange emission.

1. Introduction

Two-coordinate carbene metal amide (CMA) com-
plexes, where M includes the coinage metal ions Cu'”,
Ag" and Au"” and where the amide ligand typically is
a carbazolide (Cz) derivative, represent some of the
most promising metal organic compounds to be used
as thermally activated delayed fluorescence (TADF)
emitters in organic light emitting diodes (OLEDs). By

employing cyclic (alkyl)(amino)carbenes (CAACs)

© 2026 The Author(s). Published by IOP Publishing Ltd

[1-11], bicyclic (alkyl)(amino) carbenes (BICs) [5],
cyclic (amino) (barrelene) carbenes (CABCs) [12],
cyclic (aryl)(amino) carbenes (CAArCs) [8, 13],
monoamido-aminocarbenes (MACs) or diamidocar-
benes (DACs) [3, 9, 14] in addition to conventional
N-heterocyclic carbenes (NHCs) [9, 15, 16], the
luminescence properties of the CMAs can be tuned
across the visible light spectrum, with some exhibiting
quantum vyields close to unity. The recent report of
two novel four-membered carbenes [17, 18], one of
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Figure 1. Schematic representation of an efficient TADF
emitter. Recombination of charge carriers in an OLED
populates the excited singlet and triplet states of the emitter
with aratio of 1:3. A small singlet—triplet energy gap

AEgr facilitates the thermal population of the excited singlet
state via rISC from the triplet state. Ideally, the mutual
electronic SOC of the excited singlet and triplet states and the
Franck—Condon weighted density of vibrational states are
sufficiently large to enable fast equilibration of the singlet and
triplet populations. High total (prompt plus delayed) fluores-
cence quantum yields can be achieved if the fluorescence rate
constant kg exceeds the rate constants of competing non-
radiative decay processes (k,,) and of phosphorescence (kp).

= Upy
- )

them lactam-based, sparked our interest in their
performance in CMA complexes.

Due to the electron-rich Cz ligand, CMA com-
plexes are strongly polar in the electronic ground state
and typically feature ligand-to-ligand charge-transfer
(LLCT) states as the lowest excited singlet and triplet
states. These LLCT states exhibit smaller singlet—tri-
plet energetic splittings AEgr and lower phosphores-
cence rates than metal-to-ligand charge-transfer
(MLCT) states but maintain sufficient spin—orbit cou-
pling (SOC) strength to enable intersystem crossing
(ISC) transitions [19]. The T} cr states of CMAs are
therefore apt to undergo reverse intersystem crossing
(rISC) to their nearby Siicr congeners, a necessary
precondition for efficient TADF (figure 1).

Theoretical investigations show that the optoelec-
tronic properties of the linear CMAs critically depend
on the ligand-ligand twist and tilting angles [20-24].
Fluorescence occurs preferentially in coplanar orien-
tations of the carbene and Cz ligands whereas radia-
tive rate constants are close to zero in perpendicular
orientations. Here, AEgy is smallest and thermal acti-
vation of the triplet population is easy, provided that
the mutual S,—T, spin—orbit coupling matrix element
(SOCME) is sufficiently large. Like twisting, tilting the
Czligand appears to reduce the singlet—triplet gap and
to enhance the rISC process. On the downside, large-
amplitude motions in twisting and tilting coordinates
are suspected to cause rapid nonradiative deactivation
of the complexes [24].

In this work, we explore carbene metal amides
(CMAs) composed of a four-membered carbene of
N-heterocyclic carbene (NHC), monoamido-amino-
carbene (MAC), cyclic (alkyl)(amino)carbene
(CAAC), or lactam-based carbene (LAC) type, a

2
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coinage metal (Cu®, Ag®” or Au®) and the electron-
rich 9H-carbazol-9-yl (Cz) by means of quantum che-
mical methods and compare their properties to those
of CMAs featuring well-known five- and six-mem-
bered carbenes. The N-heterocyclic carbenes carry
diisopropylphenyl (Dipp) groups at the nitrogen
atoms, CAACs and LACs are spiro-fused to a bulky
substituent at the alkyl position adjacent to the car-
bene site. For the complexes of the most promising
four-membered carbene, 4LAC, we perform detailed
quantum chemical investigations of their TADF
properties and compare them to those of related com-
pounds featuring a five-membered carbene. To study
the effect of the ligand-ligand twist angle on the
TADF properties, in addition to Cz, 1,8-dimethyl-
9H-carbazol-9-yl (2MeCz) and 1,3,6,8-tetrafluoro-
9H-carbazol-9-yl (4FCz) are considered as donors.

2.Method

All calculations were performed for molecules placed
in a solvent excluded surface cavity and surrounded
by a polarizeable continuum model (PCM) of dichlor-
omethane (DCM) solvent [25-27]. Minimum nuclear
arrangemens were optimized by means of Gaussian
16 [28] in conjunction with the PBEO density
functional [29, 30]. Herein, def2-SV(P) basis sets [31]
were employed for all ligand atoms. Small-core scalar
relativistic Wood-Boring effective core potentials
(ECPs) and associated TZVP valence basis sets were
used for representing silver (ecp-28-mwb) and gold
(ecp-60-mwb) [32]. For copper, we employed the cc-
pVDZ-PP basis set [33] together with the Stuttgart-
Koeln ECP [34]. Excited-state geometries were opti-
mized with time-dependent density functional theory
(TDDFT) [35, 36]. To avoid triplet instabilities, the
Tamm-Dancoff approximation (TDA) [37] was used
for locating the triplet equilibrium geometries. All
stationary points were verfied as minima employing
the analytical Hessian routines of Gaussian 16.

Bond properties of the carbenes or their com-
plexes were analyzed with the NBO 3.0 program [38].
The natural bond order (NBO) analysis is based on an
optimal transformation of a given wavefunction into
a localized form, encompassing one-center (lone-
pair) and two-center (bond) terms Deviations from
an idealized Lewis-structure can be interpreted as
electron donation from an occupied NBO orbital into
avacant NBO orbital, and their second-order interac-
tion as backbonding. The backbonding strength
(BBS) in the examined systems was calculated accord-
ingto [38]

F(, j)?
BBS = g; ey
€j — €

P where g; is the donor orbital occupancy, €; and ¢; are
the NBO orbital energies (diagonal elements) and F(i,
7) is the offdiagonal NBO Fock matrix element.
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Energies and transition dipole moments of the
singlet and triplet states were determined by means of
the DFT/MRCI method [39, 40]. This semi-empirical
method combines elements of density funcional the-
ory (DFT) and multireference configuration interac-
tion (MRCI) to compute correlated wave functions.
To avoid double counting of correlation energy, the
method makes use of extensive configuration selec-
tion and introduces in total 5 scaling parameters for
two-electron interactions. Here, we employ the R2022
Hamiltonian, parameterized for a configuration
selection threshold of 0.8 E;, and computed the first
ten excited singlet and triplet states. As one-particle
basis for generating the MRCI space, ground-state
BH-LYP [41, 42] Kohn-Sham molecular orbitals
(MOs) are used. The MOs and resolution-of-the-
identity (RI)-approximated integrals [43] were deter-
mined with the Turbomole [44] program package. In
these calculations, solvent—solute interactions were
modeled by point charges, imported from preceding
Gaussian calculations. Descriptors derived from one-
particle transition density matrices of the DFT/MRCI
wave functions by means of TheoDORE analyses [45]
assisted in characterizing the properties of the CMAs
in the excited states. MOs, difference densities and
molecular structures were visualized with jmol [46].

Spin—orbit coupling (SOC) matrix elements of the
DFT/MRCI wave functions were computed with the
SPOCK package [47-49] employing atomic mean-field
integrals [50] for all light elements and SOC-
ECPs [32, 34] for the metal centers. These matrix ele-
ments are subsequently used to determine temper-
ature dependent intersystem crossing (ISC) and
reverse intersystem crossing (rISC) rate constants in
harmonic oscillator and Franck—Condon (FC)
approximation including Duschinsky effects. In the
VIBES program [51-53], the FC-weighted density of
final vibrational states is determined for a temper-
ature-dependent Boltzmann distribution of initial
vibrational states using a time correlation function
approach. To determine radiative rate constants from
spin—orbit mixed wavefunctions according to the Ein-
stein formula for spontaneous emission, we carried
out multi-reference spin—orbit coupling configura-
tion interaction (DFT/MRSOCI) [54] calculations for
five roots. Fluorescence rate constants kr were calcu-
lated at the optimized geometry of the adiabatically
lowest excited singlet state, component-averaged
phosphorescence rate constant kp at the optimized
geometry of the first excited triplet state.

3. Results and discussion

3.1. Properties of the free carbenes

To create a solid basis for a comparison of the carbene
properties, we first examined four series of four-, five-
and six-membered free carbenes comprising NHCs,
MACs, CAACs and LACs (figure 2, left). To complete
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the series, 5- and 6-membered DACs (figure 2, right)
were studied as well. In our analysis, the energy of the
doubly occupied o lone-pair orbital, e(o) is consid-
ered an indicator of the donor capability of the
carbene while the energy of the lowest unoccupied
carbene 7" orbital, e(7™), serves as an indicator of its
acceptor strength. With increasing ring size, the donor
capabilities improve, whereas, with exception of the
LACs, the acceptor capabilities worsen.

Comparing NHCs with CAACs (table S1) it is seen
that a second nitrogen atom in the carbene hetero-
cycle lowers €(0) and increases ¢(7"). Independent of
the ring size, we therefore expect that the CAACs have
better o-donating and m-accepting properties than
the corresponding NHCs.

Due to its strong electron-withdrawing inductive
effect, the carbonyl functionality in the backbone of
the MACs, LACs and DACs substantially stabilizes the
o lone-pair und thus reduces the o donating proper-
ties of the carbene. The effect is most pronounced in
the four-membered carbenes, where the carbonyl
moiety is bound to both nitrogen atoms. In the five-
and six-membered carbenes, the two symmetrically
positioned carbonyl groups of the DACs achieve a
similar stabilizing effect on the o lone pair. The
impact of the C=0O group on the energy of the empty
7" orbital is even larger. Interestingly, e(7") is nearly
constant within the series 4LAC, 5LAC and 6LAC In
contrast, the acceptor orbital of 4MAC has much
lower energy than its SMAC and 6MAC congeners.
All in all, we expect the MACs, LACs and DACs to be
strong acceptor carbenes featuring low-lying LLCT
states when combined with a coinage metal and a
strong electron-donating ligand such as Cz. With
regard to their buried volumes, the carbenes follow
the expected trend (table S1).

Due to their high steric demand, the six-mem-
bered CAACs and LACs with spiro-fused adamantane
(Ad) residues do not form copper complexes with
nearly coplanar carbene-Cz orientation (table 1). To
get an idea, how strongly the residue influences the
carbene properties, we carried out calculations for
6CAAC(Me) and 6LAC(Me) which carry two methyl
groups instead of Ad. As exptected, the replacement
reduces the buried volume of the carbene. Electro-
nically, we observe slightly reduced donor properties
in the methyl-substituted compounds while the
acceptor properties remain unchanged compared to
6CAAC(Ad) and 6LAC(AA), respectively.

3.2. Properties of the carbene copper carbazolides

The primary objective of this section is to estimate the
TADEF properties of carbene—Cu—Cz complexes based
on the results of cost-effective calculations. In part-
icular, we want to assess the potential of CMAs
carrying novel carbene substituents (4NHC, 4MAC,
4CAAC, mLAC with m = 4,5,6) in comparison to
well-known five- and six-membered CAAC, MAC
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(4+n)carbene—M——Cz (5+n)DAC—M—Cz
n=0,1,2 n=0,12 n=0,1,2 n=0,1,2 n=0,1
NUN NUN N N . O
Dipp~Ny,N'Dipp Dipp~s,"¥'Dipp Dipp=y Dipp~,
il e ¥ ¥ ¥ Dipp’™N*Dipp
NHC- MAC- CAAC(Ad)- LAC(Ad)- DAC-

Figure 2. Carbenes scanned in this work for their donor and acceptor properties and their steric demand.

Table 1. Properties of the carbene—Cu—Cz complexes at the DFT(PBEOQ)-optimized ground-state geometry. The bond dissociation
energy (BDE) was obtained at the DFT(PBEO) level of theory, Sy 1 cr excitation energies (E) and electric transition dipole moments ( ;)
as well as AEgr values of the LLCT states were computed with DFT/MRCI.

Carbene E[eV] AEgr[meV] 1l D] Twist” angle[°] C-M [pm] M-N [pm] BDE" [k] mol ']
4NHC 3.92 139 4.07 2.0 186.3 185.9 262
4MAC 2.39 155 4.82 1.3 183.8 184.6 238
4CAAC(Ad) 3.39 174 3.56 0.2 186.1 186.2 279
4LAC(Ad) 2.44 185 4.76 2.8 183.7 185.0 258
5NHC 4.11 94 3.56 0.7 187.5 186.0 266
5MAC 3.28 115 3.54 0.0 187.0 185.4 255
5DAC 1.60 125 5.82 0.6 184.6 184.0 245
5CAAC(Ad) 3.45 163 3.34 6.7 188.9 187.4 273
5LAC(Ad) 2.53 161 4.25 1.9 186.9 186.1 259
6NHC 4.06 116 3.36 0.3 189.7 186.7 275
6MAC 3.20 108 3.44 2.5 188.7 186.1 258
6DAC 2.37 125 4.32 0.8 187.7 185.6 246
6CAAC(Me) 3.56 110 3.20 0.8 189.5 187.0 276
6CAAC(Ad) 3.25 98 2.61 28.9 192.3 189.8 246
6LAC(Me) 2.46 150 4.01 8.8 187.0 185.9 264
6LAC(Ad) 2.36 89 3.52 16.9 187.4 186.5 256

* N—C(carbene)-N(Cz)-C interligand dihedral angle.
* Difference between the electronic energies of the fully relaxed

NHC-Cu-Cz complex and its fully relaxed (NHC/Cu—Cz) fragments.
Zero-point vibrational energies and entropic contributions to the binding energy were not taken into account.

and DAC complexes. To this end, we built two-
coordinate carbene—Cu-Cz complexes for all car-
benes listed in table S1, optimized their electronic
ground-state structures by means of DFT in the
presence of a DCM solvent model and analyzed
their vertical excitation spectra determined at the
DFT/MRCI level of theory (figure3 and table 1).
In combination with typical energy lowerings of
related CMA complexes upon relaxation of the
excited-state geometry (about 0.5 eV for LLCT, 0.2 eV
for MLCT and 0.15 eV for LC excited states) [13, 20],
these vertical energies can be used to estimate
adiabatic excitation energies of the relevant states.
This computational approach has proven to be very
successful in predicting and interpreting the spectral
properties of transition metal carbene complexes
[13,19,20,55,56].

In addition to LLCT and MLCT states, Cz ligand-
centered (LC) states are found among the lowest-lying
excited states in the Franck—Condon region. Because

LLCT states promise to exhibit the smallest singlet—
triplet energy splittings AEst, [19] we here focus on
the energetics and spectral properties of their first
LLCT states, even if these do not pose the lowest exci-
ted states at the ground-state equilibrium geometry.
In addition to AEgr, the electric dipole transition
probability between the Sy ct state and the electronic
ground state is an interesting property to estimate the
aptitude of a dye to serve as TADF emitter. In contrast
to the oscillator strength, the electric transition dipole
moment (u,) does not scale with the excitation
energy, which is why we focus on this descriptor to
compare the radiative properties of the carbene
complexes.

In several papers dealing with design principles of
CMA complexes[11, 16], the electron—hole density
overlap and the distance between the electron and
hole centroids are used as descriptors for estimating
AEgrand p,, respectively. Since our work aims to
identify predictors for AFEgrand the radiative

4
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Figure 3. Vertical excitation energies for the (a) NHC- and MAC-Cu—Cz complexes and (b) CAAC- and LAC-Cu—Cz complexes at
the optimized ground-state geometry. In the case of 6CAAC and 6LAC, the excitation energies of the corresponding 6CAAC(Me)
and 6LAC(Me) complexes are shown. Solid lines denote singlet states, dashed lines denote triplet states. Next to the lowest three
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Figure 4. LUMOs of -Cu—Cz complexes with the respective carbenes. The isosurfaces were plotted for MO amplitudes of —0.05 (red)
and +0.05 (blue).
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Figure 5. Photophysical properties of a sterically unhindered 5CAAC-Cu—Cz complex as functions of the interligand torsion angle.
Geometries are from a constrained optimization in the electronic ground state. (a) AEgr and estimated fluorescence rate constants.
The population of the S state relative to the T population [S] was calculated via a Boltzmann distribution at 298 K. krapr was
obtained under the assumption of full S;-T) equilibration via krapr=[S] - kr neglecting other non-radiative decay channels. (b) Sum
over squared SOCME:s of the S;—T;states as well as the electric transition dipole moment t,; of the Sy ct—Sy transition.

transition probability from cost effective calculations,
we tested the significance of these descriptors for our
series of CMA complexes. Due to the lack of (good)
correlation (for details see the Supplemental Data), we

refrain from discussing these descriptors here,
however.

In agreement with the moderate acceptor cap-
abilities of the classical NHCs, we find the first
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Figure 6. Top: Relevant orbitals for the S;and T, excitation of the complex displayed in figure 5(a) in a coplanar orientation of the
ligands. The surfaces correspond to MO amplitudes with isovalues of =0.05 (red) and +-0.05 (blue). Bottom: Difference of the
Trrcr and Sy cr electron densities at constrained optimized geometries for a coplanar (left), diagonal (middle) and orthogonal
(right) orientation of the ligands. Darkred-colored areas indicate a loss of electron density in the S ¢y state, yellow-colored areas a
gain. Here, the cutoff defines the fraction of the density outside the plotted isosurface.

0
Dipp-N. 5 Cu
¥ *Ag
4LAC(Cm)- Au

Figure 7. CMA complexes examined in detail.

Siicr state at vertical excitation energies of approxi-
mately 4 eV (figure 3(a) and table 1). Independent of
the carbene ring size, a Cz ligand-centered (LC) 77"
excitation forms the S; and T states at the ground-
state geometry. Here, the *LC state is located energeti-
cally at least 0.5eV below the corresponding
Trrcr state. In view of the typical relaxation energies
(see above), the °LC state is expected to form the low-
est excited states of the NHC-complexes even adiaba-
tically. Classical NHC complexes are therefore not
further addressed in this work.

As discussed in section 3.1, the absence of a sec-
ond neighboring nitrogen increases both, the accep-
tor and donor strengths of CAACs in comparison to
classical NHCs. The change in the acceptor cap-
abilities seems to prevail and stabilizes the LLCT states
in the CAAC complexes in comparison to the corresp-
onding NHC complexes (figure 3 and table 1). Many
5CAAC-M—-Cz and some 6CAAC-M-Cz complexes
are known as excellent TADF emitters in the solid
state, in particular when the carbenes carry bulky
substituents [1, 3—8]. Because the vertical energies of
the lowest-lying states do not vary substantially with
the size of the carbene ring (figure 3(b)) and table 1)

and because the LLCT states are expected to form
adiabatically the lowest excited singlet and triplet
states, we predict 4CAAC-M—Cz complexes to pos-
sess good TADF properties as well.

The carbonyl group in the MAC and LAC back-
bones substantially increases the acceptor strength of
the carbene and thus stabilizes the LLCT states w.r.t.
the parent NHC- or CAAC-complex (figures 3(a)
and (b)). We therefore expect that the emission wave
length is further shifted into the red. Moreover, intro-
duction of the electron-withdrawing C=O group in
the backbone results in an increase of the p,; value
(table 1), an effect especially pronounced in the LAC
complexes. For geometrical reasons (C=O bond
aligned to C(carbene)-Cu—-N(Cz) axis), the impact of
the carbonyl group is largest for the 4MAC complex.
Its properties more closely resembles those of the
5DAC and 6DAC complexes where the effect of the
two carbonyl groups sum up to form a similar nodal
structure of the LUMOs (figure 4). Interestingly, the
MLCT states of the 6LAC complex are positioned at
lower energies than their congeners in the 5LAC and
4LAC complexes (figure 3). The reversed energetic
order of the Typcrand Tycr states in the Franck—
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5CAAC-Cu-Cz
4LAC-Cu-Cz
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Figure 8. Relaxed PBEO scan of the N-C(carbene)-N(Cz)—C torsion potential in the electronic ground states of selected complexes.

The discontinuities of some lines are due to hysteresis.

Condon region might lead to phosphorescent
6LAC-Cu—Cz complexes. Due to the lower pro-
pensity of Ag"” and Au® to form MLCT states, no
such complication is expected for the 6LAC-Ag—Cz
and 6LAC-Au—Cz complexes, however.

What effect does the ring size have in general? The
Siicr excitation energy remains nearly constant
within a given carbene class, save for 4MAC as dis-
cussed above. The singlet—triplet gap slightly decrea-
ses in the order AEgr(4) >AEgsr(5) >AEgr(6)
(table 1). For a fixed type of carbene, we observe a
steady increase of the electric transition dipole
moment between the Sy; ot and the ground state with
decreasing ring size. This property makes the 4AMAC
and 4LAC complexes interesting candidates for red-
light or NIR emitting TADF compounds which is why
we want to examine their properties in more detail.

With the exception of 6CAAC(Ad) and 6LAC
(Ad), all minimum structures exhibit interligand
dihedral angles N—C(carbene)-N(Cz)-C close to
0° (table1). 6CAAC(Ad) and 6LAC(Ad) exhibit
N-C(carbene)-C(spiro) angles of about 121° and
119°, respectively, and are therefore sterically too
demanding to form complexes with approxi-
mately coplanar arrangements of the carbene and
Cz ligands. With N—C(carbene)-C(spiro) angles of
about 109° and 93°, respectively, in the corresp-
onding five- and four-membered carbenes, the
contact surface between the Ad residue and the
Cz ligand is reduced and the tendency of the
electronic ground state to form nearly coplanar
conformers prevails. The impact of the inter-
ligand dihedral angle on the p,and AEgr values
is seen when the properties of the 6CAAC(Ad)
and the sterically less demanding 6CAAC(Me)
compared  (table1).  The
Sircr excitation energy is lowered, AEgr shrinks
and . is markedly reduced.

complexes  are

A torsional scan on a sterically unhindered
5CAAC-Cu-Cz complex (figure5) shows that a
full twist of 90° yields minimal AEgy, but is
nevertheless unfavorable for the TADF properties
as the p,value is minimal here. LMCT and
MLCT admixture to the LLCT excitation is
expected to aid the interstate SOC which is—
besides a low AEgr value—essential for efficient
T,-S; rISC. The course of the S;—T; SOCMEs as
function of the twist angle is less obvious than
for ., however. According to the extended El-
Sayed rules[57-59], the d electrons and holes
need to involve d orbitals with different orienta-
tions to ensure that the corresponding SOC int-
egral is large. In a perfectly coplanar ligand
alignment, both d,
T,-S, difference density lie in the same plane
(figure 6, bottom left) and the mutual SOCME is
small (figure 5(b)). A perpendicular ligand align-
ment does not automatically entail substantial
S$,—-T; SOCMEs, however. The reason is that the
Sticrand Typcrwave functions have very similar
compositions, save for the spin part, as visualized
by a nearly vanishing S;ycr—Tiicr difference den-
sity (figure 6 bottom right). Because the SOC
operator does not couple configurations with
equal spatial occupations,
perpendicular ligand alignments therefore feature
small S;-T; SOCMEs as well. In contrast, a par-
tial twist of the ligand planes and hence of the
d,-type metal orbitals leads to sizeable SOC
strengths. In the present example, a maximum of
the SOC strength is found for a twist angle of
about 45°. The course of kpapr in figure 5(a),
obtained under the assumption that non-radiative

contributors to the

conformers with

decay to the electronic ground state can be
neglected, indicates that an interligand alignment
between 60° and 75° can yield a three to four




Table 2. Properties of various carbene-M—Cz complexes at the DEFT(PBEO)-optimized ground-state geometry of the most stable conformer. Torsional barrier heights (TBH) and backbonding strengths (BBS) were obtained at the DFT
(PBEO) level of theory, vertical Sy cr excitation energies E, electric transition dipole moments (yt,;) and absorption oscillator strengths fas well as AEgy values were computed with DFT/MRCIL.

Complex E[eV] AEgr [meV] 141 [D] f Twist [°] C-M [pm] M-N [pm] TBH [k) mol™'] BBS [k] mol™ 1]
5CAAC(Ad)-Cu-Cz 3.45 163 3.34 0.146 6.7 189 187 12.0 41.8
4LAC(Cm)-Cu-Cz 2.49 180 4.70 0.209 —5.2 184 185 8.3 59.2
4LAC(Cm)-Ag-Cz 2.58 63 3.48 0.118 10.6 204 206 5.7 41.7
4LAC(Cm)-Au-Cz 2.64 131 5.28 0.278 0.4 195 202 11.3 91.8
4LAC(Cm)—Cu—4FCz 2.70 111 3.56 0.130 —44.5 184 187 5.8 58.9
4LAC(Cm)-Ag—-4FCz 2.86 47 2.94 0.094 —50.1 203 207 3.3 42.0
4LAC(Cm)-Au—4FCz 2.86 119 5.12 0.285 —48.1 194 203 7.9 93.8
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Figure 9. Computed ground-state absorption spectra of 4LAC(Cm) complexes. The line spectra were broadened by Gaussians with
1895 cm ™! full width at half maximum. All complexes exhibit coplanar ground state minima.

times higher TADF rate constant compared to a
coplanar conformer.

3.3. Detailed investigation of the photophysical
properties of 4LAC complexes

Asreported in earlier work by some of us, free 4AMACs
tend to dimerize in situ upon their formation [17]. In
contrast, rhodium and iridium complexes of 4LACs
could be prepared and characterized [18]. This
prompted us to investigate a 4LAC—coinage metal-Cz
triad (figure7) in more detail and to compare its
properties with the well-known 5CAAC(Ad)-Cu—-Cz
complex. To induce a twist of the amide ligand, we
opted for a bulky but highly asymmetric spiro-fused
alkane, a camphore-derived bicyclo[2.2.1]heptane
(Cm), instead of an adamantane residue.

3.3.1. Ground-state
properties

We examined the impact of the carbene and the
coinage metal ions on the conformation by
computing  torsion  profiles around the
C(carbene)-M-N(Cz) axis (figure 8). Despite the
steric demand of the carbene ligand, the torsion
profiles of all Cz complexes exhibit a minimum
at approximately 0° and a maximum close to
90°, showing that this is not the decisive property
directing the carbene-Cz alignment. Rather, we
find a correlation between the strength of the M-
carbene 7-type backbond within the Cu, Ag, Au
triad and the height of the torsion barrier which
increases in the order Ag < Cu < Au although
the metal bonds are markedly longer in the Au
complex than in its Cu congener (table2). The
larger N—C(carbene)-C(spiro) angle in the five-
membered carbene ring increases the steric
demand of 5CAAC(Ad) in comparison to 4LAC
(Cm) and elongates the C—M bond. As expected,
the torsion barrier is higher for the five-

conformers and absorption

membered carbene Cu(I) complex and the torsion
profile narrower in comparison to the respective
complex with 4LAC(Cm). Nevertheless, as long as
Cz is used as the donor ligand, all complexes
exhibit torsion barrier heights below 12 kJ mol ™},
sufficiently low to be overcome at room temper-
ature in solution.

Comparing the spectroscopic properties of 4LAC
(Cm)—Cu—Cz in the FC region with those of its well-
known 5CAAC(Ad)-Cu—Cz relative, it is seen that the
SiicT excitation energy is reduced by about 1€V in
the 4LAC complex (table 2). Despite the red-shift, the
oscillator strength of the Sy ¢t transition is higher in
4LAC(Cm)-Cu—Cz. When Cu” is replaced by Ag?,
the Sppcrabsorption is slightly blue-shifted. The
lower participation of the metal to the excitations
(table S2) causes the silver complexes to have the
smallest AEgr values and oscillator strengths among
the 4LAC(Cm)-M-Cz complexes. Like in many other
two-coordinate coinage metal complexes, the inten-
sity of the absorption increases in the order
Ag < Cu < Au(figure 9).

Due to the lower buried volume of four-
membered carbenes in comparison to their five-
membered congeners (table S1), it is difficult to
foresee the impact of sterically demanding Cz
derivatives on the equilibrium interligand torsion
angle of the 4LAC(Cm) complexes. Methylation
of Cz in 1- and 8-positions positions leads to
ligand twists with minima in the desired range of
about —60° or 120°. However, the twist goes
along with a marked tilt of the Cz ligand plane in
coplanar ligand orientations (figure S4) which is
expected to promote the nonradiative deactiva-
tion of the complex. We have therefore refrained
from investigating the properties of this complex
in more detail. Instead, we studied 4LAC(Cm)—
M-4FCz complexes carrying fluorine atoms in 1,
3, 6, and 8 positions (figureS5). For the most
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Table 3. Room temperature TADF properties of 4LAC(Cm) complexes undergoing constrained geometry optimization in the Sy ¢t and Ty oy states.

Complex Twist" Angle[°] AEg;” [meV] tel D] kels™] kesc[s '] kiscls '] krapr[s '] Ap[nm]
4LAC(Cm)-Cu—Cz —52 169 4.630 2.48 x 10% 6.35 x 10 1.18 x 10% 1.31 x 10% 647
4LAC(Cm)-Ag-Cz 10.6 25 3.627 1.34 x 10 561 x 10% 2.57 x 10% 2.93 x 10% 675
4LAC(Cm)-Au-Cz 0.4 105 5.272 3.75 x 10”7 2.41 x 10Y 4.20 x 10% 2.06 x 10% 615
4LAC(Cm)-Cu—4FCz —445 112 3.606 1.86 x 10%7 1.04 x 10% 221 x 10" 8.63 x 10%° 603
4LAC(Cm)-Ag—4FCz —50.1 37 2.861 1.05 x 10 567 x 10% 2.17 x 10% 2.74 x 10% 626
4LAC(Cm)-Au—4FCz —48.1 84 4.276 2.42 x 10% 1.86 x 10" 1.82 x 10" 2.56 x 10% 590

* The N—C(arbene)-N(Cz)—C interligand dihedral angle was fixed to its value at the ground-state minimum during the constrained excited-state optimization.

® Adiabatic Syycr-Tricr energy difference.

c . kisc
Calculated according to krape = ksc X (1 = f,flsc) [31.
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Table 4. Excited-state properties of the ALAC-Au—Cz and 4LAC-
Au—4FCz complexes computed at optimized geometries of the
TLLCT state.

Ligand-ligand alignment

Property Donor  coplanar®  diagonal”  orthogonal
(0.44°) (48°) (83-87°)
ZSOCME2 Cz 8.30 324.00 11.85
(8:-Ty)
4FCz 7.56 453.40 15.20
e [D] Cz 6.063 4.554 0.078
4FCz 6.256 4.733 0.114

* For 4FCz, a frozen structure of Cz congener was used with H
replaced by F and F-C bond lengths relaxed.

® Diagonal structures of the Cz ligand were obtained via con-
strained optimization of the Ty ot geometry.

stable conformer, twist angles between —45° and
—50° are obtained (table 2). Interestingly, the tor-
sion barrier height of 4LAC(Cm)-Cu—4FCz is
smaller than for the parent 4LAC(Cm)-Cu-Cz
complex (figure8). We ascribe this reduction
at torsional angles close to coplanar ligand
alignments to steric repulsion which mitigates
the directional effect of the metal-to-ligand
backbond.

To the best of our knowledge, previous attempts to
obtain such a 60-75°donor—acceptor twist in CMA
complexes without tilting the donor have been unsuc-
cessful. Substitution of hydrogen by fluorine in the 1-
and 8-positions of Cz in 5CAAC(Ad)-Au—Cz yielded
crystal structures with a barely changed interligand twist
and tilt whereas crystal structures with a >80° twist
were found in the corresponding Cu® complex [24]. In
contrast, methylation of Cz in 1- and 8-positions led to
crystal structures of two-coordinate gold and copper
complexes with nearly orthogonal alignment of the
5CAAC and 1,8-dimethylcarbazolyl (or 1,3,6,8-tetra-
methylcarbazolyl) ligands and markedly increased non-
radiative decay [4, 24].

3.3.2. TADF properties of the 4LAC(Cm)-M-Cz
complexes

The lowest-lying LLCT states experience large energetic
stabilization upon geometry relaxation and any obvious
energetic proximity to MLCT or LC states is lifted
(figures S6-S12). This allows us to focus on the
Sticr and Ty oy states for the description of their TADF
behavior. Note, however, that their wave functions still
contain varying amounts of LMCT and MLCT con-
tributions (tables S2 and S3). The MLCT admixtures are
particulary pronounced in the Ty cr state of the copper
complex. As we will see below, these metal contributions
have considerable impact on the AEgy values and the
mutual Sy cr—T1 et SOCMEs.

The LLCT excited states of the 4LAC(Cm)-M-Cz
complexes possess global minima at orthogonal
ligand alignments (table S7). Here, the Coulomb
repulsion and the exchange interaction of the
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electrons in the frontier orbitals are lowest. Because
the AEgr value is proportional to the magnitude of
the exchange interaction, it is maximal at coplanar
ligand alignments. The singlet—triplet energy splitting
thus reinforces the tendency of the Syjcrstate
towards orthogonal ligand alignments whereas it
counteracts this tendency in the Tyjcr case. Steric
influences can overrule the electronic preferences,
however. A crystal environment, for example, can
prevent a full geometry relaxation of the CMAs in the
solid state. In particular, the large-amplitude twist of
the donor ligand is sterically hindered and the donor
ligand

will librate about its equilibrium position in the
electronic ground state [20]. To model the photo-
physical behavior of 4LAC(Cm)-M-Cz in a rigid
environment, we therefore resorted to constrained
geometry optimizations for the LLCT states, fixing the
interligand dihedral angle to its value in the ground-
state minimum.”

The good acceptor properties of the 4LAC(Cm)
carbene result in bright Si;cr states with kg values
above 107 s~' and emission in the deep red region of
the visible spectrum (table 3). ISC outcompetes the
fluorescence by at least an order of magnitude. We
therefore expect prompt fluorescence to decay
rapidly. The small metal participation in the LLCT
states of the silver complex (tables S2 and S3) causes a
minute AEgr of 25 meV and leads to the highest rISC
rate constant in the coinage metal series. In contrast,
the large MLCT admixture to the LLCT excited states
of the copper complex gives rise to a AEgr splitting of
169 meV, a relatively high value for LLCT states in
CMAEs. It causes the rISC rate to be much smaller than
the ISC rate. The rISC processes of all other complexes
are, however, fast enough to achieve rapid equilibra-
tion of the S,-T, populations. Internal conversion
rates are difficult to compute reliably. However, in
related CAArC- and DAC-Cu-Cz complexes emit-
ting in the deep red as well, nonradiative decay rates
k.. in the order of 10° s~ ! were reported in the solid
state [13, 14]. Under these premises, the 4LAC-Ag—
Cz and 4LAC-Au—Cz complexes are predicted to pos-
sess sub-us TADF decay, mostly owing to their large
fluorescence rate constants. The quantum yield of
TADF in the corresponding 4LAC-Cu—Cz complex is
considered to be mainly limited by a low rISC/ISC
ratio due to a suboptimal AEgr.

3 Strictly, the Condon approximation of the radiative and
nonradiative transition probabilities is not valid in such floppy
molecules where even small variations of the energy can affect
large-amplitude motions [60]. However, modeling non-Condon
effects is extremely resource intensive and performed mostly in
cases where transition probabilties are small. Because the fluores-
cence rate constants and the rISC/ISC ratios of the here investigated
complexes are already very high in Condon approximation, we do
not expect a substantial qualitative impact of the non-Condon
effects on the TADF kinetics.
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3.3.3. TADF properties of the 4FCz complexes

The fluorinated 4LAC complexes possess smaller
1e(Sticr) values than their unfluorinated counterparts.
The reduction is mainly brought about by the inter-
ligand twist and is not predominantly caused by
electronic effects. To see this, we constructed a diagonal
Tricr structure of the 4LAC(Cm)-Au—Cz and a copla-
nar one of the 4LAC(Cm)—Au—4FCz. For a fixed twist
angle, the p (Siicr) values of the fluorinated and
unfluorinated Cz-complexes are similar (table 4).

The slight decrease of the radiative rate constant is
overcompensated, however, by better TADF proper-
ties. Like in the 5CAAC-Cu—Cz complex (figure 5),
the AEgrvalue steadily decreases with increasing
interligand twist angle in the 4LAC-Au-Cz and
4LAC-Au—4FCz complexes and the mutual SOC
between Siicrand Trpcris maximal at diagonal
alignments of the ligands (table4). The similarity
between the SOCME:s of the Cz and 4FCz complexes
ata given twist angle suggests that even in this case the
predominant impact of the fluorine atoms does not
have an electronic origin but stems from the different
ligand-ligand orientation it induces. Due to the
reduced AEgrand higher SOCMEs, the 4LAC-Cu-—
4FCz and 4LAC-Au—4FCz complexes exhibit sub-
stantially larger rISC rate constants and better kjsc to
kisc ratios than the related Cz complexes (table 3).
Interestingly, the predicted TADF properties of the
4LAC-Ag—Cz complex, which showed the highest
rISC rate constant in the coinage metal series, are
nearly unchanged upon fluorination, save for a blue-
shift of the emission wave length.

4. Conclusion

In summary, the results of our computational
study suggest that the lactam-based four-mem-
bered carbene 4LAC, carrying a bulky Dipp
substituent at the nitrogen atom and a spiro-
fused bicyclic heptane substituent adjacent to the
carbene site, is apt to form two-coordinated
carbene metal amides with excellent TADF prop-
erties in the solid state. The 4LAC-M-Cz (M =
Cu®, AgPand Au®, Cz = carbazolide) com-
plexes possess ground-state structures with nearly
coplanar orientation of the ligands and binding
energies comparable to those of five- und six-
membered MACs and LACs. The small metal
participation in the first excited LLCT states of
the silver complex causes a minute AEgr value of
merely 25 meV and leads to the highest rISC rate
constant (6 x 10%s™") in the coinage metal series.
In combination with the large electric transition
dipole moments of the Spycrstate in coplanar
ligand arrangements, submicrosecond radiative
decay of the red-light emission is predicted for
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this complex in the solid state. The high admix-
ture of MLCT character into S;and T; wave
functions of the copper complex results in a
comparably large singlet—triplet splitting and a
lower rISC rate constant (6 x 10°s™1) despite
substantial SOC. The TADF performance of the
gold complex is similar to the one of the silver
complex because its higher AEgrvalue is miti-
gated by an increased fluorescence rate constant.

One way to reduce the singlet—triplet energy gap in
linear donor—acceptor compounds is a twist about the
connecting bond(s), thus decoupling donor and acceptor
moieties electronically. Full geometry relaxation of the
4LAC-M-Cz complexes in the Spjcr state leads to an
almost perpendicluar arrangement of the ligands with
minimal AEgr value. However, the electric dipole trans-
ition moment i, vanishes here as well, while SOC s still
efficient. We may therefore assume that the fluorescence
of the sterically unhindered 4LAC-M—Cz complexes is
quenched or at least very weak in liquid solution.

To bring about a moderate ligand twist while
avoiding a perpendiculer ligand alignment, we intro-
duced substituents in the 1 and 8 positions of the Cz
donor. Methylation in these positions led to an addi-
tional tilt of Cz plane which is known to promote
nonradiative deactivation, but fluorination in 1, 3, 6,
and 8 positions yielded the desired effect. The fluori-
nated 4LAC complexes have ground-state equili-
brium structures in which the 4FCz ligands are
twisted by 45 to 50° w.r.t. the plane of the four-mem-
bered carbene ring. While these twist angles do not
quite fall in the optimal range (60-75°) for TADF
activity, as determined for a related 5CAAC-Cu—Cz
complex, they are sufficiently large to enhance the
TADF properties of the 4LAC-Cu—Cz and 4LAC-
Au—Cz complexes. The electronic decoupling of the
donor and acceptor moieties upon torsion goes along
with a moderate reduction of the transition dipole
strength and a blue shift of the Syt emission. With
regard to their TADF properties, the reduction of the
fluorescence rate constant is overcompensated in the
Cu” and Au® complexes, however, by a decrease of
the AEgr value, thus improving the k;jsc to kisc ratios
and TADF rate constants. Moreover, with k¢ values
of the order of 10°s !(Cu®® complex) and
10" s (Au® complex), the rISC process should
have a competitive advantage over common triplet

deactivation processes such as triplet—triplet
annihilation.
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