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Abstract: The electronic and structural alterations induced by the functionalization of the 1,10-
phenanthroline (phen) ligand in [Cu(I) (phen-Ry),]* complexes (R=H, CHj, tertio-butyl, alkyl-linkers)
and their consequences on the luminescence properties and thermally activated delay fluorescence
(TADF) activity are investigated using the density functional theory (DFT) and its time-dependent
(TD) extension. It is shown that highly symmetric molecules with several potentially emissive
nearly-degenerate conformers are not promising because of low S; /Sy oscillator strengths together
with limited or no Sy /Ty spin—orbit coupling (SOC). Furthermore, steric hindrance, which prevents
the flattening of the complex upon irradiation, is a factor of instability. Alternatively, linking the
phenanthroline ligands offers the possibility to block the flattening while maintaining remarkable
photophysical properties. We propose here two promising complexes, with appropriate symmetry
and enough rigidity to warrant stability in standard solvents. This original study paves the way for
the supramolecular design of new emissive devices.

Keywords: luminescence; TADF; copper(I) phenanthroline functionalization; density functional
theory; nuclear relaxation; symmetry-breaking spin-orbit coupling

1. Introduction

The emissive properties of bis-phenanthroline substituted Cu(I) complexes have been
intensively explored starting in the late 70s [1-4] because of intriguing luminescence prop-
erties extremely sensitive to structural effects driven by the surrounding ligands [5-26].
The development of time-resolved spectroscopies and pump—probe X-ray experiments
has allowed the mapping of ultrafast kinetics that precede the formation of potentially
long-lived triplet T; excited states [26-43]. The decay mechanism involves several interme-
diate singlet and triplet excited states coupled vibronically and by spin-orbit [44-49], the
influence of the solvent being significant on the emission properties [50,51]. The relation-
ship between the observed structural distortions, triggered by visible irradiation, and the
excited state dynamics is not clear enough for a rigorous rationalization of the luminescent
behavior of a variety of more or less constrained complexes proposed over the years. The
structural reorganization in the active metal-to-ligand charge transfer (MLCT) state, from
the pseudo tetrahedral D4 symmetry ground state to a flattened D, symmetry excited
state, has been investigated combining various spectroscopies with the functionalization of
the phenanthrolines [31,33,39,40,52-54] (thereafter phen). The hope is to inhibit, by steric
hindrance, the early pseudo-Jahn-Teller (PJT) distortion induced by the MLCT electronic
transition and to prevent the formation of the flattened structure, critical to generate the ap-
propriate long-lived 3MLCT state and high photoluminescence quantum yields. However,
the synthesis of stable complexes with bulky ligands is still a challenge and the resulting
photophysical properties do not always live up to expectations [55-58].

Materials 2022, 15, 5222. https:/ /doi.org/10.3390/ma15155222

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma15155222
https://doi.org/10.3390/ma15155222
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-0520-2969
https://doi.org/10.3390/ma15155222
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15155222?type=check_update&version=2

Materials 2022, 15, 5222

2 of 28

1

The present theoretical study is dedicated to a comparative investigation of the struc-
tural, optical and emissive properties of five [Cu(I) (phen-Ry),]* complexes (R=H (1n),
CHs (Imet), tertio-butyl (1ggy) and alkyl-linker (2 and 3), Scheme 1) of increasing steric
complexity associated with symmetry breaking. The potential energy profiles associated
with the low-lying singlet and triplet excited states as well as their spin—orbit coupling
(SOCQ) as a function of the structural deformations are scrutinized in order to rationalize
the photophysical behavior within the series and to point to the consequence of symmetry-
breaking on emission properties. In contrast to previous theoretical studies, the implication
of upper triplet states and advanced spin—orbit effects are considered going beyond an
oversimplified S1/T1 two-state model based on frontier molecular orbitals.
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Scheme 1. Schematic structures of complexes 1 (R=H, 1; CHj3, 1me; tertio-butyl, 1¢gy) 2 and 3.

2. Computational Method

A first set of calculations has been performed with GAUSSIAN 09 (version D01) [59]
at a density functional theory (DFT) level of theory with B3LYP functional [60] in CH,Cl,
through a PCM model [61]. All atoms were described by Pople’s 6-31+G** basis set [62].
Structures in the ground state and in triplet states were fully optimized and the nature
of the encountered stationary point was checked by frequency analysis. Minima were
characterized by a full set of real frequencies and the transition state by one imaginary
frequency. Dispersion corrections were introduced through Grimme’s corrections [63].

A second set of calculations was performed with the ADF 2019 package [64]. The
complexes (Scheme 1) electronic ground state and low-lying excited singlet and triplet
state structures have been optimized by means of DFT using the B3LYP functional [60]
and triple-( basis sets for all atoms [65]. Scalar relativistic effects were included using
zeroth-order relativistic Hamiltonian [66]. Grimme’s corrections have been applied to
consider dispersion effects [67]. Calculations have been performed in CH,Cl, within the
COSMO (conductor-like screening model) approximation [68]. The absorption spectra
were computed at the TD-DFT level, including perturbative spin—orbit effects [69,70]. The
Tamm-Dancoff approximation (TDA) was employed in order to avoid triplet instability
problems [71].

Cuts of the potential energy surfaces along the key nuclear coordinates (Scheme 2),
namely the Cu-phen distance (Cu—Xj), the rocking angle (X;—Cu—Xj,) and the dihedral
flattening angle (C;—X;—X;—Cy), were obtained with remaining coordinates frozen at the
ground state structure with ADFE.
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Scheme 2. Schematic view of the molecules with the key nuclear coordinates, with X; and X, being
the center of the phenyl core.

The excited state analysis was performed by TheoDORE, a package for theoretical
density, orbital relaxation and exciton analysis [72].

3. Results
3.1. Ground State and Excited State Structural Properties

The structural data, namely a fully optimized electronic ground state and lowest T1
excited state optimized with GAUSSIAN are given in the SI section. The complexes are
structurally flexible even in the ground state (GS) due to the weak inter-ligand interac-
tions. This is illustrated by the variety of 15 GS crystal structures [73-80] (Table S1 in
Supplementary Materials), for which the structural parameters depend on the nature of the
counter-anion and of the solvent in which the compounds were crystallized. The Cu-N
distances vary from 1.996 A to 2.081 A, the X;-Cu-X, angle from 144.8° to 180.0° and the
C1-X1—X,—C, dihedral from 33.9° to 90° (Table S1). The situation is similar for 1yje [81-86]
(Table S2). In both cases, the computed GS structure is within the range of experimental
data. The situation is different for 1¢gy, the bulkiness of the tertio-butyl group prevents
the significant distortion of the geometry. However, this group introduces a new degree of
freedom in the structure according to the orientation of the tertio-butyl groups. For each of
them, there are two possibilities, a methyl group can point towards the copper cation or to
the opposite of the cation (Figure S1). This generates six possible conformers (Scheme 3,
Table S3), four of them (v, 9, ¢, () exhibiting energy differences lower than 3 kcal mol~!
and separated by barriers lower than 7 kcal mol~!. This implies that in the solution there
is a thermal distribution of the conformers in fast equilibrium. This is supported by the
experimental structures of 1y, [87]. Depending on the complex environment, the structure
can adopt different conformations in the crystal (Table S4). According to frequency analysis,
the GS structures of 1y and 1pme are of Dyg symmetry point group, that of 1¢g,, most stable
conformer (8) is only C,. 2 exhibits Cp, symmetry and 3 has Cs symmetry (Table S3).

The structural evolution is complex during excited state relaxation. In the optimized
structures of the T; excited state of 1y and Ime, a significant flattening of the complex is
observed leading to a D, symmetry structure. The C;—-X;-X,—C, angle falls to 41.5° for
1y and to 65° for 1pe (Table S5). In contrast, for 1¢gy (steric constraints, Table S5), 2 and
3 (ligand rigidity, Table S5), there is almost no flattening. The flattening generates two
degenerated minima in 1y and 1y, depending on the rotational direction (Scheme S1).
These two structures are connected by a transition state (thereafter TS1) of 12.9 kcal mol !
for 1y and 4.4 kcal mol~! for Tpe.
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Scheme 3. Schematic structure (only the tBu groups are represented), name and energies computed
with a GAUSSIAN of the different conformers of 1g, in the ground state (black values) and in the
lowest triplet state (red values).

The symmetry of 1me and 1¢gy is also reduced by the Cu-N bond breathing. One phen
ligand is associated with a significant shortening of the Cu-N bonds, between 0.05 and
0.20 A. The relaxation of the second phen ligand depends on the steric hindrance with a
Cu-N bond shortening in 1pe (Table S5) and a lengthening in 1y (Table S5). A similar
distortion operates in complexes 2 and 3. The bond breathing generates for each complex
(except for 1y) two minima in T1 connected by a transition state (therafter TS2). These
minima are strictly degenerate for Ipe and 1¢gy, the two phen being identical in these
molecules. In 2 and 3, the linkers induce constraints on the phen ligands and slightly lift the
degeneracy of the two minima. The barrier associated with TS2 is very low, 2.4 kcal mol~!
for 1gy. The flattening induces two minima depending on the phen orientations (left and
right) in 1g and 1me. Consequently, the T1 PES is characterized by four minima in Ime
(breathing and flattening, Scheme S1), two minima in 1y (flattening), two minima in 2 and
3 (breathing). The case of 1ty is more complicated. The orientation of the tBu groups
generates six possible conformers in the ground state (Scheme 3), number potentially
doubled in the T1 excited state due to the bond breathing. Though some conformers (c, 3)
can be neglected due to their relative instability, the others may play a central role in the
luminescence properties. More specifically, the most stable 6 conformer (Scheme 3) will be
used as reference for the 1¢gy excited state properties described below.

The calculated values of TS1 and TS2 are in favor of non-negligible dynamical effects.
The bond breathing (TS2) is associated with low barriers and the occurrence of true minima
is uncertain. Furthermore, the barriers increase with the steric hindrance of the R group
(none for 1g, and 1me < 1¢gu). The formal oxidation of the copper tends to shorten the Cu-N
bonds. However, the ligand repulsion in T1 counterbalances this shortening leading to a
pendulum motion: one ligand approaches the copper while the second one moves away
from it. This effect increases with the size of the R group. The movement of interconversion
of the phen (TS1) is more costly but possible for 1y, at the time-scale of excited state lifetime.

3.2. Low-Lying Singlet and Triplet Excited State Properties
3.2.1. Energetics, Absorption Spectra and Spin-Orbit Coupling
The calculated absorption spectra are depicted in Figure 1 on the basis of ADF opti-

mized structure. The transition energies, absorption wavelengths and oscillator strengths
associated with the 25 lowest singlet excited states of complexes 1y, 1me, 1tBu, 2 and 3 are
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reported in Tables 1 and 2, respectively. Complexes 1 absorb in the visible at ~490 nm via
1) and in the UV domain (f > 1072) at ~340 nm (S17)
and at ~320 nm (523). The orientation of the tBu groups does not affect the structure of the
absorption spectrum of 1igy, inducing unsignificant shifts of about 25 nm in the position of

the 3rd singlet excited state (S3, f > 10~

the absorption bands (Figure S2).

Intensity (arbitrary unit)

Figure 1. Calculated TD-DFT absorption spectra without spin—orbit.
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Table 1. SO to Sn transition energies (ADF) E2bs (eV), absorption wavelengths A2bs (in nm) and

oscillator strengths (f) of [Cu(I) (phen-R;),]* complexes 1 (1x, Ime, and & conformation of 1,y ).

State 14 IMe 1igy (8)
Eabs Aabs f Eabs Aabs f Eabs Aabs f
S1 2.370 523 7.91 x 10713 2.361 525 1.17 x 10713 2419 513 1.30 x 1073
S2 2427 511 5.49 x 10~ 1 2421 512 2.71 x 10711 2.465 503 9.46 x 107>
S3 2.536 489 335 x 1071 2.531 490 3.26 x 1071 2.534 489 1.69 x 101
S4 2.699 459 8.94 x 10~* 2.775 447 220 x 1073 2.778 446 7.14 x 1073
S5 2.699 459 8.77 x 104 2.790 444 2.31 x 1073 2.810 441 234 x 1073
S6 2.789 445 4.48 x 1072 2.873 431 5.25 x 1072 2.864 433 391 x 1073
S7 2.800 443 424 x 1072 2.873 431 5.25 x 1072 2.895 428 3.24 x 1072
S8 3.031 409 221 x 107° 3.029 409 1.54 x 1076 2912 426 1.40 x 1072
S9 3.101 400 1.19 x 1073 3.101 400 1.16 x 1073 2915 425 2.67 x 1073
S10 3.101 400 1.20 x 1073 3.121 397 1.16 x 1073 2.948 421 6.70 x 1073
S11 3.265 380 2.96 x 107° 3.287 377 6.67 x 107> 3.157 393 9.42 x 107°
S12 3.276 378 2.68 x 107° 3.298 376 6.74 x 107> 3.170 391 1.82 x 1073
S13 3.379 367 1.27 x 1074 3.401 365 1.26 x 1074 3.212 386 6.36 x 1074
S14 3.379 367 1.26 x 1074 3.401 365 1.37 x 10~ 3.213 386 6.01 x 10~*
S15 3.454 359 1.51 x 10714 3.526 352 7.98 x 10713 3.329 372 3.68 x 1074
S16 3.462 358 321 x 10712 3.554 349 6.72 x 10713 3.342 371 7.34 x 1074
S17 3.628 342 470 x 1072 3.722 333 5.69 x 1072 3.581 346 2.71 x 102
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Table 1. Cont.
State 14 IMe Tigy ()
Eabs Aabs f Eabs Aabs f Eabs Aabs f

S18 3.680 337 9.90 x 1077 3.793 327 1.12 x 107° 3.624 342 493 x 1074
S19 3.753 330 4.65 x 1077 3.829 324 3.72 x 1071 3.625 342 1.04 x 1073
S20 3.771 329 253 x 10714 3.857 321 3.58 x 10713 3.642 340 441 x 107°
S21 3.812 325 1.14 x 10712 3.895 318 263 x 10713 3.841 323 2.03 x 1073
S22 3.818 325 1.38 x 107 3.895 318 1.03 x 10710 3.861 321 1.26 x 10~
S23 3.875 320 499 x 1072 3.929 316 4.04 x 1072 3.917 317 3.12 x 1072
S24 4,012 309 3.19 x 1077 3.958 313 1.53 x 1077 3.966 313 3.84 x 1073
S25 4.079 304 1.48 x 1072 4.027 308 227 x 1072 4.009 309 3.50 x 1072

Table 2. SO to Sn transition energies (ADF) E2bs (eV), absorption wavelengths A2bs (in nm) and

oscillator strengths (f) of [Cu(I) (phen-R;),]* complexes 2 and 3.

State 2 3
Eabs Aabs f Eabs Aabs f
S1 2.381 521 1.63 x 107° 2.448 506 1.69 x 104
S2 2.434 509 3.08 x 107° 2.659 466 6.74 x 1072
S3 2,515 493 1.65 x 1071 2.669 465 1.32 x 1071
S4 2.730 454 220 x 1074 2.848 435 6.53 x 1074
S5 2.767 448 9.72 x 107° 2.968 418 9.83 x 1073
S6 2.782 446 2.33 x 1072 2.990 415 2.31 x 1072
S7 2.856 434 6.03 x 1073 3.013 411 7.92 x 1073
S8 2.877 431 3.02 x 1072 3.029 409 2.31 x 1072
S9 2.886 430 2.08 x 10* 3.125 397 1.21 x 1073
S10 2.994 414 2.01 x 1073 3.230 384 1.92 x 1073
S11 3.093 401 1.99 x 104 3.297 376 3.07 x 103
S12 3.116 398 1.25 x 107> 3.320 373 1.98 x 107°
S13 3.174 391 1.66 x 1073 3.439 360 8.82 x 107*
S14 3.212 386 1.03 x 1073 3.469 357 3.24 x 1073
S15 3.299 376 2.67 x 107° 3.501 354 1.62 x 1073
S16 3.338 371 1.75 x 1077 3.605 344 1.83 x 1074
S17 3.515 353 1.08 x 107° 3.728 333 6.97 x 1074
S18 3.544 350 2.26 x 1072 3.759 330 2.34 x 1072
S19 3.551 349 2.97 x 1077 3.826 324 227 x 1072
S20 3.618 343 238 x 1074 3.844 323 248 x 1073
s21 3.705 335 6.04 x 10~7 3.904 318 1.04 x 1074
S22 3.879 320 3.74 x 1072 3.936 315 5.64 x 1073
S23 3.892 319 8.98 x 10~° 3.962 313 321 x 107*
S24 3.930 315 7.24 x 1073 3.992 311 1.78 x 1072
S25 3.993 310 1.31 x 1072 4.029 308 5.14 x 1072
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The absorption properties of complex 2 are very similar with three bands at 493 nm
(53), 350 (518) and 320 nm (522). The absorption of complex 3 starts at 465 nm (S3, f > 1071,
slightly blue-shifted as compared to the other complexes. As illustrated in Figure 2, the
low-lying singlet excited states of the five complexes are mainly of metal-to-ligand charge
transfer (MLCT) character with minor additions of ligand-centered (LC) and ligand-to-
ligand charge transfer (LLCT). These states principally arise from HOMO and HOMO-1
orbitals towards LUMO to LUMO+3 (Figures S3 and S4).

0.8 0.8
£ 06 <06
;:m _”1
~ 02 02

0.0 0.0

123456 8 91011121314 151617 18 19 20 21 22 23 24 25 12 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25

Singlet states Singlet states
Ime
08
206
0.4
0.2
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12 3 45 6 7 8 910111213 14151617 18 19 20 21 22 23 24 25 12 3 45 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25
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Tisu (B)
L 08
<06
Z04
~ o2
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Figure 2. TheoDORE analysis of the lowest absorbing singlet states of complexes 1x, Ime, 1tBu(d),
2 and 3. In black are metal-centered transitions; in red, ligand-centered transitions; in blue, metal-
to-ligand charge transfer; in yellow, ligand-to-metal charge transfer and in green, ligand-to-ligand
charge transfer. The state numbers corresponding to main transitions (Tables 1 and 2) are in bold.

From TheoDORE analysis (Figure 3), it appears that the low-lying triplet states are
essentially MLCT with increasing LC contributions when moving to higher excitation
energies. Including spin—orbit corrections does not modify the absorption spectra because
the low-lying triplet states do not gain intensity by SOC, as illustrated by the data reported
in Tables 3 and 4, which describe the transition energies of the “spin—orbit” states together
with associated oscillator strengths and state mixing. Table 5 reports spin—orbit mixing
between the low-lying singlet and triplet states.

1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25 1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25
Triplet states Triplet states

1u
08 .08
T 06 g 06
204 204
~ 02 | 02
0.0 00
1234567 8 9101112131415 1617 18 19 20 21 22 23 24 25 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Triplet states Triplet states
T (9) 2

1 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25
Triplet states

3

Figure 3. TheoDORE analysis of the lowest triplet states at Franck-Condon geometry of complexes
11, IMe, 1e8u(0), 2 and 3. In black are metal-centered transitions; in red, ligand-centered transitions;
in blue, metal-to-ligand charge transfer; in yellow, ligand-to-metal charge transfer and in green,
ligand-to-ligand charge transfer.
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Table 3. Spin-orbit excited states: transition energies (in eV), oscillator strengths, mixing in terms of
Sn/Tn states of complexes 1x, Ime, 1tBu (9).

State 1x Ime 1tBu
E2bs f Mixing Eabs f Mixing Eabs f Mixing
0 0 T185%
El 2241 416 x10°° E 1820;0 2233 636 x10°° E 18;;" 2262  335x10°° T4 9%
? ? T2 4%
0 0 T185%
E2 2241 426 x10°° E 182; 2233 631 x10°° E f;j 2263 238 x107° T4 9%
? ? T2 4%
E3 2248 326 x10°° % g;; 2235 481 x10°° % gf; 2269  3.09 x 1073 T513925/
T2 61% T2 68% T2 65%
-6 -6 =5
E4 2248 329 x 10 3 389% 2235 479 x 10 13 31% 2290  1.30 x 10 T3 28%
0 0 T2 65%
E5 2251 576 x 1073 T5139ZZ/° 2243 529 x 1073 21392%/" 2291 480x107°  T329%
’ ’ T1 3%
E6 2265  1.56 x 10~8 gf fgof’ 2249  1.29 x 107? T8219910/° 2310 211 x107°  T298%
E7 2292 343 x1077  T399% 2286  229x1077  T399% 2331 117 x 1073 513 fg;
T4 90% T4 92% T4 86%
—11 —11 -5
E8 2303  1.35x 10 52 9% 2289  1.09 x 10 52 8% 2352 125x 10 52 129%
T3 55%
T3 61% T3 68% T2 27%
-7 -7 -5
E9 2322 6.05x10 T2 38% 2311 598 x 10 T2 31% 2368  1.09 x 10 Ta 13%
T13%
T3 58%
T3 61% T3 68% T2 27%
-7 -7 -5
E10 2322 637 x 10 T2 38% 2311 640 x 10 T2 31% 2368  1.13 x 10 T4 5%
T13%
T4 77%
T4 82% T4 80% T3 11%
—6 —6 —6
Ell 2329  1.81 x 10 T1 16% 2315 218 x 10 T1 18% 2.380  9.55 x 10 T18%
T2 2%
T4 75%
T4 82% T4 80% T3 13%
-6 -6 -5
E12 2329  1.84x10 11 16% 2315 224 x10 T1 18% 2381 157 x 10 TL 7%
T2 3%
S181%
0, O,
E13 2372  545x10°8 % fgof) 2361  3.09 x 1071 ?;2999,/“ 2422 118x107%  T315%
? ? T14 1%
. o S2 85%
E14 2428 505 x 10711 5%24992/@ 2421 616 x 10711 .§r24971°//0 2465  810x107°  T412%
’ ? T13 1%
S397% S397% S3 95%
-1 -1 -1
E15 2529  323x10 T19% 2524 3.15x 10 T12% 2523  1.60 x 10 T12%
o . T5 72%
El6 2617 587 x10°° TT; ;éj 2659 521 x1077 ITE gof’ 2718  682x107°  T715%
? ? T6 9%
o . T5 72%
E17 2617  1.06 x 107* TT; ;é; 2659 141 x 1071 ]Té gof’ 2718  835x107°  T716%

T6 9%
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Table 3. Cont.

State 1H Ime 1iBu

E2bs f Mixing E2bs f Mixing E2bs f Mixing
gi f%" T6 81% T5 90%

E18 2624 584 x 1074 ? 2679 466 x 10°* 54 10% 2728 146 x 1073 S7 4%

T64% T5 8% S5 3%

S5 4% ? ?
T6 70% T5 83% % ggf
E19 2637 143 x1077 T8 25% 2.680 443 x 10°* T6 10% 2736 9.80 x 10°° o
T7 3% S5 8% 156%

? ? T7 4%
o o
E20 2637 146 x 107* T8 25% 2700 140 x 1071 o 2736 276 x 107* o
7 3% T6 14% T7 5%

’ T5 14% T55%

Table 4. Spin—orbit excited states: transition energies (in eV), oscillator strengths, mixing in terms of
Sn/Tn states of complexes 2 and 3.

State 2 3

Eabs f Mixing Eabs f Mixing

T1 56% .

E1 2.223 1.26 x 107 T2 38% 2.290 2.03 x 107 T 920/ ?
T2 5%

T3 3%

T1 56% .

E2 2.223 224 x 107° T2 38% 2.290 1.07 x 105 %9620/ ?
T3 3% ¢

E3 2.243 1.26 x 1077 T51196%/° 2.297 8.58 x 1074 T1 98%
. T2 47%

E4 2.256 3.29 x 1073 Tsézz//" 2.393 839 x 107° S141%
° T2 10%

T3 60% T2 82%

T2 27% T4 6%

-6 —6

E5 2.270 2.80 x 10 T4 6% 2.427 2.14 x 10 T14%
T1 6% T3 4%
T3 59% T2 80%

T2 28% T3 6%

-5 -5

E6 2.270 1.25 x 10 T4 6% 2.428 4.79 x 10 T45%
T1 6% T1 5%
T3 44%

E7 2.283 217 x 107% T3 98% 2.458 2.19 x 1073 S126%
T2 26%
E g‘;’j T3 71%
E8 2297 1.90 x 10 o 2461 237 x 1072 T4 16%
T3 29% T2 99

T121% ?
% gg; T3 71%
E9 2.298 442 x 10 ? 2.462 417 x 107> T4 16%
T3 29% 2 10%

T12 1%
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Table 4. Cont.

State 2 3
Eabs f Mixing Eabs f Mixing
S150% T3 50%
T4 33% 5131%
6 -3
E10 2363 125x 10 5 130, 2477 166 x 10 T2 15%
T12% 521%
S141%
T4 290/0 T4 960/0
E11 2390 141 x 10 S 240 2514 232x10 2 1%
T1 4%
T491% 8
E12 2412 148x 106  T36% 2539 912x 1077 % ;(5);
T14 2% ’
T4 91% 8
E13 2413 254x107°  T36% 2500 116x10°5 A7
T3 21%
513 1%
$2 60% 0
E14 2447 191x 106 T436% 2653 659 x 1072 Ssz?,i(i//o
T14 2% ’
$395% S391%
—1 -1
E15 2503 156 x 10 T 20, 2662  122x 10 2 4%
T5 74%
T7 15% T5 87%
—4 —4
E16 2666 1.56 x 10 T6 6% 2764 129x10 T6 11%
T8 4%
T5 73%
T7 15% T587%
-8 —6
E17 2666  2.11x 10 T6 6% 2764 7.16 x 10 T6 11%
T8 4%
T5 88%
S5 6% T5 96%
—4 —4
E18 2671 513 x 10 Te 3o 2771 664 x 10 S6 3%
S8 2%
T6 57%
T7 2% S4 66%
E19 2681 9.91x 10 15 150, 2813 431x10 T6 33%
T8 5%
T6 57%
T7 22% T6 86%
s 4
E20 2681 134 x 10 T5 159 2875  162x 10 I5 12%

T8 5%
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Table 5. Spin-orbit coupling (in cm~!) between the low-lying excited states in 11, 1¢pu (5), 2 and 3.

1g S1 S2 S3 S4 T1 T2 T3 T4
T1 0.0 0.0 307.4 3.0 0.0 0.0 0.0 390.4
T2 275.7 0.0 0.0 17.3 0.0 0.0 428.6 0.0
T3 0.0 0.0 0.0 11.2 0.0 428.6 0.0 0.0
T4 0.0 300.0 0.0 9.6 390.4 0.0 0.0 0.0
1¢tBu S1 52 S3 54 T1 T2 T3 T4
T1 114.9 0.5 298.4 21.3 0.0 107.1 1.1 423.7
T2 1.3 57.9 0.8 171.1 107.1 0.0 441.5 22
T3 289.2 3.1 118.5 58.9 1.1 441.5 0.0 88.3
T4 0.8 3224 4.1 25.1 423.7 22 88.3 0.0
2 S1 S2 S3 54 T1 T2 T3 T4
T1 282.2 139.9 0.2 7.0 0.0 392.7 201.9 0.4
T2 0.3 0.4 302.1 5.6 392.7 0.0 0.5 183.7
T3 0.1 302.1 76.5 9.9 201.9 0.5 0.0 399.3
T4 129.8 5.6 0.5 224 0.4 183.7 399.3 0.0
3 S1 52 S3 S4 T1 T2 T3 T4
T1 7.9 159.0 221.6 20.5 0.0 425.3 176.5 21.4
T2 316.8 65.3 48.9 23.0 425.3 0.0 24.8 206.9
T3 97.4 248.0 210.6 54 176.5 24.8 0.0 411.0
T4 8.6 149.2 124.8 10.2 214 206.9 411.0 0.0

Whereas SOC has no effect on the absorption process, we may expect a large influence
of SO effects on the early time photophysics. Indeed, within 0.28 eV, we find three singlet
(53, S2, S1) and four triplet (T4, T3, T2, T1) states, all MLCT and potentially activated
by absorption, vibronic and spin-orbit coupling for driving the ultrafast decay observed
experimentally [38] and tentatively analyzed by quantum dynamics simulations [45] for
complex 1g. These seven states, significantly coupled by SOC, lead to a high density
of spin—orbit states for all complexes (Tables 3 and 4) between 2.24 eV (E1) and 2.53 eV
(E15) in favor of an ultrafast S3 to T1 decay via an efficient spin-vibronic mechanism
induced at Franck—-Condon by Cu-N breathing mode activation within ~100 fs and at
a longer time-scale (~400 fs) by the PJT distortion, in the case of D,q complexes 1y and
Ime [44,48-50]. In the highly symmetric molecules, singlets S3, S2 and S1 are strongly
coupled with triplet T1, T4 and T2, respectively; T4 and T3 being strongly coupled to T1
and T2, respectively (Table 5). Breaking the symmetry in the sterically-hindered complex
1igu, complexes 2 and 3 do not drastically modify the energetics but influence the SO
interactions, potentially increasing the singlet—triplet interactions at Franck—-Condon, in
particular S1/T1 and S3/T3 (complex 1¢gy; complex 2) or S2/T1, S3/T2, S3/T3 and T2/T1
in complex 3. However, inhibiting the PJT distortion in these complexes will decrease some
of the vibronic interactions. Altogether and without experimental data and/or quantum
dynamics simulations for these molecules it is difficult to conclude as to the consequences
of the phen substitution on the ultrafast S3 to T1 decay.

From the above considerations we may expect concurrent elementary processes to
occur upon irradiation in the MLCT band at about 490 nm. The branching ratio between
the different scenario will depend on the experimental conditions and ligand substitutions.
We have to distinguish between highly symmetric molecules with small steric constraints
(complexes 1H, Ime), for which flattening nearly inhibits luminescence and sterically-
demanding molecules as complex 1y is characterized by significant quantum yields
(¢™ > 1072) and rather long lifetimes (a few hundred of ns), challenging the [Ru(bpy)g]2+
complex. These case studies, although well documented, are not fully rationalized and fail
at explaining the differences in observed quantum yields and lifetimes.

Quantum dynamics simulations are too prohibitive to be performed systematically
on the molecules described here, so we scrutinized the cuts of the PES associated with the
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seven low-lying active excited states discussed above as a function of the Cu—X distances
(Cyy symmetry constraint), the X;—Cu—X; rocking angle (Cs symmetry constraint) and the
C1-X1-Xp-C; dihedral angle (D, symmetry constraint) (Scheme 2).

3.2.2. Calculated Potential Energy Curves Associated with the Low-Lying Excited States
and Their Spin—Orbit Interactions

A spin-vibronic mechanism is controlled by the distortions at Franck—-Condon that
induce intrastate coupling leading to a shift of the excited state potentials in position and
in energy. This generates critical geometries favorable to efficient non-adiabatic transitions
induced by vibronic and SO couplings. Let us examine the case study of complex 1y and
the cuts of PES depicted in Figure 4 for this D,4 molecule. It should be kept in mind that in
the Dyq structure the HOMO is of e symmetry (doubly degenerate orbital) as well as the
LUMO, generating degenerate S1 and T1 states. Upon geometry distortion, the symmetry
is reduced and the degeneracy is lifted. This has no effect on the PES curve (Figure 4) but
has some influence on the SOC curves (Figure 5). The S1-T1 SOC is nil for the breathing
and rocking modes but not for the flattening due to the electronic reorganization in the
excited states upon symmetry reduction.
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Figure 4. Cont.
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Figure 4. One-dimensional cuts of the PES associated with the low-lying singlet and triplet excited
states of 1y as a function of the breathing mode (Cu-X) (a), the angular distortion (X-Cu-X) (b) and
the flattening mode (c), as defined in Scheme 2.

Figure 5. Electron density difference maps for the vertical transition S; — Sy, computed at the S;
minima for 1g. Electron density-enriched and -depleted areas are in green and red, respectively.

The breathing of the phen ligands clearly induces the stabilization of S1 and T1 with
the formation of two minima at Cu-X = 3.87 A and 4.07 A, corresponding to the exciton
delocalization on one or the other phen (Figures 4a and 5). Several crossings between S1
and T4, T3 and T2 will favorize an ultrafast population of these triple states. Moreover,
the near-degeneracy between T2 and T1 at 3.97 A is promising for an efficient population
of T1 (Figure 3). The rocking angle X;-Cu—-X; deformation does not modify the ordering
of the low-lying excited states and the associated PEC are nearly flat (Figure 4b). More
interestingly, the dihedral deformation C;—X;-X,—C; associated with the flattening of the
molecule drastically destabilizes the T3 and T4 excited states and significantly stabilizes the
51, T2 and T1 states (Figure 4c). The large S1-T2 SOC at Frank—Condon and the increase
of T1-T2 SOC as function of Cu—X with two maxima at 3.87 A and 4.07 A, combined
with small S1-T1 and S1-T2 energy gaps (<0.15 eV) (Figure 6), favor a T2/T1 exchange
of population at the early time (<1 ps), as observed experimentally [38]. These ultrafast
processes have been rationalized theoretically by means of dynamics simulations [44,50].
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Figure 6. Evolution of the singlet—triplet energy gaps (a) and SOC (b) of 1g as a function of the
breathing mode (Cu-X), the angular distortion (X—-Cu—X) and the flattening mode, as defined in
Scheme 2. The discontinuity on the SOC values for the dihedral angles is due to the crossing between
S1 and S2 around 25°.

It seems clear that only S1, T2 and T1 will be involved at the longer time-scales
(>a few ps) that control the luminescence quantum yields and lifetimes. The parameters
which govern the different mechanisms and the branching ratio between them, namely
51-50 fluorescence, T1-S0 phosphorescence, indirect TADF and non-radiative decay, are
the oscillator strengths; the S1/T1, S1/T2 and T1/T2 SOC; the S1-T1, S1-T2 and T1-T2 AE
energy gaps and their evolution as functions of the structural deformations.

A TADF mechanism is excluded for 1y because S1-T1 SOC is null and the flattening
induces both a large increase of the S1-T1 energy gap and a significant decrease of the
51-50 oscillator strength. The only possibility of a back population of S1 would be via the
T2 state driven by a small S1-T2 energy gap and a significant 51/T2 SOC at the equilibrium
structure. However, the structural deformations, both the distortion and the flattening,
do not induce important S1/T1 SOC, reduce S1/T2 SOC and increase the energy gaps
(Figure 6).

At the T1 optimized structure, the spin—orbit state E1, E2 and E3 oscillator strengths
vary drastically as functions of the key nuclear coordinates (Scheme 2), as illustrated in
Figure 7. The flattening (Figure 7c) quenches the phosphorescence. Moreover, according to
the data reported in Table 6 for 1y, the calculated emission wavelengths associated with
51 — S0 and T1 — SO are too low to make these transitions radiative.
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Figure 7. Evolution of the E1, E2 and E3 spin-orbit state oscillator strengths of the three components

of the T1 state of 1 as a function of the breathing mode (a), the angular distortion (b) and the

flattening mode (c), as defined in Scheme 2.
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Table 6. Deformation, emission and stabilization energies (in eV), emission wavelengths (in nm),
singlet-triplet energy gaps (in eV), SOC (in cm~!) and oscillator strengths at the S1 and T1 optimized
structures of 1g, Ipme and 1ggy (0).

State 1]-[ 1Me 1tBu (8)
Eget 0.820 0.442 0.253
Eem 0.707 1.569 1.813
S1 Etab 1.527 2.011 2.066
Aem 1753 790 684
fosc 2.25 x 107° 1.77 x 1072 2.54 x 1074
Eget 0.610 0.443 0.307
Eem 0.704 1.246 1.656
Eqtab 1.314 1.689 1.964
Aem 1761 995 749
T1 AEgt 0.464 0.411 0.143
SOC S1-T1 25.5 542 20.1
fosc 2.28 x 1077 2.01 x 1077 6.85 x 106
7.01 x 10~° 538 x 108 2.77 x 107>
2.34 x 10 1.17 x 1074 1.77 x 1074

Let us focus now on the 1gg, complex, in which the flattening is nearly inhibited. The
only allowed substantial structural deformation is the breathing, which generates S1 and T1
potentials characterized by two minima, in a manner similar to 1y but totally dissymmetric
with one potential well at 3.90 A, where the system can be trapped either in S1 or in T1
(Figure 8).
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Figure 8. One-dimensional cuts of the PES associated with the low-lying singlet and triplet excited
states (a), evolution of the singlet—triplet energy gaps (b) and SOC (c) of 1iy as a function of the
breathing mode (Cu-X), as defined in Scheme 2.

In 1¢gy, AEsi_11 amounts to 0.12 eV on average with very small variations and the
symmetry breaking activates S1/T1 SOC. In addition, the structural deformation generates
a S1/50 oscillator strength of ~1072 in 1¢, as compared to ~10~'3 in 1. At Franck-
Condon, the S1-T1 SOC is large, warranting the efficient population of T1. As soon as
T1 is populated the system evolves to the T1 minimum at 3.90 A, where S1 (Figure 9)
can be back populated through S1-T1 SOC, assisted by large T1/T2 and S1/T2 SOC
(Figure 8a). Consequently, the system may be the seat of T1 — SO phosphorescence
and of both direct (at Franck—-Condon) and TADF (at 3.90 A) S1 — S0 fluorescence. The
contribution of T2 to the phosphorescence cannot be excluded. This explains the unique
photophysical properties of 1ty developed after absorption at 425 nm, namely a long-lived
MLCT emission (Aem, 599 nm; T, 3260 ns) and the largest quantum yield (¢, 5.6%) of all
[Cu(Ryphen);]* complexes [53]. This mechanism, corroborated by the data reported in
Table 6 for 14py, namely the deformation, emission and stabilization energies, emission
wavelengths, singlet-triplet energy gaps, SOC and oscillator strengths at the excited state
optimized structures, explains the occurrence of a superposition of phosphorescence and
TADF contributions in the steady-state emission spectra as discussed experimentally for a
number of new sterically-hindered complexes [54,88-90].

Figure 9. Electron density difference maps for the vertical transition S; — Sy, computed at the S;
minima for 1;gy. Electron density enriched and depleted areas are in green and red, respectively.

The proposed mechanism for the two case studies reported above, namely 1y and
1igy, may be drastically modified by the experimental conditions (solvent, temperature,
etc.). This points to the weakness of the two-state S1/T1 model based on frontier molecular
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orbitals defined for one minimum. The presence of six identified conformers in the ground
state PES of 1¢gy (o, B, v, 8, € and ¢, Scheme 3), multiplied by two in the S1 and T1 excited
states (by breathing motion, Table S11) thwarts the above mechanism on a long time-scale.
Based on the low calculated energy barriers (<7 kcal mol~!) the free rotation of the tBu
groups in solution and the thermal distribution of the different conformers are ensured
(Table 7).

Table 7. Symmetry, deformation (Edef), emission (Eem) and stabilization (Eg,},) of energies in eV
and the relative stability of the different conformers (AE in eV), emission wavelength (Aem in nm),
S1-T1 splitting (AEgt in eV), S1-T1 SOC (in cm ') and oscillator strength at S1 and T1 optimized
geometries for 1¢gy.

State Conformer [od 8} Y S 3 C
SymGn?etry Doq Dog G G G Coy
S1 Symmetry Cz C2 C1 C1 C1 C2
Egef 0.542 0.497 0.279 0.286 0.376 0.249
Eem 1.944 1.779 1.870 1.813 1.801 1.884
S1 Estab 2.486 2.275 2.149 2.099 2.177 2.133
AE 0.387 0.176 0.050 0.000 0.078 0.033
Aem 638 697 663 684 688 658
fosc 1.06 x 10> 1.57 x 10~ 1.53 x 10> 254 x 1074 253 x 107> 1.59 x 1078
T1 Symmetry Cy Cy Cq Cq Cq Cy
Egef 0.585 0.513 0.295 0.341 0.397 0.270
Eem 1.745 1.633 1.715 1.656 1.648 1.726
Ectab 2.331 2.146 2.011 1.997 2.046 1.997
AE 0.334 0.149 0.014 0.000 0.049 0.000
T1 Aem 710 759 723 749 752 718
AEgr 0.188 0.133 0.144 0.143 0.138 0.140
SOC S1-T1 73.0 6.0 3.6 20.1 8.3 0.0
3.04 x 10 2.10 x 1072 7.05 x 107 6.85 x 10~ 425 x 10° 1.09 x 1013
fosc 8.97 x 10~ 6.86 x 10 469 x 107> 2.77 x 107° 1.42 x 107> 6.25 x 10

3.04 x 1074 3.01 x 1074 2.81 x 1074 1.77 x 1074 246 x 1074 2.88 x 1074

The emission properties (deformation, emission, stabilization energies, emission wave-
lengths, oscillator strengths, S1-T1 energy splitting and SOC) computed at S1 and T1
minima are reported in Table S11. The C; symmetry of the T1 state originated from the
& conformer warranties a significant S1-T1 SOC (10.1 cm~!) and a small S1-T1 splitting
(0.143 eV) favorable to TADF associated with a highly emissive S1 state (f > 107%). In
contrast the T1 and S1 states generated by the conformer ( are of C; symmetry, resulting in
the Cy, symmetry reduction in the ground state structure. If the S1-T1 splitting (0.140 eV)
is unaffected in the ¢ conformer, the S1-T1 SOC is inhibited despite this small symmetry
breaking (Table S11), which deactivates the TADF mechanism. Moreover, the low oscillator
strength of S1 (f < 10~7) does not support fluorescence. Due to its stability, the { conformer
is undoubtedly present in the solution and contributes to the emission properties either by
phosphorescence or by non-radiative decay. Another possibility is that  plays the role of a
reservoir: by tBu rotation it may evolve to the y, 6 and ¢ conformers reactivating the SOC
and, thus, the TADF mechanism.

The co-existence of several conformers in the solution drastically complicates the
mechanism due to the presence of shallow minima in the PES associated with S1, T1 and
50 accessible on a longer time-scale. Moreover, we may expect conformer specific ultrafast
decay channels, as observed in some organic chromophores [91].

Whereas the ultrafast population of the low-lying S1, T2 and T1 excited states is
well documented, both theoretically and experimentally for 1y, the longer time-scale non-
adiabatic dynamics, including spin-vibronic effects and involving these three key states,
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has to be discovered. The present study paves the way to more sophisticated dynamical
simulations in the ns time-scale.

3.3. Towards Supramolecular Design

Despite its remarkable photophysical properties, the tertio-butyl-substituted complex
14y suffers from serious drawbacks, namely instability in various solvents [53]. The steric
congestion due to the tertio-butyl groups favors the decoordination of one of the substituted
phen by a solvent molecule (as CH3CN). This can be illustrated by the calculated complex-
ation energies of the second phen onto the [Cu(phen)]* complex to give [Cu(phen),]*. The
AG of complexation amounts to —31.6 kcal mol~! for 1y and —38.5 kcal mol~! for Ipge but
decreases to —19.8 kcal mol ! for 1¢gy (computed with GAUSSIAN, in CH3CN). In light of
the performance of 1¢gy, other functionalizations of the phen have been explored in position
2 and 9 of the phen to prevent flattening by steric congestion. However, none of the tested
complexes exhibit performances similar to 1¢gy. For instance, inter-ligand interactions may
cause flattening even in the singlet ground state, as with 2,9-diphenylphenantroline [92,93].
To the best or our knowledge, no example of flattening blocked due to the linkage of the
two ligands exists, while partial linkage has been explored [56,94,95]. We present here two
promising structures illustrating this possibility. They derive from the structure ¢ of 1tgy, a
link being created between the alkyl groups of position 2 of the two phens. The same link
is created with the groups in position 9 (Scheme 1). We propose complex 2 (Scheme 1), in
which a Cy, symmetry is retained, and complex 3, which is asymmetric due to the presence
of an isopropyl group.

3.3.1. Complex 2

The linkage constrains the geometry and make the two phen core inequivalent, due to
the different orientations of the methyl groups in the linker. Two methyl point towards the
copper center and two methyl point outside the complex (Figure 10). The Cu-N distances
are significantly larger than in 1y and Ime, being close to those in 1¢gy (Table S11). The
X1—Cu-X; and C1-X;-X,—C; angles fit the ideal values, namely 180° and 90°, respectively.
The absorption spectrum of 2 is very close to that of 1¢g, (Figure 1) with similar transitions
(Figures 2 and 3).

}?;w

T

Figure 10. Optimized structure of 2, hydrogen atoms are omitted for clarity.

Upon excitation, the structural rigidity imposed by the linker leads to the retention
of the Cp, symmetry. As for the previous complexes, the lowest excited states are mainly
MLCT, and the electron transferred to the ligand is localized on one of the phen and
generates two almost degenerate minima on the lowest S1 and T1 PESs (Table 513). All the
structures belong to the A2 symmetry point group and their photophysical characteristics
are presented in Table 8. They are very close to those of the ¢ form of 1igy with a small
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singlet-triplet gap (AEgt = 0.135 eV) at T1 geometry. However, due to the A2 symmetry of
T1 and S1, the SOC S1-T1 is strictly zero, deactivating the TADF mechanism. Furthermore,
the oscillator strength associated with S1 is also zero. This first structure proves that the
introduction of linkers between the two phen ligands induce structural rigidity preventing
any flattening. This results in a small AEgt similar to those computed with 1¢g,. However,
the Cy, symmetry of the excited singlet and triplet state disfavors the TADF mechanism by
cancelling the SOC between S1 and T1 and the oscillator strength of S1.

Table 8. Deformation, emission and stabilization energies (in eV), emission wavelengths (in nm),
singlet-triplet energy gaps (in eV), SOC (in cm 1) and oscillator strengths at the S1- and T1-optimized
structures of 2 and 3.

State 2 2 3 3
Eget 0.227 0.241 0.257 0.343
Eem 1.783 1.797 1.881 1.893
s1 Etab 2.009 2.037 2.137 2.235
Aem 695 690 659 655
fose 0.00 0.00 543 x 107° 5.73 x 107°
Eget 0.243 0.26 0.277 0.365
Eem 1.634 1.643 1.717 1.733
Eqtab 1.877 1.903 1.995 2.098
Aem 759 754 722 715
T1 AEgt 0.135 0.138 0.146 0.143
SOC S1-T1 0.0 0.0 7.7 29
fosc 9.96 x 108 1.04 x 107 2.37 x 1077 1.28 x 1078

481 x 10°° 1.07 x 10> 5.68 x 107° 3.87 x 10
3.03 x 1074 1.39 x 1074 3.10 x 1074 151 x 1074

3.3.2. Complex 3

The structure of cage 2 is of Cy, symmetry, and similarly to the ¢ conformer of 14y, this
disfavors emission. The emission properties of 14y are due to its asymmetric conformers.
We modified the structure of 2 by deleting three of the methyl groups of the linker and re-
placing the fourth one with an isopropyl (Scheme 1) to introduce an asymmetry in complex
3. The two phen ligands are no longer equivalents (Table 59) and the Cu-N bonds especially
are significantly different (2.020 to 2.299 A)in 3 as compared to 2 (2.140 to 2.156 A). Fur-
thermore, the phen ligand facing the isopropyl moiety is no longer planar. The absorption
spectrum of 3 (Figure 1) is similar in shape to that of 2 but blue-shifted by roughly 50 nm.
The nature of the singlet transitions (Figure 2) is the same as in the other complexes, being
almost exclusively dominated by MLCTs.

We optimized the lowest excited singlet and triplet states of 3 (Tables 8 and S13,
Figure 11). We retrieved the two minima on the S1 and T1 PES, due to the localization of
the exciton on each of the phen. The presence of the isopropyl group breaks the symmetry,
and the two minima are no longer degenerate. Furthermore, both S1 and T1 minima do not
have any symmetry. The consequence is an activation of the SOC between S1-T1 (7.7 cm™1).
The linkers, by preventing any flattening of T1 structure (Table 512), retain a small AEgy
(0.146 eV, Table 8). These values are comparable to that of 1igy for forms vy, 6 or € (Table S9),
which are those contributing to the emission properties of 1tgy.
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Figure 11. Electron density difference maps for the vertical transition S; — Sy, computed at the S;
minima for complex 3. Electron density enriched and depleted areas are in green and red, respectively.

4. Discussion

The emission properties of the [Cu(phen),]* class of complexes is governed by the
TADF mechanism, namely a back-population of S1 from T1. This process depends on two
critical parameters, the spin-orbit coupling and the energy splitting between S1 and T1 in
the simplest case. Upon excitation, the lowest excited state of these complexes is a MLCT
from the copper cation towards the ligand, which induces nuclear relaxation. Two main
motions (Scheme S1) are involved. First, the formal electronic state of the copper is Cu?*,
with only nine electrons in the 3d shell, this leads to the rotation of the phen ligand to
form a planar complex, with a half-filled 3dx2—y2 orbital (the “flattening”). This is the first
motion. The second one is due to the localization of the excited electron on the ligand.
In the Franck—-Condon geometry, the electron is generally delocalized on the two phen.
However, upon relaxation, there is a breathing of the Cu-N bonds due to the change of Cu
formal oxidation state associated with the localization of the excited electron on only one of
the phen (“the breathing”). This potentially generates two minima, as the excited electron
could be on one or the other phen. The minima are degenerate if the two phen are identical,
and if they are asymmetric, degeneracy is lifted. In addition to these two motions, a last
point has to be considered. Indeed, with complex ligands, the conformational flexibility has
to be taken into account. 14gy is a good example with several conformers generated by the
relative orientation of the tertio-buthyl groups, each conformer exhibiting its own emission
properties. The experimental values are the results of the contribution of the conformers
thermal distribution.

The flattening is associated with an increase in the AEgt which disfavors TADF and
paves the way to phosphorescence or non-radiative decay. We also observe a decrease in
the S1-T1 SOC. The changes associated with the breathing are less important, the variations
of the AEgt are negligible but the SOC decreases with the distortion of the structure. The
prevention of the flattening and limitation of the breathing are mandatory to retain good
emission properties. This is achieved with 1tg,, which bulky tertio-butyl groups makes
flattening impossible and is associated with the best emission performances. Less bulky
CH3; groups in Tme lead to significant flattening with poor emission and 1g is not emissive.
However, the bulkiness of the tertio-butyl groups is the source of inter-ligand repulsion,
destabilizing the complex. In a coordinative solvent, such as CH3CN, one of the ligands
may be substituted by solvent molecule. To overcome this problem, many complexes
have been synthesized with less bulky substituents. However, if the complex stability
increases, the less sterically hindered complex leads to significant flattening, weakening
the emission performance. The reason for this flattening is that the substituent can adapt
its position, as observed with isopropyl [96]. For the latter, the isopropyl rotate and allows
a significant flattening. An extreme case can be seen in phenyl rings instead of tertio-butyl,
in this complex the structure is flattened even in the ground state [92,93]. All the proposed
structural modifications rely on the geometry constraints due to substituent repulsion to
maintain a geometry close to Franck-Condon geometry in the excited state.
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An alternative path is possible by linking the phen ligand together. Some structures
have been synthesized but not with linkers between the phens on the same complex. Our
detailed theoretical study led to promising molecules with emission characteristics tailored
by symmetry breaking and spin—orbit coupling. Due to the structural rigidity, the complex
should be stable in a standard solvent, with the departure of one of the phen requiring
the departure of both of them. The flattening in excited states is prevented here by linkers
instead of steric repulsion. Consequently, the S1-T1 energy gap remains small in complexes
2 and 3 and compares to the calculated value in 1¢g,. However, as shown in 14gy, structures
that are too symmetric and close to Cyy, are not in favor of efficient emission, as illustrated
by complex 2 or by some conformers of 1ggy. Complex 3, with its asymmetric linkers,
exhibits the most promising emission characteristics.

5. Conclusions

We report here a complete computational study of the structural, optical and pho-
tophysical properties of copper(I) phenanthroline-functionalized complexes, including
solvent and spin—orbit coupling effects. The study focusses on the parameters which gov-
ern the different decay mechanisms and the branching ratio between them, namely S1-S0
fluorescence, T1-S0 phosphorescence, indirect TADF and non-radiative process. For this
purpose, the oscillator strengths, the S1/T1, S1/T2 and T1/T2 spin—orbit interactions as
well the 51-T1, S1-T2 and T1-T2 energy gaps are calculated as a function of the structural
deformations of the complexes. More specifically, three modes are important: the Cu—X
breathing, the X—Cu-X angular distortion (X being the center of the functionalized phen
ligands) and the flattening mode. A TADF mechanism is excluded for [Cu(I)(phen-R;),]*
(R=H, methyl) because of a null S1-T1 SOC, a large S1-T1 energy gap and a significant
decrease in S1-S0 oscillator strength induced by flattening. Radiative processes are hin-
dered as well. The inhibition of the flattening in [Cu(I)(phen-Ry)>]* (R = tertio-butyl) and
the identification of six conformers in its electronic ground state, generating twelve local
minima in the S1 and T1 potential energy surfaces along the breathing mode lead to a
complex mechanism. At the early time, a large S1-T1 SOC activated by symmetry breaking,
a small S1-T1 energy gap and a large S1/50 oscillator strength spawned by structural
deformation are in favor of both direct fluorescence (at Franck—-Condon) and TADF. An
efficient phosphorescence is expected from T1 with a potential contribution of T2. At longer
time-scales the co-existence of several conformers in solution drastically complicates the
mechanism. These features explain the unique photophysical properties of tertio-butyl
complex as well as the occurrence of the superposition of phosphorescence and TADF
contributions in newly synthesized sterically hindered complexes.

In order to overcome the drawback of instability in solution, the consequence of
the decoordination of one phen by a solvent molecule, two complexes with promising
photophysical properties are proposed. The new structures are derived from the Cyy
conformer ( of the tertio-butyl substituted Cu(I) complex by linking the two phen in
positions 2 and 9 (complex 2). The introduction of asymmetry (complex 3) by appropriate
linkers leads to the most interesting molecular cage in terms of photophysical characteristics
paving the way for a new supramolecular design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mal5155222 /51, Figure S1: In (left) and out (right) orientations
of a tBu group on a simplified complex holding only one tBu; Figure S2: ADF computed Absorption
spectra for the different conformers of 1igy; Figure S3: Frontier orbitals of 1y and energies in eV;
Figure S4: Frontier orbitals of 3 and energies in eV; Scheme S1: Representation of the four possible
Triplet minima after irradiation of Ipje complex. In bold blue are the long Cu-N distance, in bold red
the short Cu-N distance and in purple the indication of how the phen ligands is out of plane.; Table S1:
Experimental (from CSD reference) and computed (GAUSSIAN) geometrical parameters for complex
1y. Distances are in Angstroms, angles and dihedral angles in degrees; Table S2: Experimental (from
CSD reference) and computed (GAUSSIAN) geometrical parameters for complex Ipe. Distances are
in Angstroms, angles and dihedral angles in degrees; Table S3: Computed (GAUSSIAN) geometrical
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parameters for complexes 1igy, 2 and 3 in the ground state. Distances are in Angstroms, angles
and dihedral angles in degrees; Table S4: Experimental geometrical parameters for complex 1¢gy.
Distances are in Angstroms, angles and dihedral angles in degrees; Table S5: Computed (GAUSSIAN)
geometrical parameters for complexes in the triplet state. The values are given for conformer 6 for
1¢u. Distances are in Angstroms, angles and dihedral angles in degrees and energies in kcal mol~1;
Table S6: Selected nuclear coordinates at the optimized ground state and low-lying excited states
for 1H computed with ADFE. Distances are in Angstroms, angles and dihedral angles in degrees;
Table S7: Selected nuclear coordinates at the optimized ground state and low-lying excited states for
Ime computed with ADF. Distances are in Angstroms, angles and dihedral angles in degrees; Table S8:
Selected nuclear coordinates at the optimized ground state and low-lying excited states for 1¢gy
for experimental § structure computed with ADF. Distances are in Angstroms, angles and dihedral
angles in degrees; Table S9: Computed ground state (ADF) geometrical parameters. Distances are
in Angstroms, angles and dihedral angles in degrees; Table S10: Selected nuclear coordinates at the
low-lying excited states for 1gg, computed with ADF. Distances are in Angstroms, and angles in
degrees; Table S11: Emission data computed with ADF for S1 and T1 states of 1iy. Egef, Eem, Estab,
AE and AEgy are in eV, Aey, is in nm, SOC is in cm— 1L, 1) Values for the 21d minima due to oscillation
of the exciton for v, ¢ and (. Data are not given for «, 3 and & because the second minima is strictly
identical to the first one due to symmetry; Table S12: Spin-orbit coupling (in cm~!) between the low-
lying excited states in 1pe computed with ADF; Table S13: Computed S1 and T1 (ADF) geometrical
parameters. Distances are in Angstroms, angles and dihedral angles in degrees. References [73-87]
are cited in the Supplementary Materials.
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