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ABSTRACT: Photoluminescent molecules exploiting the sizable
spin—orbit coupling constants of main group metals and metalloids
to access long-lived triplet excited states are relatively rare
compared to phosphorescent transition metal complexes. Here
we report the synthesis of three air- and moisture-stable group 14
compounds E(MPDP™),, where E = Si, Ge, or Sn and
[MPDP™]*~ is the doubly deprotonated form of 2,6-bis(5-
methyl-3-phenyl-1H-pyrrol-2-yl)pyridine. In solution, all three
molecules exhibit exceptionally long-lived triplet excited states
with lifetimes in the millisecond range and show highly efficient
photoluminescence (® < 0.49) due to competing prompt
fluorescence and thermally activated delayed fluorescence at and
around room temperature. Temperature-dependent steady-state
emission spectra and photoluminescent lifetime measurements
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provided conclusive evidence for the two distinct emission pathways. Picosecond transient absorption spectroscopy allowed further
analysis of the intersystem crossing (ISC) between singlet and triplet manifolds (7;5c = 0.25—3.1 ns) and confirmed the expected
trend of increased ISC rates for the heavier elements in otherwise isostructural compounds.

B INTRODUCTION

Molecular chromophores with long-lived excited states are at
the center of many important technological innovations,
including photocatalysis,' " photodynamic therapy,” chemo-
and biosensing,6 dye-sensitized solar cells,”® and organic light-
emitting diodes (OLEDs).””"" Many advances in these areas
continue to rely on the unique properties of photoluminescent
transition metal complexes allowing excitations through metal-
to-ligand charge transfer (MLCT), ligand-to-metal charge
transfer (LMCT), or d—d transitions.””" The key feature
leading to the success of these compounds is efficient
intersystem crossing (ISC) facilitated by the metal center,
which enables the population of excited states with spin
multiplicities different from those of the corresponding ground
states, resulting in spin-forbidden, slow radiative relaxation by
phosphorescence or thermally activated delayed fluorescence
(TADEF)." The prerequisite of fast ISC provides a rationale for
the predominance of heavy, and often rare and precious,
second- and third-row transition metals, which exhibit large
spin—orbit coupling (SOC) constants. These precious metal
photosensitizers are most prominently represented by
ruthenium polypyridyl complexes'” and organometallic iridium
compounds.'®"” However, the low availability and the
associated high costs of these metals represent significant
economic barriers for potential large scale applications.

© XXXX American Chemical Society
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While substantial progress toward the use of more Earth- 47
abundant transition metal chromophores has been made 43
recently,">**~** main group compounds featuring long-lived 49
emissive states at room temperature remain rare even though so
they could also provide abundant and cost-efficient alternatives s1
to precious metal chromophores.””** Organic materials s2
exhibiting room-temperature phosphorescence or TADF have s3
become an intensively explored topic but typically require s4
aggregation or self-assembly through noncovalent interactions ss
(e.g,, hydrogen or halogen bonding), formation of polymeric s6
structures, or crystallization to minimize nonradiative s7
decay.”>~** Despite recent progress toward the rational design ss
of heavy atom-free triplet photosensitizers,”” ® the most s9
common strategy for improving the otherwise slow ISC rates 60
in organic chromophores is to exploit intra- or intermolecular 61
heavy atom effects. In some instances, the incorporation of the ¢2
heavy halogens bromine and iodine into rigid molecular 63
structures has allowed the preparation of organic chromo- 64
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Inorganic Chemistry

phores with long-lived emission at room temperature even in
solution.” Beyond halogens, examples of long-lived emission
from molecules incorporating main group metals or metalloids
are even scarcer, although these heavy main group elements
also display strong SOC that should accelerate ISC."" Early
examples for phosphorescence from molecules containing
heavy group 14 and 15 elements (Sb, Bi, Sn, and Pb) showed
that these elements can play a key role in enhancing access to
ligand-centered 7 — 7* triplet states.*' ~** Enhanced ISC rates
yielding long-lived triplet states were also established for
tin(IV) porphyrin compounds.*>™ The resulting triplet
excited states were subsequently shown to decay through a
combination of phosphorescence and TADF and have been
utilized for triplet exciton harvesting in electroluminescent
devices.”® More recent research efforts have focused on heavy
elements with s* electron configurations™ ™" such as lead(II),
tin(II), and bismuth(III) or chalcogen compounds like
tellurophenes,”>™>° which show intense phosphorescence
under ambient conditions in the solid state. Examples
implementing lighter main group elements of the second and
third period such as boron, phosphorus, and sulfur in
molecules with long-lived emission are known but remain
exceedingly rare and often require aggregation or self-assembly
to access triplet manifolds.”*

In the context of our ongoing research efforts in developing
photosensitizers based on Earth-abundant elements, we
recently reported the photoluminescent properties of zirco-
nium complexes with pyridine pyrrolide and pyridine
dipyrrolide (PDP) 1igands.56_60 Zr(PDP), complexes show
remarkably long-lived and quantum-efficient emission by
TADF involving energetically close-lying singlet and triplet
excited states with strongly mixed LMCT/intraligand (IL)
character.” We hypothesized that replacing the central Zr"
center with a tetravalent group 14 element would allow us to
produce main group chromophores with efficient ISC to long-
lived triplet excited states (Figure 1). Precedent for enhanced
ISC rates in group 14 compounds with polypyrrole-type
ligands was provided by the tin porphyrin compounds
mentioned above, which can access triplet states in the solid
state and in solution.”~*” Further inspiration was provided by
a series of Sn'" and Pb" compounds reported by Wang and co-
workers containing bis(indolyl)pyridine ligands, which are
closely related to the pyridine dipyrrolide framework.** These
compounds exhibit phosphorescence with microsecond life-
times, albeit only in frozen solution at 77 K.

Herein, we report three photoluminescent molecules
E(™PDP™), (E = Si, Ge, or Sn), where [MPDP™]*~ is the
doubly deprotonated form of 2,6-bis(S-methyl-3-phenyl-1H-
pyrrol-2-yl)pyridine. All three compounds readily access triplet
states upon photoexcitation at room temperature in solution.
Temperature-dependent emission studies clearly establish that
the long-lived luminescence is dominated by TADF at and
around room temperature. A comparison of the ISC rates
determined through femtosecond transient absorption (fs-TA)
spectroscopy shows a clear trend favoring elements with higher
atomic numbers and larger spin—orbit coupling constants.
Most importantly, the observation of long-lived luminescence
for Si(MePDP™), highlights the fact that fast ISC rates
competitive with excited-state decay by prompt fluorescence
and nonradiative processes can be achieved under ambient
conditions in solution without the incorporation of elements

beyond the third period.
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Figure 1. Examples of luminescent group 14 polypyrrole compounds
that can access long-lived triplet excited states upon photoexcitation.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Group 14
Bis-"*PDP™" Complexes. The three E(MPDP™), com-
pounds (E = Si, Ge, or Sn) were obtained via a straightforward
synthetic protocol from the reaction of the corresponding
tetrahalides and 2 equiv of Na,"*PDP™, prepared in situ by
deprotonation of 2,6-bis(S-methyl-3-phenyl-1H-pyrrol-2-yl)-
pyridine, H,"*PDP™ (Scheme 1). All three compounds were

Scheme 1. Synthesis of Group 14 E(M*PDP™), Compounds

Ph Ph 1)4 NaH, THF
) 2) EX,, THF
EX4 = SiCly
Me Me Gely
Snly
Me Si: 65%
Ge: 72%
Sn: 63%

isolated as solvates following recrystallization from -either
THF/pentane, E(MPDP™),-2THF, or dichloromethane/
pentane, E(MPDP™),-3CH,Cl,. Because most experiments
discussed in this work were conducted in solution and probed
molecular properties of the group 14 species under those
conditions, we will omit co-crystallized solvent molecules
throughout the text. However, solvent molecules were
considered as part of the molecular formula for all measure-
ments relying on accurate concentrations of the group 14
species. In contrast to their transition metal congeners, all
three group 14 species are stable to air and moisture as solids
and in solution (Figure S9). This can most likely be attributed
to the increased covalency of the E—N bonds and the shorter
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E—N bond lengths (vide infra) that result in increased levels of 148

steric protection around the central atom.
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150 Characterization by single-crystal X-ray diffraction analysis
151 established isostructural molecules with six-coordinate group
152 14 centers in distorted octahedral coordination environments
153 (see Figure 2 for Si and Figures S1 and S2 for Ge and Sn,

%

)

\V\ /y
Q)

Figure 2. Molecular structure of Si(MPDP™), obtained by X-ray

diffraction shown with 30% probability ellipsoids. Hydrogen atoms

and two co-crystallized molecules of THF have been omitted for the

sake of clarity.

154 respectively). For Si(M*PDP™),-2THF, the central silicon
155 atom lies on the crystallographic C, axis of the C2/c unit cell,
156 which renders the two M*PDP"" ligands equivalent. For the Ge
157 and Sn analogues, which crystallize in the P1 space group with
158 three molecules of dichloromethane per asymmetric unit, no
159 such symmetry is present, resulting in crystallographically
160 distinct M*PDP™ moieties albeit with nearly identical geo-
161 metric parameters. The planes defined by the two pincer
162 ligands are arranged almost perpendicular in all compounds,
163 and the N, —E—N,,, angles are close to 180° (Table 1). The
164 most significant deviation from an ideal octahedral geometry is
165 introduced by the small bite angles of the MeppPPh framework,
166 which do not permit a perfect trans orientation of the pyrrolide
167 units. This distortion becomes more prominent with the
168 increasing atomic radius of the central element (Si < Ge < Sn),

—

Table 1. Selected Bond Distances (angstroms) and Angles
(degrees) in E(MPDP™), (E = Si, Ge, or Sn)

Si(MPDP™),  Ge(™PDP™),  Sn(MPDP™),

E-N(1) 1.9071(13) 1.977(3) 2.1269(19)
E-N(2) 1.8523(11) 1.954(3) 2.1605(17)
E-N(3) 1.8904(13) 1.993(3) 2.1154(19)
E-N(4)“ 1.988(3) 2.1231(18)
E-N(5)“ 1.956(3) 2.1534(17)
E-N(6)" 1.976(3) 2.1405(19)
N(2)—E-N(5) 175.96(8) 176.80(11) 173.53(7)
N(1)-E—N(3) 165.30(5) 160.96(11) 149.91(7)
N(4)-E-N(6)" 160.78(11) 150.60(7)
0, 89.13 89.62 88.64

“For Si(MPDP™),, crystallographic symmetry renders the two
MepDP™ ligands identical. “Dihedral angle between the planes
defined by the nitrogen donors of each pincer ligand.

which results in longer E—N,, bonds and decreases the 169
Npyrrole=E—Npyirole angles for each ligand (Table 1). 170

The 'H and *C{'H} NMR spectroscopic data for all three 171
compounds show 7 and 12 distinct resonances, respectively, 172
consistent with D,; symmetric structures on the NMR time 173
scale in a dichloromethane-d, solution (Figures S3—S8). For 174
Sn(MePDP™),, J coupling between the Sn center (''"Sn, 7.7% 175
natural abundance, and '"?Sn, 8.6% natural abundance; both I 176
='/,) and the protons on the pyridine and pyrrolide rings can 177
be observed, indicating significant magnetic interactions 178
mediated by the M*PDP™ framework. 179

Steady-State Electronic Absorption and Emission
Spectroscopy. The electronic absorption spectra for Si- 181
(MePDP™),, Ge(MPDP™),, and Sn(MPDP™), recorded in 1s2
THF solutions (Figure 3) are remarkably similar, indicating 183 3
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Figure 3. Optical properties of E(M®PDP™), [E = Si (red), Ge (blue),
or Sn (black)]. The top panel shows electronic absorption spectra in
THEF solution at room temperature, and the bottom panel emission
spectra recorded in THF at room temperature under a N, atmosphere
(solid line) and in an aerated solution (dotted line) upon excitation at
460 nm (Sn), 490 nm (Ge), or 500 nm (Si).

only small contributions of the central element to the frontier 184
molecular orbitals of the compounds. This is supported by 1ss
DFT calculations that show only minimal contributions from 186
the central element to the frontier molecular orbitals [<1% for 187
HOMO to HOMO-3 and <3% for LUMO to LUMO+3 188
(Figures S17—S19)]. All three complexes show strong 18
absorption bands (&;,, > 10* M™' cm™") between 400 and 19
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191 550 nm. For Si(MPDP™),, two clearly resolved maxima are

192 observed at 504 and 480 nm

. Incorporation of the heavier

193 elements Ge and Sn results in a slight but systematic blue shift
194 across the series, a reduction in the peak separation for
195 Ge(M*PDP™), (490 and 473 nm), and a single broad band for
196 Sn(MPDP™), (476—461 nm). Several additional spectral
197 features of similar intensity can be observed in the UV region
198 of the spectrum (Table 2). Notably, the two absorption bands

Table 2. Optical Properties of E(M*PDP™), (E = Si, Ge, or
Sn)

emission
absorption /Lﬁax (nm) [g, Amax T
compound” (x10* M~ ecm™)] (nm) @, (ms)
Si(MePDP™), 504 (4.12), 480 (3.75), 527 047 09
344 (3.90), 328 (4.00),
264 (3.01)
Ge(MPDP™), 490 (3.66), 473 (3.54), 519 049 1.0
345 (3.29), 325 (3.24),
264 (2.61)
Sn(MPDP™), 464 (3.47), 344 (2.97), 512 032 20

317 (2.88), 264 (2.35)

“All data recorded in THF solutions at room temperature.

199 between 300 and 400 nm show a similar albeit less pronounced
200 trend of blue-shifted peak maxima with an increase in atomic

number. However, the peak separation between the two
absorption maxima increases for the heavier elements,
establishing a reverse trend compared to the bands in the

visible region.

Excitation of Si/Ge/Sn(M*PDP™), solutions in THF under

an inert atmosphere with visible light below 500 nm or UV
light induced strong photoluminescence (Figure 3) with peak

maxima at 527, 519, and 512 nm, respectively. All three
emission signals show slightly asymmetric profiles, which are
likely due to unresolved vibrational fine structure. Mirroring
the differences in peak separation of the lowest-energy features
in the absorption spectra, this asymmetry is most clearly
observable for Si(M*PDP™),, which exhibits the smallest line
width and features a distinct shoulder around 553 nm.
Emission quantum yields were determined by the comparative
method in a rigorously deaerated THF solution (Figure S11),
which provided ®@p, values of 0.47 (Si), 0.49 (Ge), and 0.32
(Sn). Additional steady-state emission spectra recorded in air-
saturated THF solutions under otherwise identical conditions
showed marked reductions in the emission intensities for all
three compounds. Comparisons of the emission spectra under
air and an inert atmosphere, recorded on the same sample for
each compound, are shown in Figure 3 and clearly establish
partial photoluminescence quenching by *O,. Notably, the
extent of quenching depends strongly on the central element.
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5 é
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i i
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Figure 4. Temperature dependence of the emission spectra for Si(MPDP™), (top left), Ge(M*PDP™), (top right), and Sn(M*PDP™), (bottom
left) in 2-MeTHEF solution upon excitation at 450 nm. Dotted vertical lines mark the position of the emission maximum for fluorescence at 50 °C
and phosphorescence at —130 °C. The emission profiles in frozen solution at 77 K are shown at the bottom right.
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While 40% of the signal intensity recorded under a N,
atmosphere is retained for aerated samples of Si(™*PDP™),,
only 20% and 5% of their initial intensities are obtained in the
presence of 0, for the Ge and Sn congeners, respectively. The
formation of 'O, was confirmed by detection of the
characteristic 'O, phosphorescence around 1280 nm upon
photoexcitation of aerated THF solutions of Si/Ge/Sn-
(MePDP™), at 480 nm. Quantitative analysis of the 'O,
sensitization compared to [Ru(bpy);](PFs), as the standard
provided quantum yields of 0.09, 0.10, and 0.12 for Si, Ge, and
Sn, respectively (Figure S12). These data are consistent with
more efficient triplet formation with the heaviest element Sn.

Independent of the central atom, the position and line shape
of the emission spectra for all three species are insensitive to
the presence of *0,, and normalization of the spectra under an
inert atmosphere and air yields superimposable profiles. These
observations are consistent with two distinct emission
processes, which were tentatively assigned as rapid prompt
fluorescence, unaffected by *0,, and photoluminescence
involving a long-lived triplet excited state that is strongly
quenched by 30,. The correlation between the quenching
efficiency and the atomic number of the central group 14
element supports the participation of triplet states, as increased
SOC in the heavier elements should facilitate ISC between
singlet and triplet excited-state manifolds. However, the
identical emission profiles in the presence and absence of
30, further suggest that both photoluminescence processes
emanate from the same excited state at room temperature.
This rules out direct emission from the triplet excited state by
phosphorescence and indicates TADF for all three E-
(MePDP™), compounds, as also observed in the closely related
transition metal photosensitizer Zr(M*PDP™),.

Temperature-dependent emission spectra were recorded to
further probe the photoluminescence mechanism in Si/Ge/
Sn(MPDP™), and are shown in Figure 4. Consistent with the
TADF hypothesis, the emission profiles recorded in fluid 2-
MeTHF between 50 and —130 °C show a steady decrease in
intensity with a decrease in temperature characteristic of
contributions from a thermally activated emission process. The
most prominent changes were observed for Sn(MePDP™),.
The broad high-temperature emission band (4,,,, = 522 nm)
undergoes a substantial reduction in intensity upon cooling,
accompanied by the emergence of a red-shifted emission
feature with a maximum at 580 nm, which is clearly resolved at
temperatures below —100 °C. This behavior can readily be
explained by emission from two distinct but energetically close-
lying excited states that were assigned as S; and T, assumin§ a
typical TADF model. The emission spectrum of Sn(™*PDP™"),
at —130 °C, the lowest temperature maintaining a fluid
solution, is dominated by phosphorescence from the T, state
with a 4, of 580 nm but retains a minor contribution from
prompt fluorescence at a A, of 522 nm due to incomplete
ISC. At higher temperatures, reverse intersystem crossing
(rISC) becomes thermodynamically feasible, resulting in
dominant emission from the S, state through a combination
of prompt fluorescence and TADF.

Less pronounced but qualitatively similar behavior was
observed for the temperature-dependent emission in Ge-
(MePDP™),. The emission profile shows a significant reduction
in intensity of the main emission band at a 4., of 519 nm
upon cooling and evolution of a new red-shifted signal at a 4,
of 575 nm attributed to phosphorescence. The higher ratio of
fluorescence to phosphorescence in Ge(M*PDP™), compared

to Sn(MPDP™), at —130 °C supports less efficient triplet
excited-state population by ISC, which is consistent with the
results from 302 quenching at room temperature (vide supm)
and further supported by TA spectroscopy (vide infra). In line
with this interpretation, even more moderate changes to the
emission spectrum upon cooling were observed for Si-
(MPDP™),. A modest decrease in emission intensity at a
Amax Of 525 nm is accompanied by only minor changes to the
overall shape of the emission band even at —130 °C.
Consistent with more pronounced prompt fluorescence due
to slow ISC, the phosphorescence signal can barely be
observed as a shoulder in the emission profile around a 4
of 575 nm at this temperature.

Frozen solution emission spectra obtained upon further
cooling to 77 K establish clearly resolved dual emission by
fluorescence and phosphorescence for all three compounds
and provide evidence for competing prompt fluorescence and
ISC processes following photoexcitation. The normalized
spectra shown in Figure 4 highlight the differences in the
relative intensity of fluorescence and phosphorescence within
the series, where prompt fluorescence decreases with an
increase in the atomic number of the main group element. This
trend is consistent with the 0, quenching data that suggested
more efficient population of the triplet excited state in the
followin% order: Sn(MPDP™), > Ge(MPDP™), > Si-
(MePDP™),. Additionally, the frozen solution data allow an
estimation of the energy gap between the S; and T, states,
AEg _r, by comparison of the emission maxima and provided

values of 1958 cm™ (Si), 2095 cm™ (Ge), and 2524 cm™
(Sn). Notably, this increase in AEg _1, with the atomic number

max

of the central element is driven largly by a blue shift of the
fluorescence band, i.e., an increase in the energy of the S, state.
In contrast, the energy of T, remains largely unchanged among
the three compounds as indicated by almost identical emission
wavelengths for phosphorescence in liquid and frozen
solutions. This may be the result of increased charge transfer
character for the S, state compared to the T, state, which is
supported by TD-DFT calculations. Figure 5 shows the

Figure 5. Difference densities for the lowest-energy singlet ('LLCT,
left) and triplet (°LC, right) states (red, increase in electron density;
yellow, decrease in electron density). Note that due to the D,,
symmetric molecular structure, both states are degenerate with areas
of increased and decreased density located on the other M:PDP'™
ligand.

difference densities for both states with respect to the ground
state for Sn(MPDP™), (see Figures $20 and S21 for the Si and
Ge analogues) and clearly indicates ligand-to-ligand charge
transfer ('"LLCT) character for the S; state. Due to the increase
in E=N bond lengths within the series E = Sn > Ge > Si, the
polarity of the S; state increases for the heavier elements,
resulting in larger thermally induced Stokes shifts. In contrast,
the T, state is largely ligand centered (*LC) and nonpolar,
making it less sensitive to the identity of the central element.
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Time-Resolved Emission Spectroscopy. The photo-
luminescence decay traces for Si(M*PDP™),, Ge(MPDP™),,
and Sn(M*PDP™), in THF solution are shown in Figure 6 and

10000 4
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Figure 6. Photoluminescence decay (top) at room temperature in a
THEF solution (1, = 456 nm). Solid lines represent exponential fits of
the data. Arrhenius plot (bottom) showing the temperature
dependence of the photoluminescence lifetime (7 = 1/ky,) in 2-
MeTHEF. Solid lines show best fits to the data and provided the
following activation energies for TADF emission: E,(Si) = 1493 cm™,
E,(Ge) = 1201 cm™, and E,(Sn) = 1061 cm™".

support two distinct emission processes occurring on vastly
different time scales. For all three compounds, a rapid decrease
in luminescence intensity is observed immediately after
excitation and can be assigned to prompt fluorescence (7pp <
2 ns). Consistent with the steady-state emission intensities
obtained under an inert atmosphere and in the presence of air,
the amount of prompt fluorescence is largest for Si(**PDP™),
and decreases gradually for Ge(M*PDP™), and Sn(™*PDP™),.
In addition to prompt fluorescence, a second, long-lived
emission signal representing delayed fluorescence is observed
in each case and follows strictly single-exponential decay with a
millisecond lifetime (Table 2). Exposure of the samples to air
resulted in complete quenching of this long-lived emission.
Temperature-dependent photoluminescence lifetime meas-
urements for the long-lived emission feature provided further
support for a TADF mechanism in Si/Ge/Sn(MPDP™),
(Figure S13). For each compound, the photoluminescence

lifetime in a 2-MeTHF solution increases as a function of a
decrease in temperature, clearly indicating thermal activation
of emission. A simple Arrhenius-type plot (Figure 6) was used
to determine the activation energy of delayed fluorescence for
each compound and provided the following values: E,(Si) =
1493 cm™, E,(Ge) = 1201 cm™’, and E,(Sn) = 1061 cm™.
Notably, these energy barriers not only are significantly smaller
than the AEg_r values derived from the frozen solution

emission spectra (vide supra) but also exhibit the reverse trend
within the series of group 14 species. While E,"*"F and AE; _r,

are often close for TADF emitters and generally follow the
relation AEg 1 > E,"P", cases with significant deviations

such as those presented here are not uncommon but indicate
more complex dynamics in the excited-state manifold.*”** A
more detailed analysis of the excited-state manifold in Si/Ge/
Sn(MPDP™), is beyond the scope of this initial report and will
require more in-depth photophysical studies of these novel
group 14 TADF emitters.

Transient Absorption Spectroscopy. The simultaneous
observation of prompt fluorescence and TADF strongly
implied that intersystem crossing from the singlet to the
triplet manifold (S; — T,) and direct singlet deactivation (S,
— S,) following photoexcitation have to be competitive
processes in Si/Ge/Sn(M*PDP™),. To experimentally deter-
mine the ISC rate constants, femtosecond transient absorption
(fs-TA) experiments were conducted at room temperature (Sn
in Figure 7 and Si and Ge in Figures S14 and S15). For all
three E(MPDP™), compounds (E = Si, Ge, or Sn), the
transient difference spectra recorded between 500 and 800 nm
at short delay times following pulsed excitation are dominated
by features that can be attributed to stimulated emission (SE)
from the lowest singlet excited state (S; — Sp). Over time,
these spectral signatures convert cleanly into broad featureless
signals resulting from excited-state absorption (ESA), which
persist over the entire delay time of the fs-TA experiments (7
ns). Additional experiments using ms-TA spectroscopy
confirmed that these long-lived excited states of E(™PDP™),
decay back to the corresponding ground states exhibiting time
constants consistent with the milliscond lifetimes determined

391
392
393
394

by time-dependent emission spectroscopy. On the basis of 395

these observations, the long-lived transient difference spectra
were assigned to ESA of the lowest-energy triplet state (T; —
T,). Further evidence for this assignment was provided by TA
experiments in the presence of *O, (Figure S16). The ms-TA
data showed strong quenching of the observed ESA features
reflected in significantly faster ground-state recovery and
consistent with triplet excited states. In stark contrast, the
spectral changes observed by fs-TA spectroscopy proved to be
independent of dissolved *0,. Collectively, the TA experiments
clearly indicate that the spectral evolution from SE to ESA
observed by fs-TA spectroscopy directly reflects ISC from the
S, to T| state in Si/Ge/Sn(M*PDP™"),. Kinetic modeling of the
time-dependent fs-TA spectroscopic data provided time
constants for the ISC process, S; — T, for all three
compounds (Figure 7). The observed trend shows the
expected order: 7igc(Sn) = 0.25 ns < 75c(Ge) = 1.4 ns <
715c(Si) = 3.1 ns. This indicates faster ISC for the heavier
congeners resulting in more efficient T, population. These data
directly correlate with the extent of >0, quenching observed by
emission spectroscopy in solution. Notably, 75 in the group
14 compounds is 1—2 orders of magnitude longer than that for
the related transition metal complex Zr(M*PDP™), (75 =

https://doi.org/10.1021/acs.inorgchem.2c00182
Inorg. Chem. XXXX, XXX, XXX—XXX

396
397
398
399

416
417


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00182/suppl_file/ic2c00182_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00182/suppl_file/ic2c00182_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c00182/suppl_file/ic2c00182_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c00182?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

—

(=}

—

Inorganic Chemistry

pubs.acs.org/IC

5
8 2-
1:1 <0ps —200ps
-4 4 —5ps 300 ps
. —25ps 400 ps
-6 —50 ps 500 ps
] — 100 ps 1000 ps
T T T T T T T T T T T
500 550 600 650 700 750 800
Wavelength (nm)
0.2 -
0.0
-0.2 4
]
N -0.4+
©
% -0.6 -
5 + /Me, Ph
< -0 Si("*PDP™),
1 + Ge("*PDP™),
-1.04 . Sn(MePDPPh)2
-1.2 T v T T T d T v T v T T T ¥
0 1 2 3 4 5 6 7

Time (ns)

Figure 7. Femtosecond TA spectroscopic data establishing the rate
constants for intersystem crossing (ISC). Time-resolved transient
difference spectra (top) at selected delay times after pulsed laser
excitation at 480 nm associated with the S; — T intersystem crossing
process in Sn(MPDP™),; A, normalized absorption. Kinetic traces
(bottom) for the ISC process in E(MPDP™), (E = Si, Ge, or Sn).
Solid lines represent best fits yielding the ISC rate constants provided
in the text.

12.3 ps). This can be rationalized by different contributions of
the heavy element to the frontier molecular orbitals of the
bis-M*PDP™ species. While the LUMO of Zr(M“PDP™),
exhibits substantial contributions from metal d orbitals,
resulting in significant ligand-to-metal charge transfer
(LMCT) contributions for the lowest-energy transitions, the
very minor contributions from the group 14 elements to the
same orbital in Si/Ge/Sn(MPDP™), result in almost exclusive
ligand-to-ligand (LLCT) and intraligand charge transfer
character (ILCT) of the excited states. Nevertheless, the
main group elements clearly play an important role in enabling
TADEF in these molecules, as the free H,*PDP™ ligand does
not exhibit long-lived emission but shows exclusively prompt
fluorescence. We propose that the role of the central main
group atom in facilitating ISC is twofold: (1) introduction of
intramolecular heavy atom effects through small contributions
of the Si, Ge, or Sn p, and p, orbitals to the LUMO (~2%
contribution according to DFT) and (2) scaffolding of the two

436 [MPDP™]>~ units in the proximity and perpendicular

orientation, allowing contributions from LLCT excited states
and generating a set of degenerate LUMOs (belonging to the e
representation under D,; symmetry) that facilitates strong
SOC, respectively.

B CONCLUSIONS

Our study describes a rare instance of long-lived photo-
luminescence in molecular compounds based on main group
metals or metalloids and highlights the great potential for
further discoveries in this area. The temperature-dependent
steady-state emission and photoluminescence lifetime data
presented herein clearly establish that emission in the three
E(MPDP™), complexes (E = Si, Ge, or Sn) occurs with
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excellent quantum efficiencies through a combination of 449

prompt fluorescence and thermally activated delayed fluo-
rescence at and around room temperature. Straightforward
access to the triplet manifold is reflected in remarkably long
TADF emission lifetimes in the millisecond range in solution
and the direct observation of phosphorescence in frozen
solution at 77 K. The efliciency of the intersystem crossing
process in the new group 14 chromophores correlates strongly

456

with the atomic number and spin—orbit coupling constant of 4s7

the central element. This effect was quantified by transient

458

absorption spectroscopy, which allowed the determination of 4s9

the intersystem crossing time constants. Crucially, facile access
to triplet excited states that is competitive with prompt
fluorescence is observed even in Si(M*PDP™),, which contains
the Earth-abundant third period element silicon as the heaviest
element.

Our studies also provide the rare opportunity to compare
the effects of main group versus transition metal incorporation
on intersystem crossing rates in otherwise isostructural
chromophores. Due to the small contributions of the group
14 elements to the frontier molecular orbitals compared to
related group 4 transition metal complexes, the intersystem

460
461

crossing rates are significantly reduced by 1-2 orders of 471

magnitude for the main group compounds, resulting in the
observed competition between prompt and delayed fluores-
cence. While this complicates the detailed analysis of the
TADF kinetics and excited-state dynamics for our new main
group chromophores, the observed dual emission may provide
new opportunities for the design of light-emitting diodes with
high energy efficiency based on cheap and abundant materials.

B EXPERIMENTAL DETAILS

General Considerations. All air- and moisture-sensitive manip-
ulations were carried out using standard high-vacuum line, Schlenk, or
cannula techniques or in an MBraun inert atmosphere drybox
containing an atmosphere of purified nitrogen. Solvents for air- and
moisture-sensitive manipulations were dried and deoxygenated using
a Glass Contour Solvent Purification System and stored over 4 A
molecular sieves. Silicon tetrachloride, germanium(IV) iodide, and
tin(IV) iodide were purchased from commercial sources and used
without further purification. 2,6-Bis(S-methyl-3-phenyl-1H-pyrrol-2-
yl)pyridine (H,M*PDP™) was prepared as reported previously.”® All
solids were dried under high vacuum overnight to introduce them into
the glovebox. Deuterated dichloromethane-d, for NMR spectroscopy
was distilled from CaH,.

Preparation of Si(MePDPPh)Z. In the glovebox, a 50 mL Schlenk
flask was charged with H,M*PDP™ (200 mg, 0.513 mmol) and NaH
(28 mg, 1.17 mmol). Following the addition of 10 mL of THF, the
flask was sealed with a rubber septum containing a syringe needle for
pressure equilibration with the glovebox atmosphere. The resulting
dark yellow suspension was stirred for 16 h to ensure complete
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deprotonation of the ligand precursor and formation of Na,M*PDP™.
The reaction vessel was transferred from the glovebox to a Schlenk
line, and SiCl, (44 mg, 0.26 mmol, 30 L) was added by syringe. The
reaction mixture was stirred for 8 h, resulting in a distinct change in
color from dark brown to red orange. All volatiles were removed
under vacuum, and the reaction vessel was returned to the glovebox.
The solid residue was redissolved in THF and filtered over Celite.
The red orange filtrate was concentrated to a volume of ~10 mL
under vacuum, and 15 mL of pentane was added. Cooling the solution
to —35 °C overnight provided a red microcrystalline material
identified as Si(M*PDP™),-2THF: yield 160 mg, 65%; 'H NMR
(400 MHz, C(Dy) 6 7.48 (d, 3] = 8.0 Hz, 8H, 0-PhH), 7.44—7.39 (m,
10H, m-PhH + 4-pyridineH), 7.34 (t, *] = 6.7 Hz, 4H, p-PhH), 7.01
(d, ] = 8.0 Hz, 4H, 3-pyridineH), 5.95 (s, 4H, 4-pyrrolideH), 1.75 (s,
12H, CH;); BC{'H} NMR (100 MHz, C(D;) 6 148.5, 144.7, 137.6,
137.0, 130.1, 129.7, 129.0, 127.5, 124.9, 117.3, 110.0, 12.8; HRMS
(ESI) caled for CgHysNgSit [M + H]* m/z 803.3318, found
803.3310. Anal. Caled for Si(M*PDP™),2THF, Cg,HNsO,Si: C,
76.81; H, 6.03; N, 8.67. Found: C, 77.07; H, 5.70; N, 9.29. Single
crystals suitable for X-ray diffraction experiments were obtained by
vapor diffusion of pentane into a concentrated solution of
Si(MPDP™), in THF.

Preparation of Ge(MePDPPh)z. In the glovebox, a 20 mL
scintillation vial was charged with H,M*PDP™ (200 mg, 0.513
mmol) and NaH (28 mg, 1.17 mmol). THF (10 mL) was added to
the vial, which was subsequently capped loosely. The resulting dark
yellow suspension was stirred for 16 h to generate Na,*PDP™. A
solution of Gel, (149 mg, 0.26 mmol) in THF (4 mL) was added
slowly, and the reaction mixture was stirred for 8 h. The resulting
suspension was filtered over Celite, and the solid residue was washed
with copious amounts of THF until the washings were clear. The
orange brown filtrate was concentrated to a volume of ~10 mL under
vacuum. Addition of pentane (15 mL) followed by cooling to —35 °C
overnight provided an orange microcrystalline material identified as
Ge(MPDP™),2THF: yield 185 mg, 72%; 'H NMR (400 MHz,
CeDg) 6 7.48 (d, %] = 6.9 Hz, 8H, 0-PhH), 7.43 (t, ] = 7.9 Hz, 8H, m-
PhH), 7.39—7.33 (m, 6H, p-PhH + 4-pyridineH), 7.03 (d, *] = 8.0 Hz,
4H, 3-pyridineH), 5.98 (s, 4H, 4-pyrrolideH), 1.77 (s, 12H, CH,);
13C{'H} NMR (100 MHz, C,Dy) 6 147.9, 142.9, 139.3, 137.9, 131.4,
130.0, 129.0, 127.5, 125.5, 116.5, 112.5, 13.8; HRMS (ESI) calcd for
Cs,HysNgSi* [M + H]* m/z 849.2761, found 849.2770. Anal. Calcd
for Ge(MPDP™),-2THF, C,Hs3GeNO,: C, 75.08; H, 5.89; N, 8.47.
Found: C, 74.79; H, 5.51; N, 8.69. Single crystals suitable for X-ray
diffraction experiments were obtained by vapor diffusion of pentane
into a concentrated solution of Ge(M*PDP™), in dichloromethane.

Preparation of Sn(MePDPPh)z. In the glovebox, a 20 mL
scintillation vial was charged with H,**PDP” b (200 mg, 0.513
mmol) and NaH (28 mg, 1.17 mmol). THF (10 mL) was added to
the vial, which was subsequently capped loosely. The resulting dark
yellow suspension was stirred for 16 h to generate Na,*PDP™. A
solution of Snl, (162 mg, 0.26 mmol) in THF (4 mL) was added
slowly, and the reaction mixture was stirred for 8 h. The resulting
suspension was filtered over Celite, and the solid residue was washed
with copious amounts of THF until the washings were clear. The
solvent was removed in vacuum, and the orange brown residue was
dissolved in a minimum amount of dichloromethane. Addition of
pentane (15 mL) followed by cooling to —35 °C overnight provided
an orange microcrystalline material identified as Sn(MPDP™),.
3CH,CL,: yield 170 mg, 63%; 'H NMR (400 MHz, C¢Dg) 5 7.47—
7.39 (m, 16H, o-PhH + m-PhH), 7.36—7.28 (m, 6H, p-PhH + 4-
pyridineH), 6.98 (d + dd, *Jy_y; = 8.0 Hz, ¥J5,_y; = 11.8 Hz, 4H, 3-
pyridineH), 6.02 (s + d, *Js,_yy = 16.9 Hz, 4H, 4-pyrrolideH), 1.84 (s,
12H, CH;); *C{'H} NMR (100 MHz, C(D¢) & 147.9, 142.9 139.3,
1379, 1314, 129.9, 129.0, 127.5, 125.5, 116.5, 112.4, 13.8; HRMS
(ESI) caled for CgHy3NgSit [M + H]Y m/z 895.2571, found
895.2574. Anal. Calcd for Sn(M*PDP™),-3CH,Cl,, Cs,H,3ClNSn:
C, 59.61; H, 4.21; N, 7.32. Found: C, 59.40; H, 4.09; N, 6.86. Single
crystals suitable for X-ray diffraction experiments were obtained by
vapor diffusion of pentane into a concentrated solution of
Sn(M*PDP™), in dichloromethane.

Physical Measurements. 'H and *C{'H} NMR spectra were
recorded on an Agilent 400 MHz spectrometer, a JEOL 400 MHz YH
spectrometer, or a Varian INOVA 600 MHz spectrometer. All
chemical shifts are reported relative to SiMe, using 'H (residual)
chemical shifts of the solvent as a secondary standard. High-resolution
mass spectra were recorded on a Thermo Finnigan Linear Trapping
Quadrupole mass spectrometer. UV—vis absorption spectra were
recorded on a Shimadzu UV-1800 spectrophotometer in gastight
quartz cuvettes with a 10 mm path length fitted with screw caps.
Emission spectra were recorded in 10 mm path length gastight quartz
cuvettes with screw caps using a Shimadzu RF-5301 PC
spectrofluorophotometer. Room-temperature photoluminescent
decay data were collected using a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer with a single photon counting module in
multichannel scaler mode and a 456 nm SpectraLED pulsed excitation
source. Lifetimes were determined through exponential fitting using
the provided decay analysis software package, DAS version 6.1.
Steady-state emission spectra from 77 to 340 K were recorded using
an Oxford Instruments Optistat DN cryostat with an Edinburgh
Instruments FS920 fluorimeter that was equipped with a 450 W Xe
arc lamp for an excitation source and a Peltier-cooled Hamamatsu
R2658P photomultiplier tube (PMT). The Oxford cryostat was also
used with an Edinburgh Instruments LP920 laser flash photolysis
system for which a tunable Vibrant 355 nm Nd/YAG/OPO system
(Opotek) was the excitation source and a Hamamatsu R928 PMT
was the detector. Ultrafast TA measurements were conducted with a 1
kHz Libra, a Ti:sapphire regenerative amplifier system (Coherent
Libra), which produces an ~800 nm pulse with ~45 fs temporal
resolution with ~4 W power. Using a beam splitter, the output of the
Libra was separated into pump and probe beam paths. The pump
beam was directed to an optical parametric amplifier (Light
Conversion OPerA). The optical parametric amplifier converts 800
nm Libra out]}:ut into 480 nm to excite the lowest-energy transitions
of E(M*PDP™), (E = Si, Ge, or Sn). The beams were directed to
commercial TA spectrometers. We used Helios (Ultrafast System)
and EOS (Ultrafast systems) for fs- and us-TA, respectively. A visible-
light continuum, in the ~400—800 nm spectral region, was generated
by focusing onto a Ti:sapphire crystal. Optical filters were integrated
in the probe beam path for rejection of the residual, unamplified, 800
nm radiation. TA measurements were conducted under the magic
angle condition where polarization of the probe is 54.7° relative to the
pump. Control of the pump and probe polarizations was achieved
with two sets of 1/2 waveplate and polarizer combinations placed in
both pump (before the sample) and probe (before continuum
generation) beam paths.
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