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The influence of charge transfer on the emissive
properties of pyridine dipyrrolide bismuth
complexest
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We report on the emissive properties of four new pyridine dipyrrolide bismuth complexes Bi(**PDP®?)Br,
modified with electron-donating (—OMe) or electron-withdrawing (—CF3) substituents at the ligand. These
complexes exhibit red phosphorescence at cryogenic temperatures with emission wavelengths ranging
from 602 to 642 nm as a response to the electronic character of the substituents R; and R,. A profound
similarity between the pairs Bi(“"*PDP“")Br and Bi("*PDP°M®)Br, and Bi(°™°PDP<"3)Br and
Bi(°MePDP®M®)Br is attributed to improved conjugation between the respective phenyl ring and the PDP
core, as based on TD-DFT calculations and crystallographic studies. The larger quantum yield of
Bi(*F3PDP<™)Br is attributed to the enhancement of the SLMCT character of the electronic transition

rsc.li/dalton

Introduction

Many metal complexes are bright luminophores and have thus
found application as emitters in bioimaging,*® OLEDs,">" in
photodynamic therapy,"” photo(redox) catalysis,*'*'* solar
energy harvesting in the form of dye-sensitized solar cells,"> or
energy storage.'® Currently, these applications are often based
on rare, expensive and sometimes toxic late transition row
elements such as rhenium, ruthenium, iridium, platinum, or
osmium, utilizing the high spin-orbit coupling (SOC) con-
stants'” of these elements to induce intersystem crossing (ISC)
and thus populate the triplet states, which are a requirement
for the aforementioned applications."® This propensity of
heavy elements to induce the population of triplet states
through ISC is known as the heavy atom effect (HAE)."°
Luminescent molecular complexes of main group metals have
received far less attention in this respect, and of these limited
reports, most focus on either the boron group or luminescent
complexes of the group 14 elements.”’>* Comparatively little
attention has been paid to the heavier analogues of nitrogen
such as bismuth, although bismuth is particularly promising
as it exhibits low toxicity,”>** good affordability, and the
largest SOC constant of the non-radioactive elements within
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through the introduction of the electron-withdrawing —CF3 substituents.

the periodic table."” These favourable properties are explored
primarily for solid-state phosphorescent materials,>***™”
often coupled with balanced energy transfer to other co-
dopants,”®>? or as a dopant in perovskites.>>?* A number of
reports (refer to the top panel of Fig. 1A for a selection) have
shown that the incorporation of bismuth into molecular com-
plexes may provide phosphorescence emission in solution at
r.t."**® We and others have recently demonstrated the high
potential of bismuth for generating emissive materials in com-
bination with tridentate pincer ligands.”>***” In accordance
with El Sayed’s rule,"® which states that ISC is rendered par-
ticularly efficient if differing orbital types are involved in the
electronic transition, those complexes displaying CT involving
the bismuth ion as contributor to either the donor or the
acceptor molecular orbitals (MOs) possess significantly shorter
lifetimes and higher quantum yields than those which lack
such CT contributions.™?

The tridentate pyridine-dipyrrolide (PDP®>”) imine/amide
ligand has been a popular structural motif in recent years, and
complexes utilizing these ligands have been studied for C-H
bond activation chemistry,*® as photosensitizers for photo-
redox catalysis,® and as catalysts for Heck-type cyclization reac-
tions.?® The high versatility of these systems stems from their
high rigidity, the incorporation of particularly electron-rich
pyrrolide units in concert with the electron accepting pyridine
unit, and the potential of these ligands to strongly bind
varying metal ions in their doubly deprotonated form.
Complexes bearing ligands with the PDP>~ motif have been
investigated regarding their luminescent properties in combi-
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A. Select room temperature phosphorescent bismuth complexes
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B. Select emissive complexes with PDP ligands
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Fig. 1 (A) Compilation of the structures of select phosphorescent
bismuth complexes that emit at r.t. in solution.*™ (B) Select main group
element and Zr complexes with ligands containing the pyridine dipyrro-
lide structural motif.>~7 (C) Concept for the design of the bismuth com-
plexes reported in this manuscript.

nation with various d-*>*! and lanthanide f-block,** or main
group elements.” Thus, complexes of Si, Ge and Sn (¢f. Fig. 1B)
exhibiting dually emissive properties with temperature-depen-
dent equilibria of thermally activated delayed fluorescence and
phosphorescence have recently been reported.” In addition,
substituent effects on the emissive and electrochemical pro-
perties of complexes of zirconium and of the proligands
H,PDP were investigated (¢f Fig. 1B).*’ In combination with
bismuth, these ligands were used to access complexes that can
be used to polymerize lactides** and ring-open cyclic ethers*®
when reduced to the Bi(u) form.

We have recently reported on complexes (*'PDP*?*)BiX (X =
Cl, Br, I) with regard to their photophysical behaviour as well
as their solid-state structures and electrochemical properties.’
These compounds were found to be emissive at cryogenic
temperatures with phosphorescence emission maxima Aphos &
640 nm. The optical properties of these compounds were
studied with the aid of time-dependent density functional
theory (TD-DFT) calculations. We found a significant charge
transfer (CT) character of the highest molecular orbital
(HOMO) to lowest unoccupied molecular orbital (LUMO) tran-
sition, where the former is entirely ligand-based whereas the
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latter receives contributions from the Bi*" ion, resulting in a
LMCT character of the underlying transition. These findings
were further supported by the solvatochromism of the under-
lying absorption and emission. We mused that the introduc-
tion of electron withdrawing (,-CF; = +0.53)*° or electron
donating (6,-MeO = —0.27)"° para substituents onto the pre-
viously established diphenyl-substituted PDP core might
support (-CF;) or counteract (-OMe) the underlying CT charac-
ter of the phosphorescent emission, as the emissive excited
state has Bi contributions, while the ground state is localized
on the ligand, endowing the emissive decay with MLCT charac-
ter. This conceptualization is illustrated within the bottom
panel of Fig. 1.

Results and discussion
Synthesis and characterization

The synthesis of the ligands was conducted analogously to pre-
viously reported procedures for 2,4-disubstituted PDP
ligands.>®*” The bismuth complexes were then prepared by
twofold deprotonation of the respective proligand with potass-
ium hydride under inert conditions, followed by treatment
with BiBr;. Detailed synthetic procedures and the ESI-MS mass
spectra as well as the "H-, "*C- and "’F-NMR spectra of all pro-
ligands H,®*'PDP®* and of the complexes Bi(*'PDP**)Br are
available for review in the ESI (refer to Fig. S1-S527%). Fig. 2
depicts the relevant regions of the "H-NMR spectra of the four
complexes, while Tables S1 and S2 within the ESIf summarize

:

Bi(®"*PDP°)Br

Bi(>"*PDP"*)Br

.

4
T T T T A

80 75 70 65 40 35
3 [ppm]

Fig. 2 Relevant regions of the 'H-NMR spectra of the complexes
Bi(**PDPR?)Br in THF-d8 at r.t., 400 MHz.
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select "H and "*C-NMR resonance shifts for the proligands
and the complexes.

Chemical shifts, multiplicities, and coupling constants
within the 'H, "*C and '’F NMR spectra agree with expec-
tations and match the reports on other PDP bismuth com-
plexes. The influence of the electron withdrawing —CF; or the
electron donating ~-OMe substituents are apparent in the NMR
shifts of all compounds. Exemplarily, the pyrrolic H-6 reso-
nance (underlaid in purple in Fig. 2) shifts downfield from
6.35 ppm for Bi(®Y*PDP°™)Br to 6.68 ppm for Bi(“**PDP"?)
Br. Additionally, the downfield shift of the central pyridine
proton H-1 of Bi(“"PDP“™)Br against Bi(°*°PDP°™)Br by
AS = 0.14 ppm, underlaid in green in Fig. 2, implies electronic
delocalization across the entire PDP*>~ ligand, as even spatially
remote substituents exert an influence on the location of the
H-1 resonance. Notably, the heterosubstituted complexes
with R; # R, possess different resonance shifts with larger
downfield shifts of the H-6 resonance for Bi(°™*PDP"*)Br
compared to Bi(““*PDP®™¢)Br. We note in this vein a larger
similarity between the pairs with the same R; substituent.
Our findings are thus at odds with those of Zhang et al., who
had reported that the R, substituent exerts a larger influence
on the electronic properties of homoleptic Zr*" complexes
Zr(*'PDP®?), than the substituent R;.** Compared to our pre-
viously reported reference system Bi("PDP")Br with R, =R, =
H,” the differences in resonance shifts are similarly pro-
nounced for the bis(trifluoromethyl)-substituted congener Bi
(°**PDP**)Br (AS5(H-6) = —0.17 ppm) and the di -OMe sub-
stituted system Bi(°™°PDP°™¢)Br (AS(H-6) = +0.15 ppm),
despite the larger electron-withdrawing capabilities of the
-CF; substituent (6,-CF; = +0.53) when compared to the elec-
tron donating effect of the -OMe substituent (c,-MeO =
-0.27).¢

UV-Vis absorption studies

The UV-Vis absorption spectra of the present complexes in
THF solution are illustrated in Fig. 3, with pertinent data com-
piled in Table 1. For clarity, the spectra have been normalized
to the HOMO-LUMO transition at approximately 500 nm,
which is responsible for the deep red colour of these
compounds.

Qualitatively, the UV-Vis absorption spectra for the bismuth
complexes are similar and exhibit several bands in the UV
region of the spectrum with absorption maxima ranging from
300 to 427 nm. These bands are assigned to ligand-centred
transitions (vide infra), except for the band at ca. 500 nm,
corresponding to the HOMO-LUMO transition. Supportive of
this assignment are the UV-Vis spectra of the ligands, which
exhibit two transitions in the UV ranging from 308 to 339 nm
for the high-energy transition, and 337 to 382 nm for the tran-
sition at lower energy, and lack the prominent LMCT band at
>500 nm that the complexes display. The wavelength of this
lowest-energy band shows a systematic shift from 501 to
535 nm, from electron-withdrawing to electron-donating sub-
stituents, in the order Bi(“**PDP“**)Br < Bi(“**PDP°™)Br < Bi
(*PDP™)Br < Bi(®™°PDP™)Br < Bi(°™°PDP°™)Br, with our

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Top: UV-Vis spectra of the four complexes, normalized to their
HOMO-LUMO transition in comparison. Bottom: shift of the HOMO-
LUMO band of the complex Bi(°™*PDP<"3)Br in differing solvents. Note
that the region between 650 and 658 nm is excluded due to the pres-
ence of an artefact of the experimental setup.

Table 1 Comparison of the UV-Vis absorptive properties of H,R'PDPR?
and Bi(R*PDPR?)Br recorded in solutions of THF at r.t

Compound Amax [nm] (; [x107> M~ em™'])
H,“"*PDP 328 (49.2), 370 (28.2)
H,"pDPOMe 339 (40.9), 377 (26.6)
H,°M°ppp"? 308 (45.1), 381 (26.6)

2
H,*MpDpPoM® 329 (32.9), 370 (26.7)
Bi(““*PDPC"?)Br 329 (26.8), 371 (15.0), 501 (6.0)
Bi(“"*PDP°M)Br 320 (23.7), 369 (14.9), 511 (8.6)
Bi(°™°PDP°")Br 312 (25.6), 387 (9.7), 526 (8.4)
Bi(°™°PDP°¢)Br 300 (23.5), 358 (15.7), 427 (5.6), 535 (7.4)

previously reported reference compound situated in between
the heterosubstituted systems.’ As is the case for the shifts in
the NMR resonance signals, a greater similarity is observed for
those systems bearing the same R, substituent.

Extinction coefficients ¢ reflect the intense red colour of
these compounds with values between 6.0-8.6 x 10> M™' em™
for the HOMO-LUMO transitions and values up to 26.8 x 10°
M~ em™ for the UV transitions. Noteworthy are the slightly
larger ¢, values for the HOMO-LUMO transition of the hetero-
substitued systems compared to the congeners carrying the
same substituents R; = R, (refer to Table 1). The ligands

Dalton Trans., 2025, 54, 9921-9929 | 9923
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absorb intensely in the UV with ¢, values ranging from 32.9 x
10* M~ em™ for H,®M*PDP™© to 49.2 x 10° M~ cm™ for
HZCFspDPCFs_

In agreement with the distinct charge-transfer character of
the HOMO-LUMO transition, the present bismuth complexes
Bi(*'PDP®*)Br display a distinct negative solvatochromism,
when measured in solutions of dry benzene, CH,Cl,, THF,
Et,0, DMF, pyridine and propylene carbonate (PC), as exem-
plarily shown for Bi(°*PDP“**)Br in the bottom panel of
Fig. 3. The remaining absorption spectra are available for
review in the ESI (Fig. S581). The use of different solvents
induces a dramatic shift of the HOMO-LUMO transition, com-
prising shifts of 2265 to 2600 em™" for the individual com-
plexes, and invoking colour impressions ranging from orange
(DMF, pyridine), over red (PC, THF, Et,0) and purple (CH,Cl,)
to blue (benzene). This bathochromic shift in non-polar sol-
vents indicates more polar electronic ground states, but coordi-
nation of donor solvents is assumed to play a role as well
based on studies on similar systems.>

TD-DFT calculations

In order to directly interpret the UV-Vis absorption spectra and
the emissive properties of these compounds, we performed
TD-DFT calculations using the Gaussian 16 program package.
Initial calculations using the PBEO functional delivered quali-
tatively satisfactory UV-Vis absorption spectra, with the
number of computed transitions matching the experimental
spectra, but consistently underestimated the energy of the
HOMO-LUMO transition by ca. 700 cm ™. We therefore specu-
lated that the MN15 functional might provide better results, as
this functional is known to provide broad accuracy even for
partial CT character by adding an additional degree of
Hartree-Fock exchange.*® Calculated and experimental spectra
for all four complexes are compared in Fig. S76 of the ESLT
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Fig. 4 provides rendered depictions and computed energies of
the HOMO and LUMO for all four complexes and the reference
system Bi("PDP")Br, including the electron density difference
maps (EDDMs) that directly evidence the LMCT character of
the HOMO-LUMO transition.

Based on the results of our TD-DFT calculations, we arrive
at four conclusions: (1) the LUMO has substantial contri-
butions from the metal ion and the halide ligand, resulting in
a partial LMCT character in particular for the HOMO-LUMO
transition. The CT character is however not wholly confined to
the latter excitation, as remaining transitions also possess a
small degree of bismuth involvement to the acceptor MO; (2)
for most transitions involving differently substituted phenyl
rings, electron density is shifted from the electron rich pyrro-
lide units and the anisyl rings to the bismuth, halide, and
phenyl rings substituted with the -CF; groups, so that each
transition has additional intraligand CT (ILCT) character; (3)
the HOMO and LUMO are both raised in energy by the incor-
poration of the electron-donating -OMe substituents, but the
extent of destabilization is greater for the HOMO; (4) generally,
the R, substituents contribute more to the relevant molecular
orbitals, in particular to the HOMO. These points are illus-
trated in Fig. 4, and a full overview of all relevant transitions is
provided for each complex in Fig. S77-S80 of the ESL.}

In addition to conclusions regarding the energy levels of
the MOs, the similarity between the pairs Bi(“**PDP**)Br and
Bi(°™PDP**)Br within the UV-Vis absorption data and the 'H-
and "C-NMR spectra becomes apparent from the larger calcu-
lated contribution of the R, substituents owing to better conju-
gation of that particular ring with the PDP backbone. Indeed,
in our TD-DFT calculations, the dihedral angle between the
pyrrolide and the corresponding phenyl ring is smaller by ca.
15° than that between the pyrrolide and the phenyl rings
bearing the R, substituent (refer to Table S16 in the ESIT
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Fig. 4 Left: energy levels of the HOMO (purple shaded area) and the LUMO (green shaded area) of the complexes Bi(R*PDP®?)Br, as well as depic-
tions of the respective MOs in light blue and white and the corresponding electron density difference maps corresponding to the underlying
HOMO-LUMO transition, with electron density loss in blue and electron density gain in red. Right: contributions of various fragments of the com-
plexes Bi(**PDPR?)Br to the HOMO and LUMO as determined by TD-DFT calculations. R, and R, denote the contributions of the phenyl rings carry-

ing the respective substituent.
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Table 2 Comparison of the emissive properties of H,*'PDPR? and Bi(**PDPR?)Br recorded in solutions of THF at r.t. or in 2-MeTHF at 77 K

Aexc, r.t//lexc, 77 K [nm] ﬂﬂu, rAt//iﬂu, 77 K [nm] iphos, 77 K [nm] Tflu, m/‘fﬂu, 77 K [HS] Tphos, 77 K D /P77 [%]
H, FpppCrs 330, 372/335, 375 416/406 536 2.3/2.5 0.7 s 5.8/67.3
H,“"*pDPMe 339, 378/345, 386 424/418 547 2.5/2.8 0.4s 33.5/73.0
H,°MepDpPF 314, 381/317, 393 433/420 548 1.3/2.8 0.4s 17.9/62.4
H,°MepppOMe 330, 371/334, 376 426/418 541 1.4/2.9 0.9s 20.4/76.2
Bi(“PDP°™)Br 348, 385, 509 n.a. 602 n.a. 65 (56%), 35 (44%) ps  n.a./18.5
Bi(°"*PDP°™)Br 329, 380, 513 n.a. 621 n.a. 74 (31%), 33 (69%) us  n.a./3.9
Bi(°™°PDP")Br 318, 398, 524 n.a. 640 n.a. 57 (24%), 25 (76%) us ~ n.a./1.7
Bi(®™°PDP°M)Br 316, 386, 516 n.a. 641 n.a. 123 (13%), 51 (87%) pus  n.a./1.1

which summarizes the values for the dihedral angles as
derived from DFT optimized structures). This distortion is also
reflected in the solid-state structure of Bi(°™“PDP“**)Br, as
well as in the solid-state structures of the ligands (see below
and refer to Table S10 within the ESIY).

Photoluminescence measurements

Photoluminescence spectra were recorded at 77 K in glassy
matrices of 2-MeTHF for the bismuth complexes Bi(*'PDP®?)
Br and additionally, in THF solution at r.t. for the ligands.
Select spectra are compiled in Fig. 5 and remaining data,
including the biexponential fitting of the phosphorescence
decay traces, is provided in Fig. S59-S62 of the ESL.f Table 2
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Fig. 5 Emission (dotted line, darker shaded area) and excitation spectra
(dashed line, lighter shaded area) for the phosphorescence emission of
the complexes Bi(R'PDPR?)Br in 2-MeTHF at 77 K. The excitation and
detection wavelengths are marked by vertical dotted or dashed lines,
respectively.
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summarizes extracted values for emission maxima, lifetimes
and quantum yields of all complexes and their respective
proligands.

For the ligands H,*'PDP®* at r.t. we observe blue fluo-
rescence with maxima ranging from Agy, ¢ = 416 to 435 nm
and fluorescence lifetimes in the nanosecond range (<3 ns).
Quantum yields range from ®q, .. - 5.8% for H,"*PDP** to
33.5% for H,“"*PDP®™¢, At 77 K, the ligands display primarily
fluorescence, although a low-intensity phosphorescence may
be found in the tail end of the fluorescent emission. Due to
the partial overlap with the much more intense fluorescence,
accurately determining exact maxima of this emission is
difficult (¢f Fig. S68-S757), but time-resolved emission spec-
troscopy (TRES) measurements allowed the separation of the
fluorescence and phosphorescence components (c¢f Fig. S74,
S79, S84 and S89 of the ESIt). Colour impressions of the phos-
phorescence emission range from yellow for H,“"*PDP"* to
orange for H,”V“PDP™°. Lifetimes 7,05, 77 « lie in the range
of several hundred milliseconds, and the combined quantum
yields @,7 x = @qy, 77 k + Pphos, 77 x Surpass those measured at
r.t. with values between 62.4% and 76.2% (cf. Table 2).

In accordance with previous work on similar systems,’ the
present bismuth complexes Bi(*'PDP**)Br are non-emissive at
r.t. in deaerated solutions of THF and in the solid state. When
irradiated at cryogenic temperatures in glassy matrices of
2-MeTHF however, red phosphorescence with emission
maxima >600 nm and phosphorescence decay rates in the
microsecond range are observed. The appearance of phosphor-
escence emission upon coordination of the ligand to the
bismuth ion is undoubtedly due to the large SOC constant of
the bismuth ion, which accelerates ISC.

The phosphorescence emission maxima Ae, within this
series of bismuth complexes range from 602 nm for
Bi(“"*PDP“"*)Br to 642 nm for Bi(®™°*PDP°™®)Br, reflecting the
differing electron-withdrawing or -donating character of the
substituents, and mirroring the trends in the absorption
spectra. This stands in contrast to previous work on pyridine-
dipyrrolide complexes of bismuth and zirconium,>** for which
no clear trend between absorption and emission maxima
could be observed upon introduction of differing substituents
at either the R, or R, position. Despite the pronounced batho-
chromic shift of the emission maxima of 1010 em™" from
Bi(“"*PDP“"*)Br to Bi(®™°PDP°™°)Br, the phosphorescent
emission invokes a very similar colour impression of bright

Dalton Trans., 2025, 54, 9921-9929 | 9925
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red to the naked eye (¢f Fig. S63f for the chromaticity
diagram). As can be derived from the excitation spectra, phos-
phorescence is triggered by irradiation into any absorption
band of a complex (Fig. 4).

Slight discrepancies between the excitation and absorption
spectra, not entirely attributable to the difference in solvent of
THF vs. 2-MeTHF, are due to the rigidochromic effect. For the
present compounds, the HOMO-LUMO transition at 77 K is
shifted compared to r.t. by 313 to 688 cm™'. This is far less
pronounced than in our previous report® on similar bismuth
complexes, for which the rigidochromic effect led to shifts of
up to 1300 cm™*.°

In each instance, phosphorescence decay rates are biexpo-
nential with lifetimes 7pp,s ranging from 25 to 51 ps for their
shorter-, and 57 to 123 ps for their longer-lived component.
The contribution of the long-lived component decreases with
increasing electron density within the PDP*>~ system, so that
the ordering Bi(“*PDP“)Br < Bi(“*PDP°M)Br < Bi
(°MPDP*)Br < Bi(®™°PDP°™)Br applies. We note a consist-
ent trend in the differences between absorption and emission
maxima, the former derived from excitation spectra, with
Acme-exe Values ranging from 3035 cm™ to 3779 cm™" with an
increase in the order Bi(“**PDP*)Br < Bi(“**PDP°™*)Br < Bi
(°™ePDP")Br < Bi(°™°PDP°™)Br. These shifts are slightly
lower than those of other literature-known bismuth com-
plexes,® but the long lifetimes in the microsecond range and
the complete quenching at r.t. confirm the phosphorescent
nature of this emission.

Intrigued by the emissive properties, and curious to see
whether the anticipated enhancement of the CT character
through the -CF; substituents would reflect itself on the inten-
sity of the emission, we measured the phosphorescence
quantum yields of the four complexes at 77 K. Indeed, in those
complexes in which the methoxy substituents oppose the
MLCT character of the phosphorescence transition, the
quantum yields are considerably lower with 1.1% and 1.7% for
Bi(°™°PDP°™*)Br and Bi(®V°PDP°*)Br. In the complexes in
which the —-CF; substituents enhance the MLCT character, the
quantum yields are higher with 3.9% for Bi(“**PDP°™¢)Br and
18.5% for Bi(“**PDP**)Br.

In light of the insights provided by TD-DFT calculations
(vide supra), the origin of the phosphorescent emission may be
attributed to the MLCT character of the excited state, and bis-
muth’s propensity at facilitating ISC through the HAE. In
addition, it has been shown that incorporation of the bismuth
central ion into the HOMO-LUMO transition promotes
phosphorescence,’® and accordingly, the bismuth contri-
bution to the LUMO was calculated to lie between 28-34% for
the four complexes described herein.

Solid state structures

We succeeded in growing single crystals suitable for single-
crystal X-ray diffraction of all ligands and the complexes Bi
(°™ePDP"*)Br and Bi(“"*PDP®**)Br. Fig. 6 shows the ORTEPs,
and details pertaining to data collection and structure refine-
ment parameters are provided in the ESI as Tables S3-S9.
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H, "PDP™® x Cg¢Hg crystallizes in the monoclinic space
group C2/c with two halves of two ligands and half a benzene
solvent molecule within the asymmetric unit, while 2
H,°™PDP " and 2 H,“"*PDP°™¢ x 4 CHCI, crystallize in the
triclinic space group P1 with the asymmetric unit comprising
of two associated ligands and, in the latter case, four CHCl;
solvent molecules. H,°™*PDP°™* x CH,Cl, again crystallizes in
the monoclinic space group C2/c with two halves of two
ligands and one CH,CIl, solvent molecule. With the exception
of 2 H,®*PDP™, all ligands crystallize as mutually H-bonded
dimers with H-bridges between the pyrrole protons and the
pyridine nitrogen atoms. To enforce this interaction, the pyri-
dine-dipyrrolide backbone distorts to some degree between the
pyrrolide and the pyridine rings as quantified by the dihedral
angles Oppp, highlighted exemplarily in blue in Fig. 6 for 2
H,°MPDP"®. These values comprise @ppp(N1-C3-C4-N2)
—8.4(6)°, Oppp(N3-C24-C25-N4) = —14.7(5)° for H, *PDPF?
CeHs, Oppp(N2-C3-C4-N1) = —16.1(4)°, Oppp(N2-C23-C24-N3)
—23.6(4)°, Gppp(N5-C64-C65-N6) = —10.3(4)°, and Gppp(N5-
C44-C45-N4) = —20.1(5)° for 2 H,“*PDP°™® x 4 CHCl,, and
Oppp(N1-C3-C4-N2) = 16.98(18)° and 6ppp(N3-C20-C21-N4) =
12.05(19)° for H,°™PDP™€ x CH,Cl,. As an outlier, molecules
are stacked on top of one another in the solid-state structure
of H,®™°PDP"?, enabled by the comparative planarity of the
pyridine-pyrrolide system and the ansiyl rings with Oppp(N2-

X

C23-C24-N3) = -7.0(3)°, Bppp(N2-C3-C4-N1) = —8.3(3)°,
Oppp(N5-C44-C45-N6) = —0.3(3)°, and Oppp(N5-63-C64-N4) =
1.0(3)°.

For all ligands, the R, substituents are tilted only slightly
out of plane of the respective pyrrole unit to which they are
attached, with angles ranging from 6, = —23.8(6) to 0.0(4)°
(exemplarily highlighted in red in Fig. 6). In contrast, R, sub-
stituents are tilted considerably against the pyrrole units with
torsion angles (green in Fig. 6) between 6, = —44.1(4) to —79.9
(4)° and 46.7(11) to 90.0(6)°. The larger angles for the R, ring
are presumably the source of the similarity between the pairs
of compounds carrying the same phenyl ring R;, ie.
H,°"PDP ™, H,“™PDP°™® on the one hand, and
H,°™°PDP " H,°°PDP°™* on the other, with respect to their
'H- and "C-NMR shifts and photophysical properties (see
above). Table S10 of the ESI} summarizes all values for the di-
hedral angles between the two phenyl rings and the respective
pyrrole to which they are bound as obtained from single-
crystal X-ray diffraction studies.

Mirroring the behaviour of the corresponding ligand, 2 Bi
(°™PDP**)Br x THF crystallizes in the triclinic space group
P1 with two molecules within the asymmetric unit and one
THF solvent molecule. The two molecules Bi1(®™“PDP**)Br
and Bi2(°M°PDP**)Br in the asymmetric unit differ in the
orientation of the methoxy substituents, which are one anti,
one syn for molecule 1, or both anti for molecule 2 (see the
bottom panel of Fig. 6). For both of the molecules of Bi
(°M°PDP*®)Br, the bismuth central ion coordinates to the pyr-
rolide atoms N1, N3/N4, N6, as well as the pyridine nitrogen
atoms N2/N5 and the bromido ligands Br1/Br2. The two inde-
pendent molecules of Bi(°®™*PDP“**)Br within the unit cell
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H,CF3PDPCF3 x CgH, 2 H,°F*PDP™e x 4 CHCl,

Bi1(°"°PDP°F)Br

Bi2(°"*PDP°"3)Br x THF

2 Bi(°*PDPC3)Br x THF

Bi(*"*PDP°F)Br x THF

Fig. 6 Top: ORTEPs obtained for the solid-state structures of proligands H,R'PDPR2. Thermal displacement ellipsoids are at the 50% probability
level, with the exception of H,“F*PDPSF® x CgHg, which is set at 30% for clarity. Angles discussed in the text are highlighted using one molecule
within the asymmetric unit of H,°MePDPF® as an example. The co-crystallized CH,Cl, solvent molecule within the solid-state structure of
H,°MepDPPMe % CH,Cl, has been omitted for clarity reasons. Bottom: ORTEPs obtained for the solid-state structures of the two independent
complex molecules of Bi(°™PDPF)Br present within the unit cell and ORTEPs for the solid-state structure of Bi(“™*PDP<"3)Br. Thermal displace-
ment ellipsoids are displayed at the 50% probability level. Angles discussed in the text are highlighted using one molecule within the asymmetric unit

of 2 Bi(°M*PDP<"3)Br x THF as an example.

associate as dimers via short Bi---C contacts to pyrrolide or
anisyl C atoms of the adjacent molecules (d(Bil---C67) =
3.444(11) A, d(Bi1---C68) = 3.102(12) A, d(Bi1---C69) = 3.500(11)
A, d(Bi1---C74) = 3.578(11) A; d(Bi2---C27) = 3.209(12) A,
d(Bi2---C28) = 3.288(10) A, and d(Bi2---C29) = 3.364(10) A), and,
in the case of molecule 1, by an additional interaction with the
pyrrolide N atom of molecule 2 of d(Bil---N4) = 3.377(10) A.
These contacts are by 0.122 to 0.598 A shorter than the sum of
the van der Waals radii of the interacting atoms. The close
proximity of the two molecules allows for additional C-H---x
interactions of d(C80---H025) = 2.861(17) A between the CF,
substituted aryl rings R, as well as a C-H---n interaction of
d(C1---H023) = 2.871(15) A between the central pyridine ring
and one of the R, rings. The dimers associate with their neigh-
bours by pairwise hydrogen bonds of the bromido ligands

This journal is © The Royal Society of Chemistry 2025

with a pyridine H-atom (d(Bri---H11) = 2.930(3) A), which are
mutually enforced by additional C-H---m interactions of
d(C77---HO01u) = 2.755(17) A between C atom C77 and HO1u as
well as by n-stacking interactions between the roughly coplanar
pyridine and pyrrolide rings of d(C42---C45) = 3.311(16) A on
the one side, or by weaker hydrogen bonds d(Brl---H02p) =
3.010(3) A with a methoxy proton.

Bi(“"*PDP"*)Br x THF crystallizes in the triclinic space
group P1. with one coordinating THF solvent molecule (cf
bottom of Fig. 6). The coordination geometry can be described
as distorted octahedral with the bromide and coordinated
solvent molecule and the pyrrolide atoms N1 and N3 in trans
position to one another, respectively. The remaining positions
are filled by the pyridine nitrogen atom N2 and a fluorine
atom of a neighbouring molecule’s CF; group, which resides
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trans to the pyridine N2 with d(Bi1---F7) = 3.382(4) A. The
bismuth lone pair induces a slight variance from the ideal
180° angle between Brl and O1, which is instead 6(O1-Bil1-
Br1l) = 164.25(7)°. The presence of the bismuth lone pair is
further evidenced by a smaller angle N3-Bi-O1 = 80.04(10)°
compared with N1-Bi-O1 = 95.5(1)°. Neighbouring molecules
of Bi(“*PDP*®)Br within the solid state structure associate
via n-stacking of one side of the PDP*~ unit with short contacts
d(C1---C4) = 3.311(5) A, and d(C2---C3) = 3.329(5) A. This
association is supported by an additional C-H::-n interaction
of d(C36--H16) = 2.761(4) A. Other interactions consist of
arene-H---F and interactions between the hydrogen atoms
belonging to the coordinated THF solvent molecule and the
CF; fluorine atoms.

As for the ligands, all bond lengths and angles compare
favourably to those of other literature-known bismuth com-
plexes bearing PDP*" ligands.>***°

Conclusions

Four new complexes Bi(*'PDP**)Br with dianionic pyridine-
2,6-bis(2"-pyrrolide) pincer ligands, modified with electron-
donating (-OMe) or -withdrawing (-CF;) substituents at the
pyrrolides, were successfully synthesized and characterized. At
cryogenic temperatures, these complexes emit red phosphor-
escence with biexponential decay curves and lifetimes in the
range of microseconds, while the respective proligands
H,®'"PDP®? exhibit primarily fluorescence and very weak phos-
phorescence at 77 K with lifetimes in the range of several
hundred milliseconds. The sole presence of phosphorescence
in the complexes compared to the ligands attests to the capa-
bility of the Bi*" ion to induce ISC and populate excited triplet
states. In addition to shifting the emission wavelength from
602 nm to 641 nm by variation of substituents, we observed a
profound increase in the phosphorescence quantum yield in
the systems with R, = CF; which we attribute of the enhance-
ment of the T; — Sy MLCT character through the introduction
of electron-withdrawing -CF; groups. The experimentally
observed negative solvatochromism and TD-DFT calculations
indicate a substantial LMCT character to the HOMO-LUMO
transition which is situated at ca. 500 nm in THF. Excitation of
this band causes electron density to shift from the ligand-loca-
lized HOMO to the LUMO, which is situated predominantly on
the pyridine ring and the Bi-Br antibonding orbitals. In
addition to providing valuable insight into the UV-Vis absorp-
tion data, the TD-DFT calculations explain the profound simi-
larities of the pairs with the same R; substituents in NMR
shifts, as well as the absorptive and emissive properties. From
the optimized structures obtained in the calculations, it
becomes apparent that the R, rings are tilted considerably
against the backbone of the PDP>~ pincer ligand, thereby
attenuating electronic participation of the substituents at this
phenyl ring, while the R, rings are better conjugated. These
findings are mirrored in the solid state structures of the ligands
and the complexes Bi(°**PDP°™¢)Br and Bi(“**PDP*)Br.
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