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rgy landscape of phosphorescent
group 14 complexes†

Philipp Sikora, Robert Naumann, Christoph Förster * and Katja Heinze *

Great progress has been achieved on phosphorescent or photoactive complexes of the Earth-abundant

transition metals, while examples for phosphorescent heavy main group element complexes are rare, in

particular for group 14 complexes in the oxidation state +II. The known compounds often show only

weak phosphorescence with fast non-radiative deactivation. The underlying photophysical processes

and the nature of the phosphorescent electronic states have remained essentially unexplored. The

present combined photophysical and theoretical study on tin(II) and lead(II) complexes E(bpep) with the

dianionic tridentate ligand bpep2− (E = Sn, Pb; H2bpep = 2-[1,1-bis(1H-pyrrol-2-yl)ethyl]pyridine)

provides unprecedented insight in the excited state energy landscape of tetrel(II) complexes. The tin

complex shows green intraligand charge transfer (ILCT) phosphorescence both in solution and in the

solid state. In spite of its larger heavy-atom effect, the lead complex only shows very weak red

phosphorescence from a strongly distorted ligand-to-metal charge transfer (LMCT) state at low

temperatures in the solid state. Detailed (TD-)DFT calculations explain these observations and delineate

the major path of non-radiative deactivation via distorted LMCT states. These novel insights provide

rational design principles for tetrel(II) complexes with long-lived phosphorescence.
1 Introduction

Photoluminescent, in particular phosphorescent and photo-
active transition metal complexes (TMCs) of the Earth-
abundant elements, mainly 3d elements, evolved to a poten-
tial alternative to the precious elements, e.g. ruthenium,
iridium or platinum.1–5 The key prerequisite for applications in
bimolecular photochemical reactions is a sufficiently long life-
time of the photoactive excited state (ES). This can be achieved
for ESs with different spin multiplicities to the ground state
(GS), rendering non-radiative and radiative processes between
ES and GS spin-forbidden, thus extending the ES lifetime.6 In
order to access ESs of different spin multiplicity to the GS and
the initially populated Franck–Condon state, intersystem
crossing (ISC) must be effective. ISC rates increase for ES's
wavefunctions with high metal character invoking spin–orbit
coupling (SOC) by a heavy-atom effect or by effective spin–
vibronic coupling.7 The research on photoactive 3d or 4d TMCs
envisaged mainly weakly distorted metal-to-ligand (MLCT) or
ligand-to-metal charge transfer (LMCT) and intracongura-
tional spin-ip states as potential photoactive states to invoke
a high metal character for fast ISC.1–3 In pseudo-octahedral 3dn
sbergweg 10-14, 55128 Mainz, Germany.

tja.heinze@uni-mainz.de

SI) available: Experimental procedures,
2211125 and 2211126. For ESI and

ther electronic format see DOI:

the Royal Society of Chemistry
TMCs (n = 1–9) the high density of low-lying strongly distorted
metal-centered (MC) states typically enables fast non-radiative
deactivation of CT states.1–3 For photoactive pseudo-
tetrahedral d10 copper(I) complexes, the attening distortion
of the photoluminescent 3MLCT states, can facilitate fast non-
radiative deactivation.8–10 The photoluminescence lifetimes of
pseudo-tetrahedral copper(I) complexes are also very sensitive to
coordinating solvents and anions in the attened 3MLCT
states.9,11 This illustrates the interplay between ES ordering and
ES distortion, which depends on the coordination geometry and
rigidication of the complex. For 3d TMCs, the underlying
photophysical processes are well understood and ground-
breaking progress was achieved in the last few years.1–5

Examples of heavy main group complexes, mainly group 14
and 15, showing beside conventional uorescence,12,13 phospho-
rescence and/or thermally activated delayed uorescence
(TADF),10,14–16 are rare.17–19 Emission is oen limited to frozen
solutions or even to the solid state, precluding bimolecular
reactivity.13,17–19 Complexes of group 15 elements, in particular
bismuth(III) with 6s2 electron conguration, can show
phosphorescence.20–28 The oxidation state +IV dominates in tetrel
group 14 complexes with potentially photoactive triplet states29–35

and uorescent or photoluminescent states of yet unknown
character.36–44 Photoluminescent tetrel(II) complexes are very
scarce. Scandola and co-workers reported for Pb(QO)2 I (QOH= 8-
hydroxyquinoline) a weak green uorescence and an even weaker
red phosphorescence from intraligand (IL) states in N,N-dime-
thylformamide (DMF, 298 K; lf= 550 nm, sf= 0.4 ns, Ffz 0.003;
Chem. Sci., 2023, 14, 2489–2500 | 2489
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lp z 650 nm, sp z 3 ms, Fp < 0.0001) and glassy ethanol (77 K; lf
= 510 nm, sf < 20 ns; lp z 610 nm, sp = 180 ms), respectively
(Scheme 1a).45 The triplet state of the Pb complex I is efficiently
quenched by energy transfer (EnT) in a bimolecular reaction with
[Cr(CN)6]

3− in DMF with a quenching rate constant of kq = 3.7×
108 M−1 s−1.45 Studies by Vogler and co-workers on photo-
luminescent halido germanium(II), tin(II) and lead(II) complexes
[EX3]

− IIE,X (E = Ge–Pb: X = Cl; E = Sn, Pb: X = Br) and [PbX4]
2−

IIIX (X= Cl, Br) revealed phosphorescence fromMC states at 510–
604 nm aer excitation with UV light in uid acetonitrile solution
(Scheme 1b).46,47 The population of the emissive triplet state with
a s1p1 electron conguration, is accompanied with large struc-
tural reorganization from C3v to D3h symmetry for [EX3]

− ions.46

This distortion enables efficient non-radiative deactivation of the
triplet state. In the series [EX3]

− (E = Ge–Pb, X = Cl, Br), the Sn
complexes exhibit short photoluminescence lifetimes below the
detection limit and the lowest quantum yields (Fp= 0.068 (Cl);Fp

= 0.0046 (Br)) compared to Ge (Fp = 0.081 (Cl)) and Pb (sp = 17
ms, Fp = 0.159 (Cl); Fp = 0.086 (Br)).46,47 Despite the short pho-
toluminescence lifetime, [SnCl3]

− undergoes bimolecular photo-
oxidation reactions to SnOCl2 with oxygen aer excitation with
UV-C light (lex = 254 nm).48

Bis(b-diketonato) lead(II) complexes IVR,R′

prepared by Vogler
and co-workers show blue to green intraligand (IL) phosphores-
cence in the solid state. The phosphorescence is diminished in
ethanol solution at r.t. The respective hexauoroacetylacetonato
tin(II) complex is not photoluminescent (Scheme 1c).27,49 The very
weak phosphorescence of the b-diketonato lead(II) complexes is
attributed to a large geometric reorganization leading to fast non-
radiative relaxation.49 Unfortunately, no photoluminescence
Scheme 1 Photoluminescent tetrel(II) complexes with selected photoph

2490 | Chem. Sci., 2023, 14, 2489–2500
lifetimes and quantum yields were reported for these
compounds. A series of coordination polymers of lead(II) with
polydentate tetrazolato ligands are phosphorescent from 3IL, 3MC
and 3MLCT states with admixed 3XLCT (halide-to-ligand CT)
character. The photoluminescence lifetimes amount up to sp =

1.55ms and amaximumquantum yield ofFp= 0.165 in the solid
state.50 The molecular congener V with 6,6′-bis(1H-tetrazol-5-yl)-
2,2′-bipyridine as proligand shows 3MLCT phosphorescence with
signicantly lower photoluminescence quantum yield in the solid
state (lp = 593 nm, sp = 347.5 ms, Fp = 0.02; Scheme 1d).50

Substituting a chlorido ligand with a weakly coordinating triato
(OTf−) ligand, increases the uorescence quantum yield of
a dipyrromethene tin(II) complex from 0.04 (VICl) to 0.42 (VIOTf)
with a slight bathochromic shi of the uorescence from lf =

518 nm to lf = 524 nm (Scheme 1e).51 The signicant increase in
quantum yield is ascribed on the basis of an inspection of the GS
molecular orbitals from density functional theory (DFT) calcula-
tions to a shi of a non-photoluminescent MLCT state to higher
energies upon stabilising the occupied non-bonding tin-centered
orbital aer Cl−/OTf− exchange.51

Heavy tetrel(II) complexes are related to tetrylenes, the
heavier carbene homologues.52–56 The singlet ground state of
heavier tetrylenes is described by a metal-centered occupied
orbital with high s-character and a vacant or donor stabilised
orbital with high p-character (Fig. 1).52–56 Clearly, MC, IL, LMCT,
MLCT and ligand-to-ligand charge transfer (LL'CT) states with
their respective ES distortions must be considered in exploring
the energy landscape of electronic states with the focus on
photoluminescent and in particular phosphorescent properties
(Fig. 1).
ysical data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of selected electronic transitions in
donor (L′) stabilised homoleptic tetrylenes EL2 (E = Si, Ge, Sn, Pb),
excluding IL and other possible LMCT (L′ / E) and MLCT (E / L)
transitions.
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To the best of our knowledge, no combined experimental
and quantum chemical studies are reported on the energy
ordering and geometric distortions of excited states of photo-
luminescent tetrel(II) complexes. This study aims to shed more
light on the underlying photophysical processes. The tripodal
ligand bpep2− (H2bpep = 2-[1,1-bis(1H-pyrrol-2-yl)ethyl]pyri-
dine)57 with electron-rich pyrrolato and electron-poor pyridine
donors in combination with the heaviest tetrels Sn and Pb for
a large heavy-atom effect and fast ISC was chosen for this initial
study (SOC constants: z(Sn) = 1855 cm−1, z(Pb) = 5089 cm−1).58

SnII(bpep) 1Sn shows phosphorescence in the solid state and in
solution, while the lead congener PbII(bpep) 1Pb with its larger
heavy-atom effect is only very weakly photoluminescent. The
elucidation of the different emission properties is supported by
UV/vis absorption and variable-temperature steady-state and
time-resolved emission spectroscopy as well as with detailed
time-dependent (TD) DFT calculations.

2 Results and discussion
2.1. Synthesis, structural and spectroscopic properties

The tetrylenes EII(bpep) (E = Sn 1Sn, Pb 1Pb) are synthesised via
a transamination of H2bpep57 with bis[bis(trimethylsilyl)amido]
tetrel(II) compounds EII[N(SiMe3)2]2 (ref. 59) in dichloro-
methane as colourless, moisture sensitive solids in 74% and
63% yields, respectively (Scheme 2). Complexes 1E are poorly
soluble in most organic solvents. 1Sn is well soluble in tetrahy-
drofuran (THF) and sparsely in toluene, while 1Pb is only soluble
in dimethylsulfoxide (DMSO) among the tested solvents. 1Sn

and 1Pb are fully characterised by elemental analysis, ESI+ mass
spectrometry (ESI, Fig. S1 and S2†) and multinuclear (1H, 13C,
Scheme 2 Syntheses of stannylene and plumbylene EII(bpep) (E = Sn
1Sn, Pb 1Pb) via transamination from E[N(SiMe3)2]2 and H2bpep, yields
given in parentheses.

© 2023 The Author(s). Published by the Royal Society of Chemistry
119Sn, 207Pb) NMR spectroscopy (ESI, Fig. S3–S14†). The 119Sn
resonance of 1Sn appears in the similar chemical shi range of
other donor stabilised dipyrrolato stannylenes (ESI, Fig. S5†).60

The solids of 1E are free of coordinating solvents, which could
coordinate to the Sn or Pb atoms, as determined by 1H NMR
spectroscopy and elemental analyses. This speciation is
important for the discussion of the photoluminescent proper-
ties in solution and in the solid state (ESI, Fig. S3 and S9†).

Crystals of 1Sn, suitable for X-ray diffraction analyses were
obtained from hot toluene. 1Sn crystallises in the trigonal space
group R3 with two independent molecules 1Sn,A and 1Sn,B in the
asymmetric unit (Fig. 2a; ESI, Fig. S15 and Table S1†). 1Sn,B is
disordered with a pyrrolato/pyridine site occupation, so that the
more precise structural parameters of 1Sn,A are discussed. Both
molecules feature a distorted trigonal pyramidal coordination
of the Sn atom. A further solid state structure of 1Sn could be
determined from crystals, obtained from slow diethylether
diffusion to a solution of 1Sn in a 1 : 1 mixture of 1,4-dioxane :
tetrahydrofuran. Here, 1Sn forms a centrosymmetric 1,4-dioxane
(diox) bridged dimer (1Sn)2(diox) (monoclinic space group I2/a)
leading to a four-coordinate tin(II) ion (Fig. 2b; ESI, Table S1†).
This solid state structure indicates that 1Sn will likely form
solvates in THF and THF/1,4-dioxane solutions. The 1,4-dioxane
coordination with a Sn–O distance of 2.547(2) Å elongates the
tin–nitrogen(pyridine) (Sn–Npy) bond from 2.317(5) Å (1Sn) to
2.375(2) Å ((1Sn)2(diox)). This Sn–Npy bond weakening arises
from the competing interactions of the pyridine and 1,4-
dioxane donors with the tetrel p-type orbital (Fig. 1; ESI Table
S1†). This will also inuence the photophysical properties of 1Sn

(vide infra). The much lower solubility of 1Pb in most organic
solvents prohibited growing single crystals suitable for X-ray
diffraction analysis, but the NMR spectroscopic, mass spectro-
metric and analytical data conrm the composition and purity.

The structures of 1Sn, 1Sn(thf) and 1Pb were optimised by DFT
(CPCM-(THF)-RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVPP/old-
Fig. 2 Molecular structures of (a) 1Sn and (b) of the 1,4-dioxane
bridged dimer (1Sn)2(diox) with selected structural parameters in Å. H
atoms omitted, thermal ellipsoids at 50% probability level.

Chem. Sci., 2023, 14, 2489–2500 | 2491
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Fig. 3 DFT optimised structures of (a) 1Sn and (b) 1Sn(thf) in the singlet
ground state with selected structural parameters in Å (CPCM-(THF)-
RIJCOSX-B3LYP-D3BJ-ZORA/def2-TZVPP/old-ZORA-TZVPP(Sn)).

Fig. 4 UV/vis absorption spectra at 293 K of (a) 1Sn in tetrahydrofuran
and of (b) 1Pb in dimethylsulfoxide with TD-DFT calculated oscillator
strengths on 1E and difference electron densities of selected charac-
teristic spin-allowed transitions (isosurface value 0.005 a.u., purple =
electron loss, orange = electron gain, CPCM-(THF)-RIJCOSX-B3LYP-
D3BJ-ZORA/def2-TZVPP/old-ZORA-TZVPP(Sn)/SARC-ZORA-
TZVPP(Pb)).
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ZORA-TZVPP(Sn)/SARC-ZORA-TZVPP(Pb)). The structural
parameters are well reproduced by the DFT geometry optimised
structures of 1Sn (Sn–Npy: 2.341 Å) and 1Sn(thf) (Sn–Othf: 2.606 Å,
Sn–Npy: 2.441 Å) as a model for (1Sn)2(diox) (Fig. 3; ESI, Table
S1†). To probe the presence of different tetrahydrofuran
adducts, DFT calculations on 1Sn(thf)2 were additionally per-
formed. Two isomers cis-1Sn(thf)2 and trans-1Sn(thf)2 could be
localised as local minima on the potential energy surface as van-
der-Waals adducts between two and one THFmolecules and 1Sn

(ESI, Fig. S16†). The THF dissociation is exergonic with Gibbs
free energies at 298 K for cis-/trans-1Sn(thf)2 (cis: DG298 =

−38 kJ mol−1, trans: DG298 = −47 kJ mol−1) to 1Sn(thf) and THF
and slightly exergonic for dissociation of 1Sn(thf) (DG298 =

−11 kJ mol−1). This indicates that the solvent-free complex 1Sn

is the dominant species in solution. An exergonic Gibbs free
dissociation energy of DG298=−31 kJ mol−1 was experimentally
determined for the THF dissociation of a cyclic dialkyl-
stannylene THF adduct, supporting the present DFT results.61

The UV/vis absorption spectra of 1Sn and 1Pb in THF and
dimethylsulfoxide (DMSO), respectively, show several intense,
broad, overlapping absorptions in the UV region tailing into the
visible region with extinction coefficients 3 > 500M−1 cm−1 with l

< 350 nm (Fig. 4). TD-DFT calculations reveal several spin-
allowed low-energy 1ILCT transitions (412–303 nm) with signi-
cant oscillator strength between the electron-rich pyrrolato and
electron-poor pyridinemoieties for 1Sn (Fig. 4a; ESI, Fig. S17†). In
addition, pyrrolato / Sn 1LMCT (342, 288, 275 and 272 nm)
transitions at similar energies are observed, which might play
a role in the dynamics of 1Sn (vide infra). Sn / pyridine 1MLCT
(271 and 234 nm) and mixed 1(ILCT/LMCT) (319 and 316 nm)
transitions, as well as 1MC (225 nm) transitions are found at
higher energies at the Franck–Condon geometry. The TD-DFT
spectrum of 1Pb features 1ILCT transitions (409–305 nm) at very
similar energies as found for 1Sn, indicating that the central ion
does not signicantly affect these ligand-centered 1CT transi-
tions. 1LMCT and mixed 1(ILCT/LMCT) transitions of 1Pb are
found at lower energies with 367 and 342 nm, respectively, closer
to the lowest 1ILCT transitions (Fig. 4b; ESI, Fig. S18,† 1MLCT
2492 | Chem. Sci., 2023, 14, 2489–2500
(237 nm), 1MC (220 nm)). The lower 1LMCT transition energies of
1Pb are attributed to weaker Pb–Npy and lead–nitrogen(pyrrolato)
bonds Pb–Npyr, associated with a lowering of the vacant s*-
orbitals (LUMO+1, LUMO+3) with high p(Pb)-character with
respect to the derivative 1Sn (LUMO+2, LUMO+3, Fig. 1; ESI,
Fig. S19, S20 and Tables S1, S2†).

The investigation of the emission properties revealed a very
weak photoluminescence of 1Sn at lem,293 = 611 nm aer exci-
tation at lexc = 325 nm in 2-methyl-tetrahydrofuran (2-Me-THF)
solution at 293 K (Fig. 5 and Table 1). Unfortunately, unidenti-
ed impurities in different batches of commercial spectroscopic
grade 2-Me-THF and THF show photoluminescence in the UV
with lem < 400 nm tailing into the weak emission of 1Sn aer
excitation at the same wavelength (Fig. 5b; ESI, Fig. S21†).
Variable-temperature emission spectra of 1Sn in 2-Me-THF in
a temperature range of 293–77 K show a signicant increase in
emission intensity and a blue-shi of the emission maximum
from lem,293 = 611 nm in uid solution at 293 K to lem,77 =

523 nm in frozen solution at 77 K (Fig. 5 and Table 1). This is
probably a consequence of a rigidochromic effect.62 The excita-
tion spectra at 293 and 77 K largely follow the absorption spec-
trum at the low energy part (Fig. 4; ESI, Fig. S22†). Due to the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Temperature-dependent photoluminescence spectra of 1Sn

in deaerated 2-Me-THF between 77 K (blue) and 293 K (red) with lexc=

325 nm and (b) the normalised emission spectra at 77 K and 293 K. The
asterisk denotes the emission of an unidentified impurity in 2-Me-THF.

Table 1 Emission properties of 1Sn and 1Pb

lp/nm sp Fp

1Sn

293 Ka 611 # 8 ns (n.d.c) n.d.c

77 Ka 523 2.0 (37%), 0.5 (43%),
0.1 (20%) msd

n.d.c

293 Kb 535 14 ns 0.005
77 Kb 504 3.6 ms 0.58

1Pb

77 Kb 700 92 ns 0.0024

a 2-Me-THF solution. b Solid state. c Not detectable. d Relative emission
amplitudes in parentheses.
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weak photoluminescence, high concentrations had to be used,
which cause spectral distortion in the high energy range. The
photoluminescence lifetime measurements of 1Sn in uid solu-
tion in the 125–293 K range gives ambiguous results due to the
contribution of the photoluminescent impurity in 2-Me-THF.
The determined lifetimes in the nanosecond range coincide
with the emission of the unidentied impurity in 2-Me-THF (sem
= 8 ns at 125 K). Hence, the photoluminescence lifetime of 1Sn
© 2023 The Author(s). Published by the Royal Society of Chemistry
might be in a similar or smaller order of magnitude as rough
estimate (ESI, Fig. S23†). The uorescent impurity in 2-Me-THF,
the very weak emission of 1Sn at room temperature and the low
solubility of 1Sn in other solvents prevented the photo-
luminescence quantum yield determination in solution.

The photoluminescence lifetime of 1Sn drastically increases to
the millisecond range in frozen solution. The emission decay
trace at 77 K is described with three lifetimes in the millisecond
range (s1= 2.0ms, s2= 0.5ms, s3= 0.1ms; Table 1). At 100 K, the
lifetimes drop by one order of magnitude with s3 vanishing in the
instrument response function (IRF, s1 = 0.1 ms, s2 = 0.03 ms;
Table 1; ESI, Fig. S24†). The strong temperature dependence of
the photoluminescence lifetimes is associated to thermally acti-
vated non-radiative deactivation processes, which become
dominant at elevated temperatures, even in frozen solution.
Competing photophysical processes of different 1Sn(2-Me-thf)n
adducts with varying number of coordinated 2-Me-THF mole-
cules in (frozen) solutionmight account for a bi- or triexponential
photoluminescence decay. The very long photoluminescence
lifetime at 77 K assigns the emission to a phosphorescence
process, i.e. emission from a triplet state. According to DFT
calculations, phosphorescence occurs from a rather nested 3ILCT
state (vide infra).

Solid donor solvent-free 1Sn emits at shorter wavelength
lp,293 = 535 nm (293 K) and with a similar band shape as in
solution (Fig. 5, 6a and Table 1). The emission blue-shis to
lp,77 = 504 nm upon cooling to 77 K (Fig. 6a and Table 1). The
phosphorescence lifetimes from monoexponential ts and the
photoluminescence quantum yields are determined to sp,293 =
14 ns, Fp,293 = 0.005 and sp,77 = 3.6 ms, Fp,77 = 0.58 at 293 and
77 K, respectively (Table 1; ESI, Fig. S25†).

The strong temperature dependence of the photo-
luminescence lifetime and yield is attributed to thermally acti-
vated non-radiative processes. According to the high
phosphorescence quantum yield at 77 K, 1ES / 3ES ISC should
be very efficient. Hence, non-radiative ES deactivation occurs
mainly from the triplet ES. An Arrhenius plot of the photo-
luminescence rate constants (k(T) = 1/sp(T)) is tted as a sum of
three rate constants k0/k1/k2 (eqn (1) and Fig. 6b).63 k0 includes
non-thermally activated radiative and non-radiative processes,
while k1(T) and k2(T) are temperature dependent, expressed as
Arrhenius equations with frequency factors A1/A2 and activation
energies Ea1/Ea2 (eqn (1)).

1

spðTÞ ¼ kðTÞ ¼ k0 þ k1ðTÞ þ k2ðTÞ ¼ k0 þ A1e
�
Ea1

RT þ A2e
�
Ea2

RT

(1)

The obtained t parameters indicate two thermally activated
processes depopulating the photoluminescent state with
barriers of Ea1 = 0.25 eV (2000 cm−1), dominating the high
temperature regime and Ea2 = 0.10 eV (810 cm−1), dominant in
the low temperature regime (Fig. 6b and Table 2).

Thermally activated depopulation of the photoluminescent
state via two non-emissive ESs at similar activation energies has
been observed for RhIII complexes.63
Chem. Sci., 2023, 14, 2489–2500 | 2493
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Fig. 6 (a) Temperature-dependent photoluminescence spectra of 1Sn

in the solid state between 77 K (blue) and 293 K (red) with lexc =

350 nm (inset: photograph of the green photoluminescence at ca. 77
K) and (b) Arrhenius plot of the photoluminescence rate constants (k(T)
= 1/sp(T), T = 77–293 K) with fit (red curve), according to eqn (1).

Table 2 Fit parameters for the emission decays of solid 1Sn and 1Pb,
obtained from Arrhenius plots, according to eqn (1)

1Sn 1Pb

k0/s
−1 298 3.77 × 106

Ea1/eV (cm−1) 0.25 (2000) 0.11 (890)
Ea2/eV (cm−1) 0.10 (810) 0.02 (200)
A1/s

−1 1.57 × 1012 1.88 × 1011

A2/s
−1 6.14 × 107 2.62 × 108

Fig. 7 (a) Temperature-dependent photoluminescence spectra of 1Pb

in the solid state between 77 K (blue) and 200 K (red) with lexc =
350 nm. The spectrum at 77 K is composed of two spectra, measured
with different detectors. The asterisk denotes the photoluminescence
of an unidentified minor impurity (oxidation or solvolysis product of
1Pb). (b) Arrhenius plot of the photoluminescence rate constants (k(T)=
1/sp(T), T = 77–200 K) with fit (red curve), according to eqn (1).
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In contrast, 1Pb shows no photoluminescence in uid DMSO
solution at r.t. The low solubility of 1Pb in glass forming solvents
prevented the investigation of the photoluminescence proper-
ties in solution at low temperatures. Yet, 1Pb shows a weak
phosphorescence with lp,77 = 700 nm in the solid state at 77 K.
Raising the temperature shis the emission to lower energies
with a strong loss of intensity (lp,200 = 720 nm, Fig. 7a). A minor
impurity, below the NMR detection limit, with lem = 500 nm is
ascribed to hydrolysis or oxidation products of 1Pb, indicated by
an asterisk in Fig. 7a. This assignment was veried by
measuring the sample again aer contact to air, showing
2494 | Chem. Sci., 2023, 14, 2489–2500
a decrease of the band atz700 nm and an increase of the band
at z500 nm (ESI, Fig. S26†).

The photoluminescence lifetimes of 1Pb determined from
monoexponential ts drop from sp,77 = 92 ns to sp,200 = 2.4 ns
upon warming from 77 to 200 K, respectively, with a very small
photoluminescence quantum yield of Fp,77 = 0.0024 at 77 K
(ESI, Fig. S27†). Two activation barriers Ea1 = 0.11 eV
(890 cm−1) and Ea2 = 0.02 eV (200 cm−1) could be extracted
from an Arrhenius plot of the photoluminescence rate
constants (k(T) = 1/sp(T), eqn (1), Fig. 7b and Table 2). The
much larger rate constant k0 of 1

Pb (3.77 × 106 s−1) vs. 1Sn (298
s−1) includes non-thermally activated radiative and non-
radiative processes and will be discussed in the context of
DFT calculations (vide infra). The phosphorescence of 1Pb in
the solid state at 77 K (lp,77 = 700 nm, 14 300 cm−1) occurs at
signicantly lower energy as that of 1Sn (lp,77 = 504 nm, 19
800 cm−1), despite the very similar absorption spectra (Fig. 4,
6a and 7a). Hence, the emissive states must be of different
nature. DFT calculations serve to assign the different emissive
states (vide infra).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2. Quantum chemical investigations

From the TD-DFT analysis, it becomes clear that excitation with
325 and 350 nm as used in the experimental setups populates
a number of singlet states with different character in the Franck–
Condon region, including 1ILCT and 1LMCT states (Fig. 4). It is
likely that ISC is very fast and efficient due to the primary heavy
atom effect via very large SOC of Sn and Pb (SOC constants: z(Sn)
= 1855 cm−1, z(Pb) = 5089 cm−1).58 Consequently, we focus in
the following discussion on the triplet states of 1Sn and 1Pb only.
In order to shed light onto the divergent emission properties of
the tin and lead complexes, DFT calculations were performed on
the triplet states (CPCM-(THF)-RIJCOSX-UB3LYP-D3BJ-ZORA/
def2-TZVPP/old-ZORA-TZVPP(Sn)/SARC-ZORA-TZVPP(Pb)). In
both cases, three triplet states with distinct structural features
could be located, namely 3ILCT, 3LMCTpy and

3LMCTpyr states.
The 3ILCT state is essentially nested with the 1GS. The major 1GS
Fig. 8 Relaxed potential energy surface scans as projections along the
(a) Sn–Npy and (b) Sn–Npyr stretching modes on the triplet hypersur-
face 31Sn with selected geometry optimised molecular structures with
spin densities (isosurface value: 0.005 a.u.) and single point energies
on singlet GS hypersurface 11Sn at 31Sn geometries (SCF energies).
Selected Sn–Npy/pyr–Cpy/pyr–Cbackbone dihedral angles d1/d2 in deg. are
indicated. 3ILCT states in red, triplet transition states 3ILCT/ 3LMCTpy
(a) and 3ILCT / 3LMCTpyr (b) in purple, 3LMCTpy/

3LMCTpyr states in
blue and 1GS in orange. Vertical transition from relaxed 1GS to the
1ILCT state from TD-DFT calculations (3.01 eV) indicated as black
arrow. CPCM-(THF)-RIJCOSX-(U)B3LYP-D3BJ-ZORA/def2-TZVPP/
old-ZORA-TZVPP(Sn).

© 2023 The Author(s). Published by the Royal Society of Chemistry
to 3ILCT state geometric reorganization is an E–Npy bond
contraction with a slight E–Npyr elongation with parallel decrease
of the angle between the pyrrolate mean-square planes from 130°
to 106° (ESI, Tables S1 and S2†). The 3LMCTpy and 3LMCTpyr
states (py = pyridine and pyr = pyrrolato) are strongly distorted
with broken E–Npy and E–Npyr bonds, respectively, in addition to
a tilting of the respective heterocyclic pyridine or pyrrolate rings
(Fig. 8–10). The 3LMCTpy state possesses the lowest energy in
both complexes. The next higher state is 3ILCT and 3LMCTpyr for
the tin and lead derivatives, respectively (Table 3).

3ILCT / 3LMCTpy and
3ILCT / 3LMCTpyr DFT optimized

transition states were located for 1Sn giving activation barriers
of 0.23 and 0.29 eV, respectively (Table 3 and Fig. 8). A much
lower 3ILCT/ 3LMCTpy activation barrier of 0.06 eV was found
for 1Pb, while no 3ILCT / 3LMCTpyr transition state could be
located in this case (Fig. 9a). 2D maps of the triplet surfaces
projected along the E–Npy and E–Npyr modes were calculated on
a lower level of theory for 1Sn and 1Pb (Fig. 10). The map of 1Sn
Fig. 9 (a) Relaxed potential energy surface scan as projection along
the Pb–Npy stretching mode on the triplet hypersurface 31Pb with
selected geometry optimised molecular structures with spin densities
(isosurface value: 0.005 a.u.) and single point energies on singlet GS
hypersurface 11Pb at 31Pb geometries (SCF energies). Selected Pb–Npy–
Cpy–Cbackbone dihedral angles d1 in deg. are indicated. 3ILCT state in
red, triplet transition state 3ILCT/ 3LMCTpy in purple, 3LMCTpy state in
blue and 1GS in orange. Vertical transition from relaxed 1GS to the
1ILCT state from TD-DFT calculations (3.03 eV) indicated as black
arrow. Molecular structures with spin densities (isosurface value: 0.005
a.u.) and Pb–Npy/pyr–Cpy/pyr–Cbackbone dihedral angles d1/d2 in deg. of
(b) the 3LMCTpyr state and of (c) the 3LMCTpy/

3LMCTpyr transition state,
respectively. CPCM-(THF)-RIJCOSX-(U)B3LYP-D3BJ-ZORA/def2-
TZVPP/SARC-ZORA-TZVPP(Pb).

Chem. Sci., 2023, 14, 2489–2500 | 2495
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Fig. 10 Contour plots of 2D relaxed potential energy surface scans as
projection along the E–Npy and E–Npyr stretching modes on the triplet
hypersurface 31Ewith selected geometry optimisedmolecular structures
with spin densities (isosurface value: 0.005 a.u.) of (a) 1Sn and (b) 1Pb.
Selected E–Npy/pyr–Cpy/pyr–Cbackbone dihedral angles d1/d2 in deg. are
indicated and the graphically determined, estimated minimum energy
paths for 3ILCT / 3LMCTpy/

3LMCTpyr (red lines) and 3LMCTpy/
3LMCTpyr

internal conversion (dotted line). Energies are given vs. the 1GS energy
(ESI, Fig. S28†). CPCM-(THF)-RIJCOSX-UB3LYP-D3BJ-ZORA/def2-
TZVPP/old-ZORA-TZVPP(Sn)/SARC-ZORA-TZVPP(Pb).

Table 3 Relative energies (SCF)a of triplet states, 1GS and transition
states (TS) in eV, calculated by DFT for 1Sn and 1Pb

1Sn 1Pb

3ILCT 0 0
3LMCTpy −0.19 −0.43
3LMCTpyr +0.08 −0.15
1GSrelaxed

b −2.47 −2.49
1GS3ILCT-geom

c −1.91 −1.94
1GS3LMCTpy-geom

c −1.21 −1.42
1GS3LMCTpyr-geom

c −0.61 −0.95
TS(3ILCT / 3LMCTpy) +0.23 +0.06
TS(3ILCT / 3LMCTpyr) +0.29 —
TS(3LMCTpy /

3LMCTpyr)
d — +0.46

a For Gibbs free energies, see: ESI, Table S3. b Relaxed geometry. c 1GS at
relaxed 3ILCT, 3LMCTpy and

3LMCTpyr geometry, respectively. d Relative
energy to the relaxed 3LMCTpy state.

2496 | Chem. Sci., 2023, 14, 2489–2500
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clearly shows two trajectories from the 3ILCT state to the 3LMCT
states along minimum energy paths (Fig. 10a). In contrast, the
map of 1Pb discloses only a single minimum energy trajectory
from the 3ILCT state towards the 3LMCTpy state, but suggests
a (higher energy) path from the 3LMCTpy to the 3LMCTpyr state
(Fig. 10b). This excited state landscape explains the failure to
locate a 3ILCT / 3LMCTpyr transition state for 1Pb.

Assuming that the dynamics aer ISC on the triplet surface
start at the respective relaxed 3ILCT states, the different barriers
to the 3LMCT states of 0.23/0.29 eV and 0.06 eV for 1Sn and 1Pb,
respectively, will determine the following dynamics (Table 3).
Without emphasising the calculated numbers too strongly, we
note that for 1Sn an experimental barrier of Ea1 = 0.25 eV has
been determined close the calculated values (Tables 2 and 3). As
the 3LMCTpyr state lies above the 3ILCT state, we assign the
observed temperature-dependent emission of 1Sn at 535 nm to
the 3ILCT state and the observed barrier to the 3ILCT /
3LMCTpy population transfer. Consequently, the emission of 1Sn

is a non-Kasha emission due to a signicant barrier to the lower
energy triplet state (3LMCTpy).

On the other hand, the very small 3ILCT / 3LMCTpy barrier
calculated for 1Pb suggests that rapid evolution to the 3LMCTpy
state occurs along with Pb–Npy bond elongation and dissocia-
tion. This strongly distorted state at low energy can rapidly
decay back to the 1GS, which ts to the experimental observa-
tions of a weak, short-lived, low-energy emission of 1Pb (Table
1). The 3LMCTpyr state of 1Pb lies above the 3LMCTpy state and
the 3LMCTpy / 3LMCTpyr barrier of 0.46 eV impedes its
signicant population leading to the assignment of the
observed low-energy emission as originating from the 3LMCTpy
state (Table 3 and Fig. 9b, c). The other small barriers of 0.02–
0.11 eV observed in the photoluminescence decays of 1Sn and
1Pb might be associated to other modes that promote the ISC
from the triplet states to the 1GS (Table 2). These enabling
modes are not covered in our calculations (Table 3).

It is to note, in the frame of these DFT calculations the rigid
environment of a solid with constrained geometric reorganisa-
tion is not fully described and the barriers and ES energies
might be higher due to externally forced rigidication. Yet,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Relaxed potential energy surface scans as projections along
the Sn–Othf stretching mode on the triplet hypersurface 31Sn(thf) with
selected geometry optimised molecular structures with spin densities
and single point energies on singlet GS hypersurface 11Sn(thf) at
31Sn(thf) geometries (SCF energies). 3ILCT state indicated in red, 3MLCT
state in green and 1GS in orange. Vertical transition from relaxed 1GS to
the 1ILCT state from TD-DFT calculations (3.15 eV) indicated as black
arrow. (b) Molecular structure of the 3LMCTpyr state with spin density.
Spin density isosurface values are at 0.005 a.u. Selected Sn–Npy/pyr–
Cpy/pyr–Cbackbone dihedral angles d1/d2 and Npy–Sn–Othf angles d3 in
deg. are indicated. CPCM-(THF)-RIJCOSX-(U)B3LYP-D3BJ-ZORA/
def2-TZVPP/old-ZORA-TZVPP(Sn).
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distinct geometric exibility in the solid state has been dis-
cussed for photo-switches64 and photoluminescent copper(I)
complexes.65 On the other hand, rigidication by aggregation
signicantly impacts the GS and ES potential energy surfaces,
e.g. raising the energy of conical intersections and surface
crossing points, which leads to aggregation-induced emis-
sion66,67 and in particular, aggregation-induced phosphores-
cence.18,68 The molecular exibility in the solid state of 1Sn and
in particular of 1Pb might be sufficient for thermally activated
depopulation of the 3ILCT state via the lower-lying 3LMCT
states. However, the lifetime and energy of the 3LMCTpy state
are sufficiently high to observe the very weak phosphorescence
of 1Pb at low temperatures (Fig. 7).

The experimental rate constant k0 = 298 s−1 of 1Sn is much
smaller than k0 = 3.77 × 106 s−1 of 1Pb. This nding might be
associated with the different vertical energy gaps of 1.91 and
0.99 eV between the emissive states 3ILCT/3LMCTpy and the 1GS
(Fig. 8a, 9a and Table 3) and the different SOC contribution
promoting ISC to the 1GS in the 3ILCT (smaller SOC) and 3LMCT
(higher SOC) states, respectively, together with the smaller
heavy-atom effect for Sn, compared to Pb.

The excited state dynamics of 1Sn in frozen 2-Me-THF might
additionally be affected by solvent coordination during freezing
and hence the presence of different solvates in the frozen
sample, e.g. 1Sn(2-Me-thf)n, which might account for the
multiple emission lifetimes. Consequently, TD-DFT calcula-
tions were performed on 1Sn(thf). Similar to 1Sn, the lowest
Franck–Condon states are of 1ILCT character, slightly shied to
higher energies (ESI, Fig. S29–31†).

The Sn–Othf distance of 2.606 Å in the 1GS increases to 2.925
Å in the 3ILCT state, while the Sn–N distances are essentially
unchanged, according to DFT calculations (Fig. 3b and 11a; ESI,
Table S1†). This suggests that the initially populated 3ILCT state
of the adduct 1Sn(thf) is strongly distorted. The deactivation of
the 3ILCT state occurs preferentially via the 3LMCTpy state
suggested by a 2D relaxed triplet surface scan as a projection
along the Sn–Othf and Sn–Npy modes (Fig. 12). The trajectory for
3ILCT/3LMCTpy internal conversion follows the Sn–Othf coordi-
nate with THF dissociation, forming donor-free 1Sn within the
3ILCT state and then converts to the 3LMCTpy state along the
Sn–Npy coordinate (Fig. 12). The 3LMCTpy state is slightly
destabilised relative to the 3ILCT in the loose van-der-Waals
adduct between THF and 1Sn in 1Sn(thf) (Tables 3 and 4; ESI,
Tables S3 and S4†). A relaxed surface scan on the 3ILCT surface
along the Sn–Othf stretching mode shows that THF dissociation
is essentially barrierless (Fig. 11a). Additionally, a 3MLCT and
a 3LMCTpyr state with dissociated pyrrolato moiety and THF,
could be located as local minima for the THF adduct 1Sn(thf) at
higher energies (Fig. 11; ESI, Table S1†). The geometries of the
relaxed 3MLCT and 3ILCT states mainly differ by their Sn–Othf

distances and Npy–Sn–Othf angles d3, in accordance to the
valence shell electron pair repulsion model as simplest expla-
nation (Fig. 11a; ESI, Table S1†). Due to their comparably high
energy, these 3MLCT and 3LMCTpyr states should not play
a signicant role in the deactivation of the phosphorescent
3ILCT state (Table 4; ESI, Table S4†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
In summary, the calculations suggest that donor-free 1Sn

shows emission from a weakly distorted 3ILCT state (non-Kasha
behavior) due to high enough barriers to the 3LMCT states,
while 1Pb efficiently evolves from the initially populated nested
3ILCT state to the dissociative, low-energy, weakly emissive
3LMCTpy state. Compared to the oen weakly distorted CT
states of photoluminescent TMCs,1–3 the low-energy 3LMCT
states observed here are highly distorted. Clearly, this arises
from the rather non-bonding character of the involved transi-
tion metal d-orbitals, while 3LMCT states of 1Sn and 1Pb are
characterised by the population of s*(E–X) orbitals leading to
large distortions and even donor moiety dissociation (pyridine
or pyrrolato). Excited states of 3MLCT nature involving the non-
bonding tetrel-centered lone-pair of high s character would be
Chem. Sci., 2023, 14, 2489–2500 | 2497
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Fig. 12 Contour plot of a 2D relaxed potential energy surface scan as
projection along the Sn–Npy and Sn–Othf stretching modes on the
triplet hypersurface 31Sn(thf) with selected geometry optimised
molecular structures with spin densities (isosurface value: 0.005 a.u.).
Selected E–Npy–Cpy–Cbackbone dihedral angles d1 in deg. are indicated
and the graphically determined, estimated minimum energy path for
3ILCT / 3LMCTpy (red line) internal conversion. Energies are given vs.
the 1GS energy (ESI, Fig. S32†). CPCM-(THF)-RIJCOSX-UB3LYP-D3BJ-
ZORA/def2-TZVPP/old-ZORA-TZVPP(Sn).

Table 4 Relative energies (SCF)a of triplet states and 1GS in eV,
calculated by DFT for 1Sn(thf)

3ILCT 0
3LMCTpy −0.11
3MLCT +0.79
3LMCTpyr +0.10
1GSrelaxed

b −2.58
1GS3ILCT-geom

c −2.02
1GS3LMCTpy-geom

c −1.15
1GS3MLCT-geom

c −1.55
1GS3LMCTpyr-geom

c −0.73

a For Gibbs free energies, see: ESI, Table S4. b Relaxed geometry. c 1GS at
relaxed 3ILCT, 3LMCTpy,

3MLCT and 3LMCTpyr geometry, respectively.
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less distorted. Such 3MLCT states indeed exist, yet at higher
energies than the dissociative 3LMCT states in 1Sn and 1Pb

(Fig. 1 and 4; ESI, Fig. S17 and S18†). 3LMCT states involving the
empty p-type orbital in non-donor stabilised tetrylenes might
provide another weakly distorted and potentially emissive CT
state in tetrylenes.
2498 | Chem. Sci., 2023, 14, 2489–2500
3 Conclusions

SnII(bpep) 1Sn shows phosphorescence from an 3ILCT state
(non-Kasha behavior) in solution and in the solid state. The
phosphorescence quantum yield and the photoluminescence
lifetime drastically increase from sp,293= 14 ns,Fp,293= 0.005 to
sp,77 = 3.6 ms, Fp,77= 0.58 from 293 to 77 K in the solid state. In
contrast, PbII(bpep) 1Pb shows very weak short-lived phospho-
rescence at 77 K (sp,77 = 92 ns, Fp,77 = 0.0024) with strong
decrease in lifetime to sp,200 = 2.4 ns at 200 K. This photo-
luminescence arises from a 3LMCT state, populated via IC from
the initially populated 3ILCT state. The strong temperature
dependence is attributed to two thermally activated processes
with experimentally determined barriers of Ea1 = 0.25 eV and Ea2
= 0.10 eV for 1Sn and Ea1 = 0.11 eV and Ea2 = 0.02 eV for 1Pb. Two
strongly distorted, dissociative 3LMCT states, according to (2D)
relaxed potential energy surface scans by DFT calculations,
open up pathways for fast (non-radiative) deactivation of the
nested 3ILCT state. The corresponding barrier is signicantly
lower for 1Pb (0.06/0.06 eV) than for 1Sn (0.23/0.25 eV, DFT SCF/
Gibbs free energies). ISC is fast despite the weak contribution of
the Sn and Pb atoms to the excited state wavefunctions of the
initially populated 1ILCT state. The expectedly larger heavy-
atom effect, leading to faster ISC of the lead compound 1Pb, is
compensated by the much faster deactivation due to the
signicantly smaller barriers, obtained from variable-
temperature photoluminescence lifetime measurements and
supported by DFT calculations. In solution, the population of
the 3ILCT state of the THF adduct 1Sn(thf) is accompanied with
solvent decoordination and formation of 1Sn.

In order to obtain phosphorescent tetrel(II) complexes, the
focus should not be kept solely on the heavy-atom effect,
invoking effective SOC to enable fast singlet-to-triplet ISC, but
also on the ES ordering, enabling fast non-radiative deactivation
of potential phosphorescent ESs. Geometric excited state reor-
ganisation and solvent (de-)coordination seems to play a more
pronounced role for tetrylenes than for pseudo-octahedral
TMCs, but seems comparable to pseudo-tetrahedral CuI

complexes with their ES attening distortion, prone to solvent
or anion coordination.

With the energy landscape of 1E (E = Sn, Pb), obtained from
this initial study, a rational optimisation of the photo-
luminescent properties emerges. (1) The 3ILCT state should be
pushed to energies below the 3LMCT states with electron-
withdrawing substituents on the pyridine moieties. (2) The
3LMCT states could be pushed to higher energies with the
lighter homologues germanium and silicon, probably with
higher 3ILCT/3LMCT barriers by decreased molecular exibility.
(3) Rigidication of the pyridine moiety with bulky substituents
could prevent the dissociation and torsional motion of the
pyridine. (4) Lowering the energy of the tentatively weakly dis-
torted 3MLCT states below the 3ILCT and 3LMCT states to
obtain 3MLCT phosphorescence. (5) Mitigating the dissociative
character of the 3LMCT states in non-donor stabilised tetry-
lenes. Current investigations in these directions are in progress.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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