Yellow-Emitting, Pseudo-Octahedral Zinc
Complexes of Benzannulated N*N"O Pincer-Type

Ligands

Issiah B. Lozada,* Jason D. Braun,® J. A. Gareth Williams,** David E. Herbert**

¢ Department of Chemistry and the Manitoba Institute for Materials, University of Manitoba, 144
Dysart Road, Winnipeg, Manitoba, R3T 2N2, Canada; *david.herbert@umanitoba.ca

b Department of Chemistry, Durham University, Durham, DH1 3LE, UK;
*.a.g.williams@durham.ac.uk



ABSTRACT

A series of yellow-emitting, pseudo-octahedral Zn(II) complexes supported by monoanionic,
tridentate acetylacetone-derived ~ N*N"O ligands Incorporating phenanthridine
(benzo[c]quinoline) units is presented. These species emit weakly in solution but exhibit extended
millisecond luminescence lifetimes in the solid state at room temperature, and in a frozen glass at
77 K, indicative of phosphorescence from low-lying triplet excited states. Excitation spectra
indicate a role for aggregation in enhancing emission in the solid state. In contrast to four-
coordinate phenanthridinyl amide-supported tetradentate Zn(II) complexes which are non-
emissive in fluid solution, solid-state X-ray crystallographic structures, solution IR spectroscopy
and computational analysis all indicate delocalized character for the central deprotonated NH
which tempers the amido character of the ligand. This design provides a mechanism for ‘turning
on’ long-lived luminescence from N-heterocycle/amido-supported Zn(II) coordination

compounds.



Introduction

Photoactive and luminescent complexes of abundant metals are increasingly sought as cost-
effective and sustainable components of light-emitting devices (LEDs), sensors and
photocatalysts.!? Zinc is more abundant than copper in the Earth’s crust and is accordingly an
attractive target in these areas.”* While not usually strongly emissive in fluid solution,* 7 Zn(II)
complexes are receiving growing attention for use in the emissive layer of LEDs, similar to the
application of aluminum #ris(8-hydroxyquinoline).®® Among the solid-state Zn(II) emitters
reported, those displaying yellow emission (550-580 nm) are rare. Examples of yellow-green
emitting complexes include a series with Schiff base ligands that incorporate pendant
diphenylamino groups (Aem, max = 544 nm, ¢ = 20.9%; powder).!? These complexes exemplify the
typical coordination environment of emissive Zn(II) fluorophores: four-coordinate, pseudo-
tetrahedral geometry via hard, monoanionic, N*O-binding, bidentate ligands.'!

Many six-coordinate Zn(II) complexes are also known, particularly when the ligands are
not sterically encumbered. Multidentate ligands, in particular, favor the formation of higher

12717 a5 do intramolecular interactions (for example, between ligands'®).

coordination numbers,
Five-coordinate complexes of the form (N*N”N)ZnCl: can be formed using diimino-pyridine
ligands,'® while six-coordinate zinc porphyrins®® have been used to construct three-dimensional
coordination polymer networks?' and in the template-directed synthesis of nano-sized rings.??
Luminescent, six-coordinate Zn(II) complexes featuring two tridentate, N*N"O-chelating,
oxime/hydrazone ligands have also been reported.”* Meanwhile, dinuclear Zn; clusters with 5-
coordinate metal ions have been reported that luminesce strongly with a quantum yield of 93%

(72% in the solid-state, Amax = 537 nm).” Less typical of Zn(II) complexes are those that exhibit

detectable phosphorescence, either as solids or in fluid solution, owing to the smaller spin-orbit



coupling (SOC) constants of the 3d transition metals compared to 4d and 5d metals; the higher
SOC associated with the heavier metals facilitates efficient intersystem crossing (ISC) to triplet
state manifolds and subsequent radiative decay from the T, state. Emissive zinc complexes are
thus usually fluorescent, rather than phosphorescent, with lifetimes in the nanosecond regime.
Phosphorescence with zinc is often limited to complexes with ligated heavy halides (thanks to the
external heavy atom effect),?*? clusters, or metal-organic frameworks.?6 28

We have been developing multidentate ligand scaffolds containing benzannulated N-
heterocyclic donor arms, in particular ones that incorporate phenanthridine (3,4-
benzoquinoline).>*>? Bidentate phenanthridine-containing PAN ligands can be used to construct
both binuclear’! and mononuclear®? Cu(I) solid-state emitters, while monoanionic, tridentate NN
AN pincer-type ligands enable the formation of deep-red emitting Pt(II) phosphors*-* and Fe(II)
complexes with unique photophysical properties.*> Related N*N”O ligand variants can be formed
too, by condensation of aminophenanthridines with acetylacetone, and they may be used as
multidentate, benzannulated ligand scaffolds.?®*” Here, we demonstrate the utility of such ligand
architectures in producing six-coordinate, pseudo-octahedral Zn(II) complexes which exhibit very
long-lived, moderately intense solid-state emission in the yellow-green region of the
electromagnetic spectrum. A potential mechanism to ‘turn-on’ phosphorescence is proposed based

on density functional theory (DFT) and time-dependent DFT (TDDFT) calculations.

Results and Discussion
The N*N(H)"O proligands RLH (R = Me, tBu, CF3) were isolated following our previously
reported protocol that utilizes the acid-catalyzed condensation of 4-aminophenanthridine with

acetylacetone.’*>® Zinc complexes of these ligands, Zn(RL),, were prepared in a similar way to



homoleptic  Zn(II) species supported by monoanionic, bidentate  N-phenyl-4-
aminophenanthridines.® That is, via the dropwise addition of a solution of diethylzinc in hexanes
into a solution of the proligands in 3:1 hexanes/toluene, both pre-cooled to -38 °C, which is then
warmed to ambient temperature (Scheme la). Solutions of the proligands in the binary solvent
mixture were pale yellow but grew more intensely colored on addition of diethylzinc, and bright
yellow precipitates formed after stirring overnight. These solids were isolated by filtration and
purified by repeated washing with cyclohexane or recrystallization from hot cyclohexane. Zn(RL)
complexes were isolated in this way in yields of 54, 84 and 79% for R = rBu, Me and CF3,
respectively. The increased solubility of Zn("®"L); in organic solvents conferred by the tert-butyl
substituents likely contributes to the reduced isolated yield. In contrast to four-coordinate,
homoleptic, bis[phenanthridinyl-4-(N-phenyl)amido]zinc(II),’® Zn(RL) are all stable to both air
and ambient moisture, as well as to mildly acidic solvents such as chloroform. Only one set of 'H
and C NMR signals is observed in solution, suggesting that the two ligands have the same
magnetic environment in solution which proffers C> symmetry to the complexes. In the 'H NMR
spectrum, coordination to Zn(II) induces a ~0.7 ppm shift to lower frequency of the N=CsH
resonance of the phenanthridinyl ligand arms [e.g., 8(N=CsH): M*LH, 9.29 ppm; Zn(M°L),, 8.58

ppm] which likely results from ring-current induced shielding by the (N*O)Zn chelate.’®
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Scheme 1. (a) Synthesis of Zn(RL), with isolated yields indicated in parentheses. The [UPAC
numbering scheme for phenanthridines is shown in italics for RLH. (b) Canonical forms of the

tautomers possible for RL.

The solid-state structures of Zn("®"L), and Zn(“**L), determined using single-crystal X-
ray diffraction confirm the pseudo-octahedral coordination around the metal center (Figure 1). The
structure of Zn("®"L), contains crystallographically distinct ligand environments, while Zn(“**L),
possesses the same approximate C» point group symmetry observed in solution by NMR
spectroscopy. The asymmetry of Zn("®"L). in the solid state appears to arise from the presence of
short-contact, non-covalent C—Hphenanthridinyl,, gphenanthridinyl jnteractions between adjacent Zn(II)
complexes, and non-bonding interactions between a CH unit of co-crystallized CH>Cl; and the
oxygen donor and ntc-~ of the ketoiminate chelate ring (Figure S1). Indeed, the optimized geometry
of Zn("B"L); in the gas phase (vide infra) presents a quite symmetric environment around the metal.
Chelating ligands of the RL type can exist in tautomeric forms with anionic character localized at
either nitrogen (‘amido’) or oxygen (‘alkoxy’; Scheme 1b). The Zn1-01/2 (2.060-2.075 A) and

7Znl1-N2/4 (2.112-2.131 A) bond distances suggest that a metal-alkoxy descriptor is more



appropriate here. In general, in Pt(II) and boron complexes of RL, the enolato-imine tautomer

3638 ywhile structural and

predominates upon deprotonation or coordination to metal centres,
spectroscopic data for the proligands (RLH) are more consistent with the keto-enamine tautomer*®

[C15-N2/C17-O1: ™SLH, 1.363(3)/1.244(3)A;36 Zn(B'L),, 1.315(11)/1.255(10) A;

Zn(“PBL),, 1.328(3) / 1.263(3) A].

Figure 1. Solid-state structures of (a) Zn("®"L); and (b) Zn(“¥3L), with thermal ellipsoids shown
at 50% probability levels. Hydrogen and co-crystallized solvents are omitted for clarity. Selected
bond lengths (A) and bond angles (°) for Zn(B"L),: Zn1-N1 2.201(8), Zn1-N3 2.188(7), Zn1-N2
2.112(6), Znl-N4 2.131(6), Znl1-O1 2.060(6), Zn1-02 2.066(6); N1-Zn1-N3 89.8(3),
N2-Znl-N4 168.6(3), O1-Zn1-02 91.7(2), N1-Znl-N2 75.7(3), N1-Znl-N4 95.2(3),
N1-Zn1-O1 163.7(2), N1-Zn1-02 90.1(2), N2-Znl-N3 96.5(2), N3-Znl-N4 76.2(3),

N3-Zn1-0O1 93.0(3), N3-Zn1-02 163.5(2). Zn(FL)2: Zn1-N1 2.203(2), Zn1-N2 2.103(2),



Znl-0O1 2.075(2); N1-Znl-N1 97.49(12), NI1-Znl-N2 76.42(8)/98.44(8), O1-Znl-O1

93.81(12), N1-Zn1-O1 86.51(8)/164.12(8).

Infrared (IR) spectra of the complexes in the solid state were collected to further examine
the tautomerism, and gas-phase IR spectra simulated from their respective optimized geometries
(Figure S2-S4). The proligands are generally characterized by two relevant vibrational modes:
Ve-o.srecn (MCLH/ULH, 1617 cm’!; “LH, 1634 cm™) and vxipee (MCLH, 1569 cm!; BYLH, 1570
cm!; BLH, 1579 cm™!). Upon deprotonation and coordination to zinc, the characteristic RLH IR
frequencies are replaced by new bands which appear between 1400 and 1600 cm™. DFT suggests
that two vibrational modes (insets, Figure S2-S4) dominate this region, in addition to lower
intensity vibrational modes of similar character. The more intense, lower energy peak [Zn(™¢L),
1391 cm'!'; Zn("™"L); 1396 cm'!; Zn(“FL), 1380 cm™'] is characterized by co-stretching of the C—
N and C-O subunits of the enolato-imine fragment. The appearance of a higher energy peak
[Zn(MeL); 1449 cm!; Zn("®"L); 1453 cm!; Zn(“F3L); 1433 cm!] is attributed to a combination of
enolato-imine C=C and phenanthridinyl C=N stretches. In contrast, boron complexes of this ligand
set’® show distinct signals for the vcosen Of the enolato-imine unit, which suggests that n-bonds
of the N*O fragment are more delocalized in the zinc complexes, extending over all five atoms of
the chelating unit. Consistent with this description, Mayer bond order analysis*® of the enolato-
imine n-bonds O1-C**~-CH-C®-N2 yields bond orders of 1.48, 1.33, 1.32, 1.49, respectively.
Atomic dipole-corrected Hirshfeld charges*! indicate greater concentration of charge at the oxygen

donor atom (-0.34) compared with the nitrogen donor atom (-0.16).



UV-Vis Absorption and Emission Spectroscopy

All three complexes are yellow solids which dissolve in CH2Cl: to produce intense yellow
solutions. Their UV-Vis absorption spectra lack prominent features in the visible region and are
reminiscent of the proligands which attenuate at ~400 nm (Figure S5).>” A low energy tail
stretching to ~475 nm accounts for the color of all three complexes. Three notable features are
evident in the UV, with relatively well-resolved maxima evident at ~300, ~320 and ~365 nm that
are invariant to ligand substitution (Figure 2, Table 1). Similar features have been observed in the
proligands and in Pt(II) complexes with phenanthridinyl-based ligands related to those here. " A
series of weak but well-resolved bands in this region is, in fact, typical of the 'L, nt-rt* transitions
of azaphenanthrenes including phenathridine.**** In general, the lowest-energy singlet excited
state of azaphenanthrene heterocycles like phenanthridine is comparable to that of the parent all-
hydrocarbon phenanthrene, notwithstanding the inclusion of a heteroatom, and the energy is fairly
insensitive to the local environment. Here, only slight solvatochromism was observed (Figure S6),
consistent with this assignment.

All three complexes display weak, yellow luminescence in degassed dichloromethane
solution at room temperature with quantum yields < 1%. The spectra are broad and largely
unstructured. The emission maxima of Zn(®"L); and Zn(M¢L), are very similar, while that of
Zn(“F3L), is somewhat blue-shifted. The corresponding excitation spectra are shown in Figure S7.
It was not possible to reliably determine emission lifetimes under these conditions, but we note
that the emission intensity is significantly reduced upon aeration. A similar quenching response
upon introduction of *0, was observed for phosphorescent, ‘caged’ Zn tris-bipyridine complexes,
but not for their uncaged, fluorescent congeners.*> This implies that the excited state responsible

for emission from Zn(RL); is itself relatively long-lived, or that it is being populated from a long-



lived excited state. It is also notable that the emission (Amax around 550 nm) is substantially red-
shifted relative to the short-lived fluorescence displayed by the proligands under the same
conditions, for which Amax 1s < 500 nm in each case (Table S1).

At 77 K in an EPA glass, the spectra are all shifted to higher energy (Amax ~ 500 nm; EPA
= diethyl ether / isopentane / ethanol, 2:2:1 v/v; Figure S8). The emission is long-lived under these
conditions, with average lifetimes > 100 ms, suggestive of phosphorescence from a triplet state. In
comparison, pseudo-octahedral Zn(I[) complexes of (E)-N'-((E)-(hydroxyimino)butan-2-
ylidene)salicyloylhydrazide ligands have been reported to emit with Amax = 550 nm as a N,N-
dimethylformamide solvate and Amax = 590 nm in their pure form.?* Again, it is interesting to
contrast the behaviour with that of the proligands. At 77 K, they display two distinct sets of
vibrationally structured bands (Figure S5). The bands in the region 400 — 450 nm decay with a
lifetime of around 1 ns, whereas the longer-wavelength bands > 500 nm, have an emission lifetime
of around 200 ms (Table S1). These properties are typical of fluorescence and phosphorescence,
respectively, from N-heterocycles.

Solid-state samples of Zn(RL), display quite bright yellow emission, with similar Amax
values around 540 nm at room temperature. The emission is visually brightest for Zn(M*L), and
weakest for Zn(“F3L),. Quantum yields recorded on powdered samples in an integrating sphere
confirm this trend and range from 1- 6 % (Table 1). The average lifetimes are reduced compared
to those in a frozen glass to around 25 ms (decay traces are shown in Figures S9-S10).
Interestingly, the excitation spectra of the solid samples show an extra band at ~460 nm that is not
present in dilute solution (Figure 2b). Indeed, the packing diagrams of the two crystallographically
characterized complexes reveal intermolecular distances typical of luminogens exhibiting

aggregation or crystallization-induced luminescence?s [Zn(B"L); 3.5-3.7 A; Zn(“F3*L), 3.2-3.5 A;
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Figure S1]. A representative powder X-ray diffractogram of Zn("®"L); is provided as Figure S11.
The proligands, in contrast, show only very weak emission in the solid state, at substantially higher
energy. The weakness of the emission coupled with the high-energy excitation led to poor spectra;
that for the brightest, ML H, is given in Figure S12. Evidently, the zinc has a profound effect on
the aggregation process and/or the subsequent emission. Aggregation-induced enhanced emission
from aryl-decorated, non-planar Zn(II) B-diketiminate complexes has been reported.*’” In
comparison to Zn(RL),, such nacnac-supported, tetrahedral Zn complexes emit in fluid solution

with smaller Stokes’ shifts (300 cm™') and ~12 ns lifetimes consistent with fluorescence.*®
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Figure 2. Normalized (a) UV-vis absorption and emission spectra of Zn(RL), in CH,Cl, at 295 K
(Aex = 432 nm) and (b) emission spectra (Aex = 400 nm) and excitation spectra (Aem = 540 nm) in

the solid state at 295 K (Note: identical emission spectra were observed using Aex = 460 nm).
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Table 1. Photophysical and electrochemical data for Zn(RL)

Emission Emission
Absorption”  Emission 57400 god-State295K g,
Complex Amax / nmM at 295 K¢ .
-1 -1 A-'mzuc T A-'mzuc T /Vee
(8 /M c¢cm ) A-'mzuc / nm P
/nm /ms /nm /ms
298 (14 430),
Zn(™MeL), 317 (14 550), 587 510 190 543 25 44 0.22,0.58
364 (15 830)
298 (19 190),
Zn(™'L), 317 (20 020), 593 503 120 539 27 6.0 0.22,0.59
366 (21 330)
288 (14 150), 291
Zn(“¥3L), 328 (13 040), 557 500 160 536 22 1.0 0 39' 0 ’69
367 (15 450) T
¢ 1n CH.Cl;

b in EPA glass [EPA = diethyl ether / isopentane / ethanol (2:2:1 v/v)]*

¢ Measured using an integrating sphere, with a sample of finely powdered BaSOs as a non-emissive

blank.

4 ys FecHY* in CH,Cl at scan rates of 100 mV s,

¢ Irreversible.

/Reduction
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Electronic Structures

DFT and TDDFT calculations were carried out to investigate the electronic structures of
Zn(RL)>. Gas-phase optimized geometries of the Zn(II) complexes [ZORA-B3LYP-D3(BJ)/def2-
SV(P)] accurately reproduce the solid-state structures (Table S2). Single-point calculations with
implicit solvation (SMD, CH:Clz) were performed on the ground-state equilibrium geometries to
model the frontier molecular orbitals (Figure 3; see Tables S3-S5 for fragment contributions). The
two highest filled MOs of Zn(RL); are largely comprised of the enolato-imine N*O moiety (~60%)
and are nearly degenerate. The energy difference between the two highest filled MOs found by
DFT (AEnomo-nomo-1 = 0.14 €V) is in broad agreement with that estimated by cyclic voltammetry
(AEnomo-nomo-1 = 0.30-0.37 eV, Figure 4, Table 1). The two lowest-lying, nearly degenerate
vacant MOs (AELumo-Lumo+1 < 80 meV) are largely phenanthridinyl-based (~90%) with significant
density at the N=CH sub-unit (~30%). An electrochemical reduction can be clearly observed only
for Zn(“F3L), (-2.21 V; -2.36 eV); cathodic events for Zn(M¢BUL), overlap with the solvent
window. This shift to less negative potential for Zn(“¥3L); is again in line with calculated LUMO
values. Pseudo-square planar Pt(II) complexes of RL with a chloride co-ligand exhibit similar
localization of the HOMO electron density at the N*O core, but with significant mixing between
filled Pt(II) d-orbitals and chloride lone-pair of the appropriate nt-type symmetry.?” In such Pt(II)
complexes, the LUMO orbital density is similarly localized on the phenanthridinyl moiety.
Interestingly, the HOMO and HOMO-1 in Zn(RL). show weak, but not completely negligible, prn-
dn mixing (< 2%) of the N2 and O1 lone pairs with Zn(II) d-orbitals of appropriate symmetries.
In combination with the diminished amido character of the ligand upon coordination to Zn(II), this
pn-dn mixing could contribute to the enhanced stability of the present complexes to air and ambient

moisture compared to homoleptic N-phenyl-phenanthridinylamidozinc(Il) complexes.®”
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Participation of metal d-orbitals in electronic transitions should also promote both intersystem
crossing (ISC) to low-lying excited triplet states and the subsequent radiative decay of the T state

to generate phosphorescence (vide infra).

i
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9 | Zn(MeL), Zn(®uL), Zn(SFL),

Figure 3. Ground-state frontier molecular orbital energy level diagram (HOMO-1 to LUMO+1),

HOMO-LUMO energy gaps and isosurfaces (isovalue = 0.04) for Zn(RL)x.
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Figure 4. Cyclic voltammograms of (a) Zn(M¢L), (b) Zn("®"L),, (¢) and (d) Zn(“*L); performed
in a 1 mM CH:Cl; solution containing 100 mM [nBusN][PFs] as supporting electrolyte and 100
mv/s scan rate.

Overall, the orbital characters of the frontier MOs imply that intraligand charge-transfer
(ILCT) dominates the lowest energy absorption manifold (Aabs > 375 nm) and contributes to the
low energy tail observed in all complexes. To support this assignment, scalar-only relativistic
TDDFT calculations on the gas-phase optimized ground-state geometries of the complexes were
conducted in CH2Cl; (Figures S13-S15, Tables S6-S8). These predict two electronic transitions
with oscillator strengths > 0.1. The lowest energy vertical excitations (Si) are dominantly
HOMO—LUMO in character (> 60%), with minor contribution from the HOMO-1-LUMO+1
(> 10%). The second lowest-lying excited singlet state largely consists of HOMO—LUMO+1

(~50%) and HOMO-1—-LUMO excitations. Scalar-only TDDFT, therefore, supports ILCT

character of the lowest energy absorption manifold of the complexes, with the low-energy tail
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associated with the HOMO—LUMO excitation accounting for the intense yellow color of the
complexes. This implies that exciton pairs generated from the two lowest-lying excited singlet
states are highly delocalized between the two ligands.

Electron-hole density maps are consistent with ILCT with electron transfer from the N*O
chelate rings to the phenanthridinyl-acceptor moieties. While a CT assignment might imply a
strong influence of the solvent dielectric, the complexes exhibit weak solvatochromism of the
Amaxabs (Figure S6); more prominent shifts are observed for the low-energy shoulder. Fe(Il)
complexes supported by 4-[N-(8-quinolinyl)]Jamidophenanthridines, also with approximate C
symmetry, exhibit CT excitations (pm/dn*-to-ligand CT or ‘m-anti-bonding-to-ligand” PALCT)
occurring between 600-800 nm and are similarly invariant to changes in solvent polarity,*>-° as is
the MLCT band of [Ru(bpy):]**, which shows only weak solvatochromism.’! In each case, the
complexes exhibit a more spherically symmetric redistribution of the electron density. As
mentioned above, electron-hole density maps reveal a rather symmetric and delocalized
redistribution of the exciton pair between ligands which may account for the weak
solvatochromism.

The characteristics and trends in the emission of the complexes warrants further discussion.
The millisecond (ms) lifetimes and the size of the apparent Stokes shift (1.2-1.3 eV) suggest that
radiative decay occurs from a long-lived excited triplet state. To understand the decay process
from the initially populated 'ILCT states, the minima of the lowest energy excited singlet and
triplet states were optimized. Figures S16-S18 show the relevant photophysical parameters for the
complexes in CH2Cl; that can then be extracted. TDDFT assigns the lowest-lying excited singlet
state as a ligand-to-ligand charge-transfer state (\LLCT) based on its electron-hole density map,

with the electron localized in the phenanthridinyl moiety of one of the ligands and the hole
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predominantly in the N*O fragment of the other. In contrast, the spin density of the lowest-lying
excited triplet state has both the electron and the hole localized in the same ligand unit and is thus
assigned as a symmetry-broken intraligand charge-transfer triplet *SBCT). These results suggest
that the symmetry of the initially populated 'ILCT is broken upon relaxation. This assignment is
invariant to the degree of Hartree-Fock admixture introduced (Figure S19). Such symmetry-broken
charge transfer (SBCT) states have been observed in bis(dipyrrin)zinc(II) and are thought to
promote efficient ISC to low-lying triplet manifolds either through radical pair ISC (RP-ISC) or
spin-orbit charge transfer ISC (SOCT-ISC).>>* To our knowledge, however, bis(dipyrrin)zinc(II)
do not exhibit detectable phosphorescence either in solution or the solid state, unlike Zn(RL),. The

3657 in Zn(“"L), was estimated (neglecting Coulombic

driving force for charge-separation, AGcs,
interactions between the electron-hole pair, E;) to be -0.78 eV in CHCl,, using Equation (1) where
e is the elementary charge, Eoxrea are the oxidation and reduction potentials observed for Zn(“¥*L),
and E* (the energy of the excited state) is estimated from Amax(absorption)®:
AGcs = e[Eox(D) — Erea(4)] — E* — Ec M

Across the Zn(RL): series, fluorescence energies (AE™) calculated in a polarizable continuum
(CH:Cl,) at room temperature are considerably higher than the experimentally observed emission
[Zn(™L),: 3.00 eV cf. 2.11 eV (experimental); Zn(“*L),: 2.92 eV ¢f. 2.23 eV (experimental); see
Figures S16-S18]; a much better match is obtained comparing the experimentally observed
emission energies with those calculated for a phosphorescence-type process [AEP; Zn(MeL),:
2.09eV ¢f.2.11 eV (experimental); Zn(B'L),: 1.81 eV ¢f. 2.09 eV (experimental); Zn(“FL),: 2.06

eV ¢f. 2.23 eV (experimental)]. This supports phosphorescence as the predominant radiative decay

pathway for the complexes, originating from low-lying *SBCT states.
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Spin-orbit coupling (SOC) matrix elements (SOCMEs) were also calculated (Tables S9-
S11). These indicate weak but non-vanishing mixing between excited singlet and triplet states,
which is commensurate with the efficiency of intersystem-crossing (ISC) from an initially
populated 'ILCT to the excited triplet state manifold and may explain the ms lifetimes observed
for all complexes. The eight lowest triplet excited states at the ground-state geometry all exhibit
coupling with the two lowest-lying excited singlet states such that ISC might occur (i) from 'ILCT;
or 'ILCT: to any of these lower-lying excited triplet states before decaying to the emissive triplet
state; or (i1) via direct ISC to the emissive triplet state. Furthermore, these triplet excited states are
also weakly coupled to the ground state, which may contribute to the low quantum yield.

The observed Stokes shift can be accounted for by the combined energy losses from ISC
(M5€) and ground state reorganization (AT) with calculated values between 1.1-1.3 eV. Structural
comparisons between the optimized ground-state geometry (So.q) and the lowest-lying triplet state
(®SBCT) reveal an asymmetric elongation of the ligands (Figure 5, Table S12). Further
elongation Zn-N/O bonds for this same ligand unit is observed in the optimized geometry of the
lowest-lying excited singlet excited state (\LLCT.q), which could contribute to the nonradiative
dissipation of energy of the complexes in solution. In addition, the O1-Zn-O2 bond angle decreases
upon relaxation to the Ty minima by 9°, while the N1-Zn-N1’/N1-Zn-N3 bond angle opens by 8°.
Such molecular distortions should be attenuated in frozen glass at 77 K and in the solid state,
consistent with the observed blue-shift in emission and increased emission intensity compared with
in fluid solution. The energy of the lowest-lying triplet state at the ground state geometry,
calculated using the energy difference between the energies of *SBCTand So.q, mirrors this
hypsochromic effect [Zn(*<L),: 2.92 eV ¢f. 2.43 eV (77 K), 2.28 eV (solid); Zn(®"L),: 2.49 eV cf.

246¢eV (77K),2.30eV (solid); Zn(“FL),: 2.84 eV ¢f.2.48 eV (77 K),2.31 eV (solid); see Figures
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S16-S18]. Close inspection of the solid-state structures of Zn(®*L), and Zn(“FL), suggest that
molecules are rigidified in the solid state through noncovalent rt-stacking (staggered and T-shaped)
interactions (Figure S1). Aggregation-enhanced emission has been reported for fluorescent
homoleptic, four-coordinate Zn(Il) complexes ligated by arene-rich [-diketiminates where
noncovalent interactions in the solid state restrict the rotations of the aryl substituents.*’ In contrast,
bis[phenanthridinyl-4-(N-phenyl)amidozinc(I)] complexes do not exhibit any appreciable
luminescence upon excitation of the 'ILCT band (~500 nm) and excitation at higher energies
shows emission that strongly overlaps with the ILCT absorption manifold.>® The results presented
here suggest that emission can be ‘turned on’ in Zn(II) complexes supported by N*N*O amido-
type frameworks, through increased delocalization of the nitrogen lone pair and enhanced rigidity

through saturating the coordination environment of the metal.
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Figure 5. Select structural parameters for the gas-phase optimized geometries of (a) ground state
(So.eq), (b) the lowest-lying excited singlet (Si.eq), and (¢) the lowest-lying excited triplet state

(T1,eq) for Zn(MeL),.

Conclusions

Three Zn(II) complexes, Zn(RL),, supported by monoanionic, tridentate N*NO ligands
containing phenanthridinyl donors are presented. These exhibit yellow emission in solution and in
the solid state, with millisecond lifetimes consistent with radiative relaxation from a low-lying
emissive excited triplet state. This is in contrast to the non-emissive character of related

phenanthridinyl amide-supported tetradentate Zn(II) complexes with pronounced Namido character
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to the ligand. These findings suggest that attenuating the Namido character, through the combination
of non-negligible pn-dn mixing in a stronger (pseudo)octahedral ligand field and delocalization
through the acetyl-acetone derived ligand arm, may provide a mechanism for ‘turning on’ emission

from long-lived triplet states in N-heterocycle/amido supported Zn(II) coordination compounds.

Experimental Section

General Considerations

Air-sensitive manipulations were carried out in a N»-filled glove box or using standard Schlenk
techniques under Ar. Organic solvents were dried and distilled using appropriate drying agents.
Diethylzinc (1 M in hexanes) was purchased from Sigma-Aldrich. RLH were synthesized
according to previously published procedures.’®** 1- and 2D NMR spectra were recorded on a
Bruker Avance 300 MHz spectrometer or a Bruker Avance 500 MHz spectrometer. 'H and
BC{'H} NMR spectra were referenced to residual solvent peaks. High resolution mass spectra
were recorded using a Bruker microTOF-QIII. Attenuated total reflectance infrared spectroscopy
(ATR-IR) was performed using a Bruker Invenio R FTIR. For electrochemical analysis, 5-10 mg
of each compound was dissolved in 15 mL of 0.1 M [rBu,N][PF¢] in CH,Cl,. The measurements
were performed on the solutions in an N,-filled glovebox using a CHI 760c bipotentiostat, a 3 mm
diameter glassy carbon working electrode, a Ag* | Ag quasi-non-aqueous reference electrode
separated by a Vycor tip, and a Pt wire counter electrode. Cyclic voltammetry was conducted using
a scan rate of 100 mV/s. Upon completion, ferrocene (FcH) was added to the solution as an internal

standard, and all potentials are reported versus the FcH* | FcH redox couple.
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Synthesis of Zn(M¢L),. To a cooled solution of M*LH

C3‘-~HC

(0.105 g, 0.360 mmol) in hexanes/toluene (7.5 mL/2.5 _—2Zn N7 \ C

/0 \ // 5

Cis— ( @&

mL, -38 °C), a cooled solution of diethylzinc (1 M in C\\? P o= \/ 4

C1sxc/ 0
hexanes; 250 pL, 0.25 mmol; -38 °C) was added \15 \\1HC//C13

Ciq 12

dropwise and the mixture left stirring overnight at room \c,19

temperature, over which period the solution color changed from a pale to intense yellow with
formation of a yellow precipitate. The solvent was removed in vacuo and the resulting residue was
repeatedly washed with cyclohexane, then crystallized by cooling solutions of the product prepared
in hot cyclohexane. Yield = 0.0836 g (84%). '"H NMR (CDCls, 300 MHz, 25 °C): 4 8.58 (s, 1H,
C1H), 8.40 (d, *Jun = 8.7 Hz; 1H, CsH), 7.65-7.80 (m, 3 H, Cs5,13H), 7.54 (ddd, >*Jun = 7.5, 8.8 Hz,
“Jun = 0.8 Hz; 1H, C4H), 7.16 (d, “Jun = 1.1 Hz; 1H, C11H), 5.08 (s, 1H, C16H), 2.52 (s, 3H, Ci9H),
2.27 (s, 3H, CisH), 1.79 (s, 3H, CisH). 3C{'H} NMR (CDCl3, 75 MHz, 25 °C): & 187.5 (Ci7),
168.4 (Cis), 157.0 (C1), 144.1 (Cio0), 135.4 (C12), 134.6 (Co), 132.4 (Cs), 130.4 (C3), 126.7 (C4 and
Cs), 126.0 (C7), 123.4 (C2), 123.1 (C11), 122.4 (Cé), 114.6 (C13), 99.4 (Ci6), 28.1 (C19), 23.0 (Cis),

22.3 (Cis). HRMS (ESI-TOF) m/z: [M + HJ" Calcd for [CssHssN4O2Zn]* 643.2046; Found

643.2066.
Synthesis of Zn("®"L),. The procedure was the same c /03;:04
as for Zn(M¢L), starting from ®'LH (0.104 g, 0.312 O.-on——N\/ \\C //05
. C1axc/? ’ Co— ™Cj
mmol) in hexanes/toluene (7.5 mL/2.5 mL, -38 °C), \\ // N““‘“C/ C\
Cig— 0
c
and diethylzinc (1 M in hexanes; 220 uL, 0.22 mmol; \15 \(31%%(3//'(:13
Ciq \12
-38 °C). Yield = 0.0607 g (54%), yellow solid. 'H /C\m
NMR (CDCls, 300 MHz, 25 °C): & 8.57 (s, 1H, Ci1H), C20
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8.43 (d, *Jun = 8.4 Hz; 1H, CeH), 7.90 (d, “Juu = 1.4 Hz; 1H, C13H), 7.65-7.78 (m, 2H, CsH and
CsH), 7.52 (ddd, *Jim = 7.3, 8.5 Hz, “Jim = 1.0 Hz; 1H, C4H), 7.46 (d, “Ju = 1.5 Hz; 1H, C1,H),
5.13 (s, 1H, Ci6H), 2.30 (s, 3H, C14H), 1.82 (s, 3H, CisH), 1.44 (s, 9H, CaoH). *C{'H} NMR
(CDCls, 75 MHz, 25 °C): 8 187.7 (C17), 168.4 (Cis), 149.8 (C12), 149.2 (Cy), 145.0 (C10), 134.7
(Co), 133.2 (Cs), 131.1 (Cs), 129.2 (C3), 127.0 (C4), 126.2 (C2), 123.7 (C7), 122.2 (Cs), 120.3 (C1y),
110.5 (Ci3), 100.1 (Ci6), 35.4 (C19), 31.5 (Cx0), 28.4 (Ci18), 23.0 (Ci14). HRMS (ESI-TOF) m/z: [M

+ H]" Caled for [C44H47N4O2Zn]" 727.2985; Found 727.3040.

Synthesis of Zn(“**L),. The procedure was the same as

Cr—r Ce=c,
. Va G \
for Zn(M¢L),, starting from “*LH (0.117 g, 0.340 o—2n N\ \\ p Cs
C'iﬁ““m.c/ J — /CTHCS
mmol) in hexanes/toluene (7.5 mL/2.5 mL, -38 °C), and \\? C// N“‘“‘*C/ Cg“‘“C\a
Cie— \0

Cc

diethylzinc (1 M in hexanes; 240 uL, 0.24 mmol; -38 \15 CW\C{/2 13
Cia \

°C). Yield = 0.100 g (79%), yellow solid. '"H NMR F/C(F

\

F
(CDCls, 300 MHz, 25 °C): 8 8.70 (s, 1H, C1H), 8.41 (d,

3Jun = 8.2 Hz; 1H, CeH), 8.13 (s, 1H, C13H), 7.77-7.90 (m, 2H, C:H and CsH), 7.66 (ddd, 3 =
7.4, 8.5 Hz, “Jun = 0.8 Hz; 1H, C4H), 7.50 (d, *Jun = 1.5 Hz; 1H, C11H), 5.20 (s, 1H, Ci6H), 2.30
(s, 3H, C14H), 1.84 (s, 3H, CisH). "9F NMR (CDCls, 282 MHz, 25 °C): & 62.35 (s, C1oF). 3C{'H}
NMR (CDCls, 75 MHz, 25 °C): & 189.7 (C17), 168.8 (Ci15), 151.9 (C1), 146.5 (Cio), 137.4 (Co),
132.8 (C7), 132.4 (Cs), 129.5 (C3), 128.8 (q, 2Jcr = 32.1 Hz; C12), 128.4 (Cs), 126.1 (Cs), 124.2
(C2), 122.3 (Ce), 117.0(q, *Jer = 3.3 Hz; Cn1), 111.7(q, *Jer = 4.4 Hz; C13), 101.0 (Ci6), 28.6 (Cis),
22.9 (Cis). HRMS (ESI-TOF) m/z: [M + HJ" Calcd for [C3sHoN4O2Zn]* 751.1481; Found

751.1552.
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X-Ray Crystallography Experimental Details

X-ray crystal structure data were collected from multi-faceted crystals of suitable size and quality,
selected from a representative sample of crystals of the same habit using an optical microscope.
Crystals were mounted on MiTiGen loops and data collection was carried out in a cold stream of
nitrogen (150 K; Bruker D8 QUEST ECO). Diffractometer manipulations were carried out using
Bruker APEX3 software.’” Structure solution and refinement were performed using XS, XT and
XL software, embedded within the OLEX2.%° For each structure, the absence of additional
symmetry was confirmed using ADDSYM incorporated in the PLATON program.®’ PXRD
patterns were acquired in a Bruker D8 Advance diffractometer (Cu Ko) using a room

temperature rotation stage.

Crystal structure data of Zn(®"L), (CCDC 2119917): X-ray quality crystals were grown
following layering of hexanes into a CH2Cl, solution at room temperature. Crystal structure
parameters: CasHasC1o2N4O2Zn 813.14 g/mol, monoclinic, space group P2i/n; a = 20.825(3) A, b
=8.8858(11) A, ¢ =22.6153) A, a =y =90°, f=102.594(5)°, V = 4084.2(9) A%; Z = 4, praica =
1.322 g cm™3; crystal dimensions 0.32 x 0.13 x 0.05 mm; diffractometer Bruker D8 QUEST ECO
CMOS; Mo K, radiation, 150(2) K, 26max = 2.502 to 24.415°; 34008 reflections, 7174 independent
(Rint = 0.0648), direct methods; absorption coeff (u = 0.686 mm™'), absorption correction semi-
empirical from equivalents (SADABS); refinement (against F,?) with SHELXTL V6.1, 497
parameters, 0 restraints, R; = 0.1147 (I > 20) and wR> = 0.2041 (all data), Goof = 1.123, residual

electron density 1.190/—1.587 ¢ A,

24



Crystal structure data of Zn(“F3L); (CCDC 2119918): X-ray quality crystals were grown
following layering of hexanes into a benzene solution. Crystal structure parameters:
CasH42F6N4O2Zn 838.18 g/mol, monoclinic, space group C2/c; a = 10.4717(6) A, b= 12.3015(6)
A, c=30.9829(16) A, a=v=90° B=90.077(2)°, V=3991.1(4) A*; Z=4, peatca = 1.395 g cm™3;
crystal dimensions 0.45 x 0.26 x 0.09 mm; diffractometer Bruker D8 QUEST ECO CMOS; Mo
K, radiation, 150(2) K, 20max = 2.554 to 30.628°; 64265 reflections, 6157 independent (Rin =
0.0468), direct methods; absorption coeff (i = 6.804 mm™!), absorption correction semi-empirical
from equivalents (SADABS); refinement (against F,?) with SHELXTL V6.1, 262 parameters, 0
restraints, R; = 0.0684 (I > 20) and wR> = 0.1897 (all data), Goof = 1.115, residual electron density

2.577/-1313 ¢ A3,

UV-visible Absorption and Luminescence Measurements

Absorption spectra were measured on a Biotek Instruments XS spectrometer, using quartz cuvettes
of 1 cm pathlength. Steady-state luminescence spectra in deoxygenated solution and in an EPA
glass at 77 K were measured using a Jobin Yvon FluoroMax-2 spectrofluorimeter, fitted with a
red-sensitive Hamamatsu R928 photomultiplier tube; the spectra shown are corrected for the
wavelength dependence of the detector, and the quoted emission maxima refer to the values after
correction. Samples for emission measurements were contained within quartz cuvettes of 1 cm
pathlength modified with appropriate glassware to allow connection to a high-vacuum line.
Degassing was achieved via a minimum of three freeze-pump-thaw cycles whilst connected to the
vacuum manifold; final vapor pressure at 77 K was < 5 x 102 mbar, as monitored using a Pirani
gauge. The spectra in the solid state were recorded by means of an integrating sphere attached to

a Jobin Yvon Fluorolog instrument through optical fibers. Finely powdered samples were
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contained within Spectralon sample holders of 10 mm diameter. Quantum yields were determined
using a sample of finely powdered BaSQO4 as a non-emissive blank.

Luminescence lifetimes were measured following excitation with a microsecond-pulsed
xenon lamp and detection using a Hamamatsu R928 photomultiplier tube operating in
multichannel scaling mode. For all measurements, the decays were much longer than the
instrument response, and data were analyzed by tail fitting to the following equation (2):

1(t) = 1(0) exp(—kt) + ¢ (2)
where /(1) is the intensity of light detected at time t, & is the first-order rate constant for decay (k=
1/1), and ¢ is a constant reflecting the intrinsic “dark count” during the measurement. The data in
solid-state fit well to the above equation, with no significant improvement upon introducing
additional components. At 77 K, the data show evidence of an additional short-lived component

and the values quoted in Table 1 refer to tail-fitting of the long component only.

Computational details

All computations were performed using ORCA v.4.2.1.°%%% The zeroth order approximation
(ZORA) were used in all calculations to account for scalar relativistic effects. No symmetry
constraints were imposed on all calculations. Both restricted and unrestricted Kohn-Sham Density
Functional Theory (KS-DFT) were employed for closed-shell and open-shell systems,
respectively. Optimizations are performed in the gas phase with the B3LYP* % functional
augmented with Grimme’s D3 dispersion correction and Becke-Johnson damping®’ (B3LYP-
D3(BJ)) in combination with the recontracted Ahlrichs split-valence double-{ basis set with
polarization only on non-hydrogen atoms ZORA-def2-SV(P)%. B3LYP has been shown to

accurately reproduce ground state geometries of Zn(II) coordination complexes.®-’%3 Crystal
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structure coordinates for Zn(®"L), and Zn(“¥3L), were used as starting input for ground state
optimization (So.q), While modified coordinates from Zn(""L), were used for Zn(™¢L),, using
Avogadro.”! Coordinates from the ground-state equilibrium geometries were then used to optimize
the lowest-lying excited singlet (S1,¢q) and triplet-state (T1.eq) geometries. The S ¢q geometry for
Zn(™"L), could not be optimized despite repeated attempts. DFT integration grids, optimization
and SCF convergence criteria were set to grid5/finalgrid7, tightopt, and tightscf, respectively.
Additional radial integration grid (specialgridatom, 30; specialgridintacc, 7, 7, 7) were
implemented for Zn. “No resolution-of-identity”” (nori) was employed for all optimizations. The
absence of imaginary frequencies confirm that all optimized geometries are real minima. The
transmission IR spectra of the complexes were simulated using Avogadro employing Lorentzian
broadening (peak width: 20 cm'!) and scaling factor of 0.9. Single-point calculations including
TDDFT were performed using the M06 and M06-2X’? functionals in combination with the
recontracted Ahlrichs split-valence triple-C basis set with polarization on all atoms, ZORA-def2-
TZVP®%, and including solvation effects using SMD”? (CH>Cl,). We employed the RIJCOSX
approximation as implemented in ORCA, in addition to the SARC/J auxiliary basis set,”* to speed
up all single-point and TDDFT calculations. DFT and COSX integration grids, and SCF
convergence criteria were set to Grid6/finalgrid7, specialgridintacc (7, 7, 7), intaccx(4.34, 4.34,
4.67)/gridx(2, 2, 2), and tightscf. Both scalar-only and spin-orbit coupling corrected TDDFT were
performed in all complexes to determine the extent of SOC between S, and T, states at the ground
state equilibrium geometry. The first 30 S, and T, states were considered to cover the relevant
region of the UV-Vis spectrum. TDDFT predicted spectra for all complexes were simulated using
Multiwfn version 3.8, applying Gaussian broadening scheme with FWHM of 0.372 eV. We found

a better agreement between experimental and simulated UV-Vis spectra with M06-2X, and thus
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most single point energies presented herein are calculated from this level of theory unless
otherwise mentioned. Ground-state molecular orbital isosurfaces and electron-hole density maps
for the relevant excited states were generated from Multiwfn with isosurface values of 0.04 and
0.002, respectively. Spin density maps for all relevant triplet states were simulated using Orca_plot
module and Gabedit with isosurface value of 0.004. Photophysical parameters were obtained

following a previously published protocol®! as follows (Figure S20):

AEPs = E(T o) — E(So@T, ) 3)
AE™ =TD(S; ) — E(So@S, ) “4)
A€ (S,—T,) = TD('ILCT) — E(T)) (5)
A€ (S,—S,) = TD('ILCT) - TD('LLCT) 6)
A = E(S,@T, ) — E(So) @)
AS = E(So@S, ) — E(So) 8)

The driving force of photoinduced symmetry-breaking charge separation was estimated using the
Weller equation’® as noted in the text (vide supra) for Zn(“¥3L),, as this was the sole complex with

an observable reduction event,
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