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ABSTRACT: We report three characteristics of ideal thermally
activated delayed fluorescence molecular systems apparent in
carbene−metal−amides: (a) an exceptionally small singlet−triplet
gap that effectively eliminates the thermal activation barrier to
reverse intersystem crossing; (b) significant singlet oscillator
strength promoting fluorescence in the region of this small barrier;
and (c) enlarged spin−orbit coupling driving reverse intersystem
crossing in this region. We carry out highly correlated quantum-
chemical calculations to detail the relative energies of and spin−
orbit couplings between the singlet and triplet states, finding that
they fall closer together in energy and couple more strongly in
going from the singlet ground-state to the triplet optimized
geometry. This structural reorganization is defined not by rotation
of the ligands but by a nontrivial bending of the carbene−metal−amide bond angle. This bending reduces carbene−metal−amide
symmetry and enhances singlet−triplet interaction strength. We clarify that the reverse intersystem crossing triggering delayed
fluorescence occurs around the coplanar triplet geometric optimum.

Organic light-emitting diodes (OLEDs) are evaluated
based on their capacity to convert electricity to light. In

this respect, one state-of-the-art photophysical mechanism has
propagated in the OLED literature: delayed fluorescence (DF).
DF can convert electronically generated singlet and triplet
charge carriers to lightquadrupling the number of photons
generated relative to just singlet-state fluorescence. As such, this
process enhances conversion efficiency by multiplying the
molecular production of light. This process can be realized in
molecular systems by reducing the energy gap between singlet
and triplet electronic excited statesthe exchange energy. The
exchange energy is diminished when the electron density

migrates between orthogonal units in a molecular assembly
following an electronic transition (a charge-transfer excitation),
which may, in turn, be accompanied by intersystem crossing
(ISC) and reverse intersystem crossing (RISC) from singlet to
triplet and triplet to singlet states, respectively. RISC is essential
to the realization of efficient DF emitters, since it permits triplet
states to recombine radiatively with the ground state in a spin-
allowed process.
There have been notable advances in studies of DF recently

that have impacted modern-day OLEDs.1−23 Initially, the
efficiency of first-generation fluorescence-based OLEDs was
surpassed by second-generation phosphorescence-based (PH)-
OLEDs with noble metals, whereby singlet−triplet mixing
wrought by spin−orbit coupling rendered emissive triplet
excitons populated by electrical stimulation.24−28 Then these
expensive organometallics, featuring less effective blue-light
emission,24 were complemented by OLEDs exhibiting dynam-
ics between triplet and singlet states. The dynamical
mechanisms include triplet−triplet annihilation29,30 and
metal−ligand charge-transfer complexes with diminished
singlet−triplet energy gaps.31−36 From these mechanisms,
third-generation OLEDs employing triplet-to-singlet thermally
activated (TA) DF were espoused.37−48 These OLEDs
included donor−acceptor assemblies with localized CT
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Figure 1. (a) Chemical structure of CMA2. (b) Calculated CMA2
LUMO (isovalue = 0.06). Orbital density is concentrated on the
adjacent carbene carbon and nitrogen 2pz orbitals, with an additional
nontrivial contribution from the copper metal center.
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excitons stemming from twisted geometries49,50the exciton
confinement (small relaxation energy) leading to the realization
of efficient blue TADF emitters. Nevertheless, the efficiency of
these metal-free OLEDs is curtailed by large singlet−triplet
gaps and RISC time constants.
Here, we report on the photophysics of highly efficient DF

emitterscarbene−metal−amides (CMA)that minimize the
singlet−triplet gap so as to attenuate the thermal activation
barrier to RISC.51,52 This attenuation, in turn, raises the rate at
which triplet excitons radiatively recombine to the ground state
via DF, thereby averting bimolecular53 and nonradiative52

degradation pathways. There remains the question, however, of
the precise CMA geometry that best promotes RISC and
subsequent DF. Di et al.51 proposed a rotationally accessed
spin-state inversion mechanismclaiming that dynamic relax-
ation in the singlet excited state pulled its energy below that of
the triplet state after passing through a point of intersection. An
ensuing computational study, however, found no such point of
intersection between the statesligand rotation merely
quenches the singlet−triplet exchange energy.52 We expound
upon this computational study by evaluating the effect of the
carbene−metal−amide bond angle on the singlet−triplet gap

and spin−orbit coupling. We find that triplet-state distortion of
this bond anglebeing almost perfectly straight in the ground
stategreatly enlarges the spin−orbit coupling while having a
subtle effect on the singlet−triplet gap. Yet while this gap also
shrinks following ligand rotation, a concomitant decrease in the
spin−orbit coupling lowers the interaction between singlet and
triplet, even as their energies come closer together. This makes
fully rotated singlet-state geometries less accessible than
coplanar conformations. Thus, while we corroborate the idea
of rotationally accessed spin-state intersection (a RASI different
from that presented originally51) due to the asymptotic
convergence of singlet and triplet excitation energies at the
twisted CMA geometry, we assert that the small singlet−triplet
gap at the coplanar triplet geometry, complemented by robust
spin−orbit coupling, leads to RISC at nontwisted geometries.
These structures have larger singlet-state oscillator strength
supporting optimal DF.
We carried out state-averaged CASSCF calculations54−68

with Slater determinants on copper-centered CMA2 (see
Figure 1a)using Gaussian 1669 and the def2-SVP basis
set70,71to evaluate the excitation energies and configurations
of both the first triplet and singlet excited states. An active

Figure 2. (a) The carbene-metal-amide three-center interaction along with the nitrogen adjacent to the carbon are displayed (all other atoms are
omitted for clarity). The two circled atoms represent the carbon−nitrogen bond that is followed along the relaxation pathway from the ground-state
to the singlet excited-state optimized geometry. (b) Relationship between excitation energy and C−N bond distance for both the singlet and triplet
excited states. The points corresponding to the triplet and singlet optimized geometries are labeled “T1” and “S1”, respectively. The dotted and
dashed lines are guides for the eye reflecting the diminished energy gap. The singlet−triplet energy gap decreases from 0.1 to 0.07 to less than 0.01
eV in going from the ground to the triplet to the singlet optimized geometry. (c) Relationship between transition dipole moment (in Debye, D) and
C−N bond distance. The transition dipole moment at the triplet optimized geometry is reduced to 83% of its maximum value, while it drops to 13%
of its maximum value at the singlet optimized geometry. A logarithmic fit illustrating the strongly suppressed transition dipole moment stemming
from reorganization to the S1 optimized geometry from T1 is plotted. (d) Relationship between spin−orbit coupling (in cm−1) and C−N bond
distance. The spin−orbit coupling is maximized at the triplet optimized geometry.
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space of four electrons in four orbitals was utilized due to the
predominant HOMO−LUMO nature of both excited states,52

having confirmed that a marginal difference in excitation
energies results from active-space expansion (Figure S1). This
was verified with active spaces as large as 16 electrons in 16
orbitals using spin-adapted state-specific Density Matrix
Renormalization Group (DMRG)-SCF via the Block pro-
gram.72−99 We computed the approximate excited-state spin−
orbit coupling100 within our state-averaged CASSCF imple-
mentation. These electronic structure calculations are based on
geometries optimized using DFT/TDDFT without51 and with
the Tamm−Dancoff Approximation,101−103 finding negligible

differences in structure and excitation energies with respect to
the methodunderscoring the lack of triplet instability for
TDDFT104−106 on CMA2 (Table S1). Using the successive
iterations along the excited-state optimization paths from the
ground state to the triplet and from the triplet to the singlet, we
construct relative potential-energy curves of the excited states.
The lowest-lying singlet and triplet excited states of CMA2

are charge-transfer in nature. As shown in Figure 1b, the
prominent ligand contribution to the CMA2 lowest unoccupied
molecular orbital (LUMO) is from the carbene carbon and
adjacent nitrogen 2pz orbitals aligned out of phase, which
means that the two atoms are repelled from each other in the
excited state.
This was verified by wave function configuration analysis at

each optimized geometry, with 90% of the singlet wave
function comprised of LUMO one-particle excitation (Figure
S2). As the singlet relaxes, the strength of the antibonding
interaction is mitigated by C−N bond stretching, which, in
turn, pushes the LUMO down in energy. For this reason, the
C−N bond displayed in Figure 2a is followed from the ground
to the relaxed singlet geometry. Relevant normal modes at this
minimum-energy point are enumerated in Table S2. Figures 2b,
2c and 2d detail the change in excitation energy, singlet excited-
state transition dipole moment, and triplet-singlet excited-state
spin−orbit coupling, respectively, with respect to C−N bond
elongation.
While a subtle elongation of the C−N bond from the triplet

to the singlet optimized geometries leads to near-degeneracy of
the excited states, the oscillator strength and spin−orbit
coupling become significantly suppressed at the singlet
optimized geometry. The transition dipole moment and
spin−orbit coupling decrease by factors of seven and 20,
respectively, in going from T1 to S1. Moreover, the reduction in
the singlet−triplet gap is just 0.06 eV, from 0.07 eV at T1 to
0.01 eV at S1. These results suggest that the geometries leading
to DF hover around the T1 optimum as originally suggested by
Di et al.51 The small energy gap from triplet to singlet at this
geometry, along with enhanced spin−orbit coupling, help to
facilitate RISC, and the planarity of the ligands helps to sustain
oscillator strength close to that of the ground state.
Given the likelihood of DF occurring near the minimum of

the T1 potential-energy surface, we resolve this surface in Figure
3a by considering the change in carbene−metal−amide bond
angle over the course of the T1 geometry optimization.
Like the carbon−nitrogen bond, the carbon−copper−

nitrogen bond angle distorts during excited-state relaxation
due to the antibonding interaction between the metal dxz
orbital and the carbon 2pz orbital. This symmetry breaking of
the carbene-metal-amide bond axis leads to greater spin−orbit
coupling and, in turn, greater interaction between the singlet
and triplet states. While almost perfectly flat (177 degrees) in
the ground state, an apparent “kink” at the T1 optimized
geometry lowers the bond angle to 163 degrees. This “kink”
decouples the ligands appended to each side of the metal,
thereby serving to lower the singlet−triplet gap as displayed in
Figure 3a. Nonetheless, both excited states are stabilized
significantly by this structural distortion. The singlet state is less
significantly stabilized by ligand rotation to an orthogonal
orientation at the singlet excited-state geometry, which further
decouples the ligands and collapses the singlet−triplet gap
(Figure 3b). This collapse, but not inversion, was further
verified by carrying out state-averaged CASSCF with scalar
relativistic effects using the X2C module in PySCF.107−109 An

Figure 3. (a) Evolution of the triplet and singlet energies with respect
to the carbene−metal−amide bond angle in copper-centered CMA2
along the optimization path from the ground state to the triplet
minimum geometry. (b) Evolution of the singlet−triplet energy gap
(ΔEST) in copper-centered CMA2 along the optimization path from
the triplet state to the singlet minimum geometry. (c) Evolution of the
singlet transition dipole moment along the optimization path from the
triplet state to the singlet minimum geometry, fitted sinusoidally as in
the work of Di et al.51
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energy gap of 4 meV was obtained, compared to 4.6 meV
without relativistic effects (Table S3). As this gap asymptoti-
cally converges to zero when the ligands are rotated
perpendicular to each other, we describe this phenomenon as
rotationally accessed spin-state intersection that counterintui-
tively limits DF, as Figures 2d and 3c reveal. For one, RISC
depends directly on spin−orbit couplingwhich returns to the
ground-state value at S1 as the carbon, copper, and nitrogen
atoms realign (bond angle of 175 degrees)and not ΔEST.
Moreover, RISC is followed by fluorescence with efficiency
directly dependent on oscillator strength. Since the singlet
potential-energy surface is relatively flat in the region from T1
to S1,

52 there does not appear to be a strong thermodynamic
driving force inducing rotation and, in turn, delayed-
fluorescence quenching, in CMA2. On the other hand, the
excited singlet is driven toward the near-resonant excited triplet
minimum-energy geometry by enlarged spin−orbit coupling
mediating intersystem crossing, meaning that singlet-state
population should be concentrated around this seam. As
such, the thermodynamic accessibility of the triplet optimized
geometry should serve to hinder full ligand rotation in the
singlet excited state, which itself hinders delayed-fluorescence
efficacy (see Supporting Information).
In conclusion, coplanar carbene−metal−amide structures

achieve the trifecta of small singlet−triplet gaps, large oscillator
strengths, and large spin−orbit couplings. The rotationally
accessed point of intersection between the singlet and triplet
excited states is a moot point, since ligand rotation only
marginally affects the singlet−triplet gap and is deleterious to
DF in the context of spin−orbit coupling and singlet oscillator
strength. Rather, carbene−metal−amide bond deformation,
accompanied by carbene carbon−nitrogen bond stretching, are
shown to be the crucial coordinates leading to an optimized
triplet geometry with maximal spin−orbit coupling and over
80% of the ground-state oscillator strength. This is explained by
the fact that the lowest triplet excitation in CMA2 primarily
involves the LUMO, characterized by carbon−nitrogen and
carbon−copper antibonding interactions. DF is predicted to
occur efficiently in CMA2 because, while the driving force for
these distortions is large, the driving force for ligand rotation is
small. Increasing sterics and solvent viscosityeffectively
emulating the hindered ligand rotation in the solid state
should further increase the efficiency of CMA DF in solution.
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(52) Föller, J.; Marian, C. M. Rotationally Assisted Spin-State
Inversion in Carbene−Metal−Amides Is an Artifact. J. Phys. Chem.
Lett. 2017, 8, 5643−5647.
(53) Giebink, N.; Forrest, S. Quantum Efficiency Roll-Off at High
Brightness in Fluorescent and Phosphorescent Organic Light Emitting
Diodes. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 77, 235215.
(54) Hegarty, D.; Robb, M. A. Application of Unitary Group
Methods to Configuration Interaction Calculations. Mol. Phys. 1979,
38, 1795−1812.
(55) Eade, R. H. A.; Robb, M. A. Direct Minimization in Mc Scf
Theory. The Quasi-Newton Method. Chem. Phys. Lett. 1981, 83, 362−
368.
(56) Schlegel, H. B.; Robb, M. A. Mc Scf Gradient Optimization of
the H2co→H2 + Co Transition Structure. Chem. Phys. Lett. 1982, 93,
43−46.
(57) Bernardi, F.; Bottoni, A.; McDouall, J. J. W.; Robb, M. A.;
Schlegel, H. B. Mcscf Gradient Calculation of Transition Structures in
Organic Reactions. Faraday Symp. Chem. Soc. 1984, 19, 137−147.
(58) Frisch, M.; Ragazos, I. N.; Robb, M. A.; Bernhard Schlegel, H.
An Evaluation of Three Direct Mc-Scf Procedures. Chem. Phys. Lett.
1992, 189, 524−528.
(59) Yamamoto, N.; Vreven, T.; Robb, M. A.; Frisch, M. J.; Bernhard
Schlegel, H. A Direct Derivative Mc-Scf Procedure. Chem. Phys. Lett.
1996, 250, 373−378.
(60) Siegbahn, P. E. M. A New Direct Ci Method for Large Ci
Expansions in a Small Orbital Space. Chem. Phys. Lett. 1984, 109,
417−423.
(61) Klene, M.; Robb, M. A.; Frisch, M. J.; Celani, P. Parallel
Implementation of the Ci-Vector Evaluation in Full Ci/Cas-Scf. J.
Chem. Phys. 2000, 113, 5653−5665.
(62) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F.; Hillier, I. H.;
Robb, M. A.; Venturini, A. Mc-Scf Study of the Diels-Alder Reaction
between Ethylene and Butadiene. J. Am. Chem. Soc. 1988, 110, 3050−
3055.
(63) Bernardi, F.; Bottoni, A.; Olivucci, M.; Robb, M. A.; Schlegel, H.
B.; Tonachini, G. Do Supra-Antara Paths Really Exist for 2 + 2
Cycloaddition Reactions? Analytical Computation of the Mc-Scf
Hessians for Transition States of Ethylene with Ethylene, Singlet
Oxygen, and Ketene. J. Am. Chem. Soc. 1988, 110, 5993−5995.

(64) Bernardi, F.; Bottoni, A.; Robb, M. A.; Venturini, A. Mcscf Study
of the Cycloaddition Reaction between Ketene and Ethylene. J. Am.
Chem. Soc. 1990, 112, 2106−2114.
(65) Tonachini, G.; Schlegel, H. B.; Bernardi, F.; Robb, M. A. Mc-Scf
Study of the Addition Reaction of the 1.Delta.G Oxygen Molecule to
Ethene. J. Am. Chem. Soc. 1990, 112, 483−491.
(66) Palmer, I. J.; Olivucci, M.; Bernardi, F.; Robb, M. A. An Mc-Scf
Study of the Thermal and Photochemical Cycloaddition of Dewar
Benzene. J. Org. Chem. 1992, 57, 5081−5087.
(67) Palmer, I. J.; Ragazos, I. N.; Bernardi, F.; Olivucci, M.; Robb, M.
A. An Mc-Scf Study of the (Photochemical) Paterno-Buchi Reaction. J.
Am. Chem. Soc. 1994, 116, 2121−2132.
(68) Vreven, T.; Bernardi, F.; Garavelli, M.; Olivucci, M.; Robb, M.
A.; Schlegel, H. B. Ab Initio Photoisomerization Dynamics of a Simple
Retinal Chromophore Model. J. Am. Chem. Soc. 1997, 119, 12687−
12688.
(69) Frisch, M. J., et al. Gaussian 16; Gaussian, Inc.: Wallingford, CT,
2016.
(70) Weigend, F.; Has̈er, M.; Patzelt, H.; Ahlrichs, R. Ri-Mp2:
Optimized Auxiliary Basis Sets and Demonstration of Efficiency. Chem.
Phys. Lett. 1998, 294, 143−152.
(71) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:
Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(72) White, S. R. Density Matrix Formulation for Quantum
Renormalization Groups. Phys. Rev. Lett. 1992, 69, 2863−2866.
(73) White, S. R. Density-Matrix Algorithms for Quantum
Renormalization Groups. Phys. Rev. B: Condens. Matter Mater. Phys.
1993, 48, 10345−10356.
(74) White, S. R.; Martin, R. L. Ab Initio Quantum Chemistry Using
the Density Matrix Renormalization Group. J. Chem. Phys. 1999, 110,
4127−4130.
(75) Daul, S.; Ciofini, I.; Daul, C.; White, S. R. Full-Ci Quantum
Chemistry Using the Density Matrix Renormalization Group. Int. J.
Quantum Chem. 2000, 79, 331−342.
(76) White, S. R. Density Matrix Renormalization Group Algorithms
with a Single Center Site. Phys. Rev. B: Condens. Matter Mater. Phys.
2005, 72, 180403.
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(94) Schollwöck, U. The Density-Matrix Renormalization Group in
the Age of Matrix Product States. Ann. Phys. 2011, 326, 96−192.
(95) Hu, W.; Chan, G. K.-L. Excited-State Geometry Optimization
with the Density Matrix Renormalization Group, as Applied to
Polyenes. J. Chem. Theory Comput. 2015, 11, 3000−3009.
(96) Guo, S.; Watson, M. A.; Hu, W.; Sun, Q.; Chan, G. K.-L. N-
Electron Valence State Perturbation Theory Based on a Density
Matrix Renormalization Group Reference Function, with Applications
to the Chromium Dimer and a Trimer Model of Poly(P-Phenyl-
enevinylene). J. Chem. Theory Comput. 2016, 12, 1583−1591.
(97) Roemelt, M.; Krewald, V.; Pantazis, D. A. Exchange Coupling
Interactions from the Density Matrix Renormalization Group and N-
Electron Valence Perturbation Theory: Application to a Biomimetic
Mixed-Valence Manganese Complex. J. Chem. Theory Comput. 2018,
14, 166−179.
(98) Ghosh, D.; Hachmann, J.; Yanai, T.; Chan, G. K.-L. Orbital
Optimization in the Density Matrix Renormalization Group, with
Applications to Polyenes and B-Carotene. J. Chem. Phys. 2008, 128,
144117.
(99) Sharma, S.; Chan, G. K.-L. Spin-Adapted Density Matrix
Renormalization Group Algorithms for Quantum Chemistry. J. Chem.
Phys. 2012, 136, 124121.
(100) Abegg, P. Ab Initio Calculation of Spin-Orbit Coupling
Constants for Gaussian Lobe and Gaussian-Type Wave Functions.
Mol. Phys. 1975, 30, 579−596.
(101) Hirata, S.; Head-Gordon, M. Time-Dependent Density
Functional Theory within the Tamm−Dancoff Approximation.
Chem. Phys. Lett. 1999, 314, 291−299.
(102) Tamm, I. Relativistic Interaction of Elementary Particles. J.
Phys.(USSR) 1945, 9, 449.
(103) Dancoff, S. Non-Adiabatic Meson Theory of Nuclear Forces.
Phys. Rev. 1950, 78, 382.
(104) Wong, B. M.; Hsieh, T. H. Optoelectronic and Excitonic
Properties of Oligoacenes: Substantial Improvements from Range-
Separated Time-Dependent Density Functional Theory. J. Chem.
Theory Comput. 2010, 6, 3704−3712.
(105) Peach, M. J.; Williamson, M. J.; Tozer, D. J. Influence of
Triplet Instabilities in Tddft. J. Chem. Theory Comput. 2011, 7, 3578−
3585.
(106) Peach, M. J. G.; Tozer, D. J. Overcoming Low Orbital Overlap
and Triplet Instability Problems in Tddft. J. Phys. Chem. A 2012, 116,
9783−9789.
(107) Sun, Q.; Berkelbach, T. C.; Blunt, N. S.; Booth, G. H.; Guo, S.;
Li, Z.; Liu, J.; McClain, J. D.; Sayfutyarova, E. R.; Sharma, S. Pyscf:
The Python-Based Simulations of Chemistry Framework. Wiley

Interdisciplinary Reviews: Computational Molecular Science 2018, 8,
e1340.
(108) Sayfutyarova, E. R.; Chan, G. K.-L., Electron Paramagnetic
Resonance G-Tensors from State Interaction Spin-Orbit Coupling
Density Matrix Renormalization Group. arXiv preprint
arXiv:1711.07195, 2017.
(109) Peng, D.; Middendorf, N.; Weigend, F.; Reiher, M. An Efficient
Implementation of Two-Component Relativistic Exact-Decoupling
Methods for Large Molecules. J. Chem. Phys. 2013, 138, 184105.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b00503
J. Phys. Chem. Lett. 2018, 9, 1620−1626

1626

http://dx.doi.org/10.1021/acs.jpclett.8b00503

