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The synthesis, characterization, and photophysical properties of a
family of pnictogen complexes Pn(DPP)I, bearing dipyridine pyr-
rolide (DPP™) ligands and with As, Sb, and Bi as the central atom
Pn are reported. Slight but systematic trends arising from the var-
iation in the atomic number are apparent in NMR and UV-vis
spectra. As confirmed by time-dependent density functional the-
ory calculations, the electron-rich DPP~ ligand endows the ener-
getically lowest-lying electronic absorption band with partial
DPP-to-Pn charge-transfer (ligand-to-metal charge transfer)
character. All complexes are phosphorescent at cryogenic

1. Introduction

Recently, the heavier main group elements are receiving increas-
ing attention for use as the central atom in devising photolumi-
nescent materials.! The interest stems from several favorable
attributes, such as high spin-orbit coupling (SOC) constants,
and their higher natural abundance and better affordability com-
pared to most transition metals, in particular the noble metals.”
Exemplarily, a number of studies have shown that incorporation
of iodine onto organic scaffolds may enhance intersystem cross-
ing (ISC) and provide access to excited triplet states.”™’ This pro-
pensity of heavy elements to accelerate ISC is known as the
“heavy element effect” or “heavy atom effect” (HAE), which is
rooted in the large SOC constants these elements inherently pos-
sess.” In addition, ISC may be enhanced if the respective heavy
element is engaged in the molecular orbitals (MOs) that contrib-
ute to the corresponding electronic transition.) In coordination
compounds of metal or metalloid main group elements, the cen-
tral ions possess the ability to act as either electron donors in
metal-to-ligand-charge transfer (MLCT) or as electron acceptors
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temperatures with high phosphorescence quantum yields of
®Dphos = 50.8 to 83.9% and lifetimes in the range of tens of micro-
seconds. In accordance with the heavy atom effect, merely
As(DPP)l,, the lightest representative of the three complexes
within this work, displays weak fluorescence. It also possesses
the shortest phosphorescence lifetime and the highest quantum
yield for 'O, generation. This is attributed to a higher degree of
covalent character of the Pn-ligand bonds and increased orbital
overlap as well as larger iodide contributions to the LUMO.

in ligand-to-metal charge transfer (LMCT) transitions. Thus, recent
years have seen a number of publications focusing on the com-
plexes of the group 13 and group 14 elements,”'*'**! as well as
the pnictogen elements As, Sb, and Bi.""

The elements across the pnictogen series display a wide vari-
ety of emissive properties. While photophysically active arsenic
compounds commonly act as pure fluorescence or dual fluores-
cence and phosphorescence emitters,”! complexes of antimony
and bismuth have been reported to display fluorescence,’® phos-
phorescence,*“* or dually emissive behavior.'” Despite the high
potential of both Sb and Bi for generating excited triplet states
through ISC, phosphorescence is often only observed at cryo-
genic temperatures, and the number of reports on pure phospho-
rescence emission at r.t. in solution remains rare.4<%2909411

A number of literature reports compare the luminescent
properties of Sb complexes with either their As or Bi congeners
(refer to Scheme 1A for a selection).”<”%'? Studies comparing the
photophysical properties of homologous series of compounds of
all three elements are more limited due to differing reactivity and
solubility across the pnictogens.” In one such study, Inaba et al.
reported on the emissive properties of the heavier pnictogen
analogs of carbazole (cf. Scheme 1A),""* which were shown to
be emissive at cryogenic temperatures. While the phosphorous
compound shows pure fluorescence, the arsole congener is
dually emissive with fluorescence and phosphorescence, whereas
the heavier stibole and bismole exhibit pure phosphorescence.”™
The impact of the heavy element effect was also studied at r.t. in
CH,Cl, for Pn(phenanthrenyl); with Pn = P, Sb, and Bi (far right of
Scheme 1A)."" These complexes were fluorescent with violet
ligand-centered emission. In these examples, the heavy element
effect was most apparent in the decreasing quantum yield from
the lighter to the heavier homologs."
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A Structures of select luminescent group 15 compounds
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Pn=Bi Hirayama 2017
Fujii 2022 Pn = Sb Kumar 2022 Inaba 2022 Lee 2005

B Select emissive complexes with DPP" ligands

Ri=R;=H R; = Me, Ln =La, Sm, Eu, Gd, Yb

R;=R,=Ph R, = CO,Me R, =R; = Me,

R;=Ph,R,=CN R; =Me, R, = CO,Me
Zhang 2024 McSkimming 2014 McPherson 2019

Scheme 1. A) Structures of select luminescent group 15 com-
plexes. B) Select emissive complexes containing ligands with the
DPP~ structural motif.

The propensity of bismuth to facilitate ISC in both NCN and
NNN pincer complexes has been reported in recent years.[°<°410!
It has previously been suggested that contributions of the bis-
muth atom to the molecular orbitals (MOs)volved in the lowest
energy transition are beneficial for efficient ISC.*9 Some of these
studies focused on the emissive properties of Bi complexes with
metal-centered ground states displaying MLCT character for their
lowest energy transition.“<*

We recently reported on the emissive properties of bismuth
complexes with LMCT-type character for their highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO) transitions. The ligand-centered ground state was
achieved by the use of electron-rich dianionic pyridine dipyrro-
lide (PDP?") ligands, and these complexes exhibited phosphores-
cent emission in the red region of the spectrum.””? Recently, the
PDP2~ ligand has been used in combination with indium in com-

plexes of the In(PDP)(DPP) type (cf. Scheme 1B). These
/\S//
I\=
NaOAc, catalyst NH,OAc
2  E— —_—
EtOH, reflux, 2 d 140°C,2h

compounds are fluorescent at r.t. in solution and were used as
photosensitizers for the photocatalytic reduction of carbon diox-
ide in concert with porphyrin complexes of Co, Ni, and Cu as the
catalysts."™™ The DPP~ ligand displays similar properties to the
PDP?~ ligand with regard to electron richness and rigidity and
may also endow its complexes with high emission quantum
yields. These favorable assets were already explored for the gen-
eration of fluorescent complexes of some lanthanides,"® main
group,™ and transition metal elements (Scheme 1B)."”
Exemplarily, the emissive properties of complexes bearing
ligands with the DPP~ structural motif have been explored in
combination with Ru?* (center of Scheme 1B), and these com-
plexes exhibit weak fluorescence in the blue region of the
spectrum.!'”

In this work, we aimed to combine the promising properties
of the DPP~ ligand with the pnictogen metalloids arsenic, anti-
mony, and bismuth and to investigate the influence of the
HAE of these three elements on the photophysical and emissive
properties of Pn(DPP)I, complexes. The iodide ligands were
employed to enhance the probability of ISC and to increase
the stability of these complexes toward hydrolysis.

2. Results and Discussion

The synthesis of the ligand 2,2’-(1H-pyrrole-2,5-diyl)bis(pyridine)
HDPP proceeded according to a modified literature procedure.'®
The synthesis starts from pyridine-2-carbaldehyde, which is sub-
jected to a Stetter-type reaction with divinyl sulfone, catalyzed by
3-benzyl-5-(2-hydroxyethyl)-4-methylthiazol-3-ium chloride in
order to obtain the diketone 1,4-di-2-pyridinyl-1,4-butanedione.
The latter was then subjected to a Paal-Knorr pyrrole synthesis
in neat ammonium acetate to give the proligand HDPP (see
Scheme 2). Complexes Pn(DPP)I, were then synthesized by
deprotonation of HDPP with potassium hydride under inert con-
ditions and subsequent reaction with the respective pnictogen
iodide species Pnl; to yield the complexes as bright orange
(As(DPP)I, and Bi(DPP)L,) or yellow (Sb(DPP)I,) powders in good
to excellent yields (see Experimental Section for full details).

In mass spectra, the complexes appear as their cationic forms
Pn(DPP)I*, having lost one iodide ligand during the ionization
process (cf. Figure S24, Supporting Information). Additionally,
the complexes were characterized by 'H- and '*C- nucelar mag-
netic resonance (NMR) spectroscopy in either dimethyl sulfoxide

lo,,
JPn\
R
N N 1. KH N”” |\ SN
% H oy 7 I 6
\ N N | - Pl > \ N N
S 3
\ / THF, rt. \ //2 5
4
1
HDPP Pn(DPP)I,
Pn = /s, Sb, Bi
this work

Scheme 2. Synthesis route pursued for the three complexes Pn(DPP)I, described within this work. The catalyst in the first step is

3-benzyl-5-(2-hydroxyethyl)-4-methylthiazol-3-ium chloride.
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(dmso)-ds or CD,Cl, owing to differing solubilities and stabilities.
While Bi(DPP)I, and Sb(DPP)I, are stable in dmso-d,, even in the
presence of residual water, As(DPP)Il, decomposes in less than 60
min (cf. Figure S23, Supporting Information) under the precipita-
tion of a yellow solid. This process seems to be related to the
water content in the solvent and occurs at a much slower rate
in dmso-dg that was dried over molecular sieves. We thus suc-
ceeded in recording 'H-NMR spectra of As(DPP)I, in dry dmso-
d¢ so that 'H-chemical shifts can be compared (cf. Table 1
and Figure S22, Supporting Information). The appreciably longer
times needed to record *C- and 2D-NMR spectra of As(DPP)I,
nevertheless led to partial decomposition in this solvent, so that
these data were recorded in dry CD,Cl,, in which the other two
complexes were practically insoluble. Overall, we observe an
increase in solubility from Bi(DPP)l, to As(DPP)l, while also
observing a parallel decrease in tolerance toward moisture.

In accordance with the decreasing electronegativity along the
pnictogen series, the 'H-NMR resonance signals are shifted
upfield from the heavier to the lighter congeners such that
the ordering As(DPP)I, > Sb(DPP)I, > Bi(DPP)I, applies to the
shift of all "H-NMR signals with the exception of H-7 adjacent
to the pyridinyl nitrogen atom (refer to Scheme 2 for atom num-
bering). The latter resonance remains rather invariant across this
series. Compared to the proligand, the resonance signal of proton
H-5 is affected the most by complexation, shifting from 7.78 ppm
to up to 8.27 ppm for As(DPP)I,. Table 1 summarizes all "H-NMR
shifts of the complexes Pn(DPP)I, in dmso-ds.

We were able to grow single crystals suitable for single-crystal
X-ray diffraction of Bi(DPP)I, by slow evaporation of tetrahydro-
furan (THF) from a saturated solution in this solvent. Bi(DPP)I,
crystallizes in the monoclinic space group C2/c with one molecule
of Bi(DPP)I, and 0.5 THF solvent molecules within the asymmetric
unit. Two molecules of Bi(DPP)I, associate as mutually
iodide bridged dimers with d(Bi1-11) =3.1148(5) A, d(Bi1-
12) = 2.9965(5) A, and d(Bi1...12’) =3.5221(4) A. The geometry
around the central bismuth ion can be described as distorted
pentagonal bipyramidal with the three nitrogen atoms of the
ligand, the iodine atom of a neighboring molecule and the oxy-
gen atom of the THF solvent molecule spanning the pentagonal
base of the pyramid while the iodine ligands occupy the apical
positions with £(11-Bi1-12) = 177.014(10) °. One should note here
that the THF ligand is located at a special position so that two
equivalent positions result, each with one shorter contact
d(Bi--0) = 3.072(7) A to one and an appreciably longer one of
d(Bi3.735(7) A to the other Bi atom. On average, it thus acts
as a bridging ligand. Coordination of the pyridinyl nitrogen
atoms of the ligand is confirmed by the bond lengths of

Table 1. 'H NMR shifts of the complexes Pn(DPP)I, in dmso-d.
HDPP Bi(DPP)I, Sb(DPP)I, As(DPP)I,
H-1 6.92 6.97 7.19 7.33
H-4 7.88 7.95 8.10 8.18
H-5 7.78 8.02 8.18 8.27
H-6 7.19 7.35 7.49 7.57
H-7 8.55 9.00 9.07 9.00

o

d(Bi1-N1) =2.527(4) A and d(Bi1-N3) =2.503(4) A, which are
shorter than the sum of the van der Waals radii, while the anionic
character of the pyrrolide central ring becomes evident from the
shortened bond length of d(Bi1-N2) = 2.182(4) A. In addition to
the dimeric coordination, the ligands exhibit z-stacking interac-
tions such that two pyridine rings are stacked on top of one
another and one pyridinyl is associated with the pyrrolide central
unit of another molecule (depicted in Figure 1). These interac-
tions then lead to the appearance of a zig-zag pattern of the
solid-state structure, if viewed along the b-axis (refer to
Figure S26, Supporting Information). Values for the bond lengths,
angles, dihedral angles, and short contacts are provided within
Table S1-S5, Supporting Information.

Intriguingly, degradation of As(DPP)I, in dmso is a selective
process, leading to one specific complex, besides small quantities
of the free proligand HDPP, as shown by NMR monitoring
(Figure S23, Supporting Information). We were able to isolate this
compound from the slow hydrolysis of As(DPP)I, in undried
dmso and succeeded in recording NMR spectra and growing sin-
gle crystals that lent themselves to X-ray diffraction. These studies
revealed the decomposition product to be a dicationic oxo-bridged
dimer with two triiodide anions, i. e., [{As(DPP)},(u-0)1*" 2 I~ (refer
to Figure 2 and Figure S27 and S28, Supporting Information). The
two DPP~ ligands of the cationic dimer are nearly coplanar within
this solid-state structure, with a tilt angle between the two pyrrolide
rings of 7.6(5)° and centroid to plane normal distance of 3.39(1) A.
The ligands are twisted slightly against each other with 6(N5-As2-
As1-N2) = 12.2(4) °, where N5 and N2 are the pyrrolide N atoms. The
nitrogen-arsenic bond lengths are considerably smaller for the
anionic pyrrolide nitrogen atoms with d(As1-N2) =1.877(11) A
and d(As2-N5) = 1.874(11) A than for the neutral pyridine donor
nitrogen atoms with d(As1-N3) = 2.196(10) A, d(As1-N1) = 2.287(10)
A, d(As2-N4) = 2.249(10) A, and d(As-N6) =2.228(9) A. The bridging
oxygen atom forms an angle of £(As1-O1-As2) =147.5(6)°. The
intermolecular interactions within this solid-state structure are

Figure 1. Structure of dimerically-associated molecules of Bi(DPP)
I, within the solid-state structure obtained from single-crystal
X-ray diffraction. The asymmetric unit is depicted in a bolder color
while the molecules not contained within the asymmetric unit are
shown in a paler color. The THF solvent molecule resides at a spe-
cial position, only one of which is shown. Refer to Figure S26,
Supporting Information, for a view of both orientations. The Oak
ridge thermal ellipsoid plot (ORTEP) is set to the 50% probability
level, and H atoms are omitted for clarity.
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[(As(DPP)),0F" 2 [I.]

Solid-state

Figure 2. Left: Structure of [{As(DPP)},(u-0)I>" 2 |57, the
decomposition product of As(DPP)Il, formed upon exposure to
dmso containing trace moisture. Right: Solid-state structure of
[{As(DPP)},(u-0)1*" 2 I;~ as obtained from single-crystal X-ray dif-
fraction with ORTEPs set to the 30% probability level and H atoms
omitted for clarity reasons.

dominated by iodine-iodine and hydrogen-iodine interactions
between |5~ iodine atoms and hydrogen atoms at the DPP~ ligands
(refer to Table $10, Supporting Information for the values) and one
As---C contact of d(As1--C10) = 3.588(12) A. These contacts lead to
the formation of channels of [{As(DPP)},(u-0)I*" ions within the
solid-state structure that are separated by ribbons of I3~ anions
(cf. Figure S28, Supporting Information for a depiction).

In addition to its solid state structure, we characterized this
compound via NMR spectroscopy in dmso-ds (see Figure S17-S21,
Supporting Information) and confirmed that the 'H-NMR shifts are
indeed identical to the product which forms from As(DPP)I, in
dmso-d; (refer to Figure S23, Supporting Information). As the con-
version of As(DPP)I, to [{As(DPP)},(u-O)I*" seems to be tied to the
water content of dmso, we assume nucleophilic substitution of
iodide ligands with formation of two equivalents of HI, which then,
according to the Bodenstein equilibrium, form |, and H,, the former
being trapped upon loss of the remaining iodide ligands from the
As atoms as triiodide ions.

2.1. UV-Vis Absorption and Time-Dependent Density
Functional Theory (TD-DFT) Calculations

UV-vis absorption spectra of the three complexes Pn(DPP)I, in
dsmo are provided in Figure 3; values for absorption maxima
and absorption coefficients are compiled in Table 2. For clarity
and ease of comparison, the absorption spectra are normalized
to the lowest energy transition within Figure 3.

The absorption spectra are nearly identical, yet a slight but
systematic redshift is observed with increasing atomic number
such that absorption maxima of the lowest energy transitions
lie at 409 nm for As(DPP)l,, at 417 nm for Sb(DPP)Il,, and at
427 nm for Bi(DPP)I,. This trend parallels the increasing Lewis
acidity of the respective central pnictogen, which may lead to
a greater stabilization of the partially metal-centered LUMO while
less affecting the energy of the ligand-centered HOMO, thus
reducing the HOMO-LUMO energy gap. In addition to the slight
bathochromic shift, the absorption coefficients follow the order-
ing As(DPP)I, > Sb(DPP)I, > Bi(DPP)l,, correlating with the
increasing molecular weights across this series.

1.2
As(DPP)I,

— Sh(DPP)I,
— Bi(DPP)I,

1.0 4
0.8+

0.6

0.4 1

normalized intensity [a.u.]

0.24

00 T T T - T T
300 400 500 600 700 800 900

wavelength [nm]

Figure 3. Comparison of the UV-vis absorption spectra of dmso
solutions of the three complexes Pn(DPP)l,. The spectra are nor-
malized to the HOMO-LUMO transition for clarity and ease of
comparison. The complexes appear yellow in color (cf. Figure S30,
Supporting Information for a photograph) as a result of the promi-
nent band at A, > 400 nm in the vis region of the spectrum.

Table 2. Comparison of the UV-vis absorptive properties of
Pn(DPP)I, recorded in solutions of dmso for Sb(DPP)I, and
Bi(DPP)I, or CH,Cl, for As(DPP)I, at r.t.

Amax [nm] (SA_ [ X 103 N|71 Cm71])

As(DPP)I1,? 343 (4.0),° 418 (10.7)
Sb(DPP)I,” 300 (8.1), 336 (5.0), 417 (10.2)
Bi(DPP)L,? 300 (9.8), 333 (7.1),9 427 (9.6)

din CH,Cly; Pin dmso; “shoulder absorption.

In order to aid in the interpretation of the UV-vis absorption
spectra, we performed quantum chemical calculations at the
TD-DFT level of theory on the complexes Pn(DPP)I,. These cal-
culations provide good agreement between computed and experi-
mental spectra in terms of oscillator strengths and energies.
Figure S37-S39, Supporting Information, provide the comparison
between calculated and experimental spectra. The full overview
of all relevant electronic transitions and the involved MOs is pro-
vided exemplarily for Bi(DPP)I, in Figure 4; equivalent depictions
for the lighter congeners are given as Figure S37-39, Supporting
Information. From the rendered depictions of the MOs of Bi(DPP)
I, (white and blue in Figure 4), it becomes evident that the
HOMO-LUMO transition has partial charge transfer (CT) charac-
ter, in which electron density is shifted from mainly the electron-
rich central pyrrolide unit of the DPP~ ligand to an acceptor
orbital which represents bismuth-halide s-antibonding and Bi-
N z-bonding interactions. The latter are mingled with intraligand
—n* transitions within the DPP~ chromophore as evidenced by
the electron density difference maps (EDDMs), where electron
density loss during the transition is marked in blue and electron
density gain in red color. Higher-energy bands at 333-343 and
300 nm correspond to CT excitations, in which electron density
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Figure 4. Left: Comparison of the experimental and calculated UV-vis absorption spectra of Bi(DPP)I, in dmso along with the relevant
calculated electronic transitions as red bars and the calculated wavelengths. The respective acceptor and donor MOs are shown in light
blue and white colors, and the corresponding EDDMs in red and blue, with electron density gain in red and electron density loss in blue.
The numbers in black represent the wavelengths of the experimentally detected electronic transitions, while light blue numbers denote
the TD-DFT calculated wavelengths. Right: MOs and EDDMs involved in the HOMO-LUMO transition of Sb(DPP)I, and As(DPP)I,.
Percentages provided at the LUMO correspond to the contributions as obtained from TD-DFT calculations. d(Pn—Nyoiiqe) bond lengths
as obtained from TD-DFT calculations are provided in blue color.

is shifted from the free electron pairs at the iodide ligands and the

12 F As(DPP)I,
pnictogen-iodide bonding orbitals to the DPP~ ligand. The large 1ol emission (390 nm)
similarity between the three representatives Pn(DPP)I, with Pn = 1 excitation (690 nm)
Bi, Sb, As becomes evident from the HOMO-LUMO transition, 08
which is depicted on the right side of Figure 4. Indeed, the char- 0.6 |
acter of every transition remains the same across the series, 04l
although the energies are shifted slightly. A minor difference 02 L
is the contribution of the respective pnictogen ion Pn®*" to, in 5 00 T
particular, the LUMO, which was computed to lie at 16% for S, 12|k Sb(DPP)I,

Bi** and As**, while the value for Sb*" is slightly larger at 18%. = 1ok —— emission (452 nm)
Additionally, the contributions of the iodide ligands to the LUMO % T 2 :‘" == - excitation (594 nm)
decrease along the series, from 21% for the LUMO of As(DPP)I,, to € 0.8 i I.' M "
16% in Sb(DPP)I,, and to 12% in Bi(DPP)I,. Contributions of every 3 06 / ]
molecular component are compiled for each of the complexes N o4 -“\.,.,'\j/ :
within Table $11-513, Supporting Information, and values for g 0.2 B : "
the LUMO are indicated in Figure 4. 9 ool—— b,
12 F Bi(DPP)I,
2.2. Photoluminescence Studies 10k . emission (450 nm)
| X h --=--excitation (630 nm)
. . . - ) o8| .t [
Figure 5 provides the photoluminescence emission and excita- L P! ,-~-’ !
tion spectra, while pertinent data are compiled in Table 3. 0.6 j""' lu i I.
Additional data, including the monoexponential fitting of the 04 'i.'! "
decay traces, are provided within Figure S31-S34, Supporting 02 L ’ |
Information. 0.0 L 1 , \
Upon irradiation of glasses formed from dilute solutions of 300 400 500 600 700 800 900

the complexes Pn(DPP)l, in 2-methyltetrahydrofuran (2-

wavelength [nm]
MeTHF) at cryogenic temperatures, we observe bright orange

to red emission (see Figure S36, Supporting Information for a
photograph). The latter is assigned as phosphorescence owing
to the large energy difference of AE.m exophos > 5000 cm™

Figure 5. Emission (solid line, darker shaded area) and excitation
spectra (dashed line, lighter shaded area) for the emission of the
complexes Pn(DPP)I, in 2-MeTHF at 77 K.
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Table 3. Comparison of the emissive properties of complexes
Pn(DPP)I, recorded in solutions of CH,Cl, at r.t. or in 2-MeTHF
at 77 K.

As(DPP)I, Sb(DPP)I, Bi(DPP)I,
Aemau [nM] 470%/466° na. na.
DE e excauw [cm™'] 2647%/1270 na. na.
Tau [ns] 2.4(1%), 0.48 (99%)? n.a. n.a.
Dqy [%] 2.1? n.a. n.a.
Aem,phos [NM]” 612 584 589
DEepm excphos [cm™']? 6650 5450 5244
Tohos [Ms]” 60 219 128
Dphos [%]” 62.8 83.9 50.8
D, [%]° 14 9 <1
3in CH,Cl, at r.t; ®Pin 2-MeTHF at 77 K; “in CHCl; at r.t. vs. TPP.

between the energetically lowest excitation and the emission
maxima. The emission shifts to higher energy in the order
As(DPP)I, < Sb(DPP)I, = Bi(DPP)I, (refer to Table 3). Further sup-
portive of the assignment as phosphorescence are the long life-
times extracted from time-resolved emission decay curves (cf.
Figure S31, S33, S34, Supporting Information), which range from
Tohos = 219 ps for Sb(DPP)I,, over 7yh,s = 128 ps for Bi(DPP)I,, to
Tphos = 60 ps for As(DPP)L. In further support of phosphorescence
emission, the emission from the triplet state was calculated to lie
at Aphoscalc =670nm for As(DPP)l,, at Aphoscalc =618 nm for
Sb(DPP)I,, and at Aphoscaic =600 nm for Bi(DPP)I,, which is in
good to excellent agreement with the experimental values.

Contrary to expectations, the As complex exhibits the shortest
luminescence lifetime. A possible rationale for this observation is
that computed iodide contributions to the LUMO of As(DPP)I, are
considerably larger than for Sb(DPP)I, and Bi(DPP)l,, while the
smaller ionic radius of As®" leads to smaller nitrogen pnictogen
bond lengths and a more covalent character of the Pn-ligand
bonds, and therefore, better orbital overlap between the
metal-centered excited state and the ligand-centered ground
state. This is reflected in the TD-DFT calculations in which the
Pn—N bond lengths within the optimized structures are d(As-
N2) = 1.853 A, while those of the heavier congeners are consid-
erably elongated with d(Sb-N2) = 2.074 A and d(Bi-N2) = 2.144 A.
These values compare favorably to Pn—Ngyoide bond lengths in
literature!® and to the experimental value of d(Bi1-N2) = 2.182(4)
A obtained for Bi(DPP)I, from X-ray diffraction. Thus, we assume
that the phosphorescence lifetimes of these complexes are gov-
erned by several effects: i) the orbital overlap between the Pn**
central atom and the N-donors, which increases as the bonds
become shorter, ii) the SOC constant of the Pn*' ion, and iii)
iodide contributions to the LUMO. The short lifetime of
Bi(DPP)I, in comparison with Sb(DPP)I, is likely governed by
the larger SOC constant of bismuth and the resulting ability of
Bi to overcome the spin-forbidden character of the T;-S,
transition.

Quantum yields for the phosphorescence emission at 77 K are
high with values ranging from @, =50.8% for Bi(DPP)I,,
Dphos = 62.8% for As(DPP)I,, and arriving at Qpnes =83.9% for
Sb(DPP)I,. This attests not only to the propensity of bismuth,
but also of the lighter representatives Sb*" and As** to induce

efficient ISC. As for previous studies, we assume that the partial
CT character of the HOMO-LUMO transition with the involvement
of the pnictogen ion in the electronic transition is important for
attaining efficient ISC. In the present complexes, the HAE of the
iodide ligand is also deemed to play a role.

A closer look at the emission of As(DPP)I, in 2-MeTHF at cryo-
genic temperatures reveals a second emissive feature with low
intensity between 400 and 550nm and a maximum at
Aem = 466 nm. This feature possesses a lifetime in the nanosecond
range, but it is too weak in intensity to measure the lifetime accu-
rately. We assign this emission to additional fluorescent emission
of the arsenic complex that the heavier congeners lack, owing to
their larger SOC constants and resulting higher ISC efficiencies. In
accordance with this assignment, we found As(DPP)I, to be
weakly fluorescent in dichloromethane solution at r.t. (refer to
Figure 6) with a maximum A¢mq, =470 nm, and a biexponential
lifetime of zq,,; = 0.5 ns (99%) and 7, = 2.4 ns (1%). Under these
conditions, the quantum yield for this emission lies at ®q, = 2.1%.
The rather large Stokes shift of 2647 cm™" is suggestive of large
structural differences between the ground and excited states. We
were unable to detect similar emissive features for either of the
heavier congeners in either CH,Cl, or dmso solution at r.t.

With view on the rather efficient ISC of all three compounds
as revealed by the large phosphorescence quantum yields at
cryogenic temperature and the lack or the weak intensity of fluo-
rescence emission in CH,Cl, solution at r.t., we measured the sin-
glet oxygen ('0,) quantum yields @, of the three complexes
Pn(DPP)I, at r.t. in CHCl; relatively to 5,10,15,20-tetraphenyl-
21H,23H-porphin (TPP) through the intensity of the 'O, phospho-
rescence emission. Corresponding spectra are supplied in
Figure 7.

We observe a systematic increase of @, across this series with
values ranging from ®, < 1% for Bi(DPP)l,, to ®,=9% for
Sb(DPP)I,, and arriving at ®, = 14% for As(DPP)I,. As evidenced
by the presence of '0,, the excited triplet state is indeed occu-
pied at r.t, but decays nonradiatively under these conditions. We
assume this occurs via a fast ISC process, in which the molecule
accesses excited vibronic levels of the singlet ground state and
decays from there via vibrational relaxation. This assumption
aligns both with the increasing SOC constants along this series,
as well as with the decreasing capability for 'O, generation.

';:' 12 F As(DPP),

S, 10 emission (400 nm)
>0 excitation (550 nm)
208

L

c 0.6

Q o4t

N r

T 02

§ 0 [ 1 1 1 1 . 1

8 300 400 500 600 700 800 900

wavelength [nm]

Figure 6. Emission (solid line, darker shaded area) and excitation
spectra (dashed line, lighter shaded area) for the emission
As(DPP)I, in CH,Cl, at r.t.
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Figure 7. 'O, quantum yield measurements of Pn(DPP)I, in com-
parison to 5,10,15,20-tetraphenyl-21H,23H-porphin (TPP). Spectra
were recorded from solutions in CHCl; at r.t. under excitation at
Aexe =421 nm.

3. Conclusions

Three new pnictogen complexes Pn(DPP)l, bearing the 2,2’-
(pyrrole-1-ide-2,5-diyl)bis(pyridine) ligand DPP~ were success-
fully synthesized and characterized. As(DPP)l, is sensitive
toward hydrolysis, delivering the oxo-bridged dicationic com-
plex [{As(DPP)},(u-0)I**, which was isolated and structurally
characterized as the triiodide salt. The three Pn(DPP)l, com-
plexes display systematic shifts in their '"H-NMR and UV-vis
absorption spectra in accordance with the decreasing electro-
negativity of the pnictogen atom. Experimental and TD-DFT cal-
culated electronic absorption spectra reveal a profound
similarity between the three complexes with partial CT character
for each transition. In particular, the HOMO-LUMO transition
possesses partial DPP~ to Pn>' ligand-to-metal charge-transfer
character with electron density shifting from the electron-rich
pyrrolide unit to the pnictogen-iodide antibonding and Pn-N
m-bonding LUMO. We found all three complexes to be phospho-
rescent in glassy matrices of 2-MeTHF at 77 K in the orange to
red range of the spectrum with high quantum yields, maximiz-
ing at Qpnos = 83.9% for Sb(DPP)I,. Phosphorescence lifetimes
Tphos lie in the range of 60-219 microseconds, with the highest
value for Sb(DPP)I,. Surprisingly, the lifetime of the phosphores-
cent emission of As(DPP)I, is the shortest within this series. We
conclude that the phosphorescence lifetimes of pnictogen com-
plexes do not solely relate to the SOC constant of the Pn* atom.
Instead, the orbital overlap as regulated through Pn—N bond
lengths and the contributions of the Pn atom and, in particular,
the iodide ligands to the involved MOs must be considered as
well. We found As(DPP)I, to be weakly fluorescent at both 77 K
and at r.t. in CH,Cl, solution, while the heavier complexes
Sb(DPP)I, and Bi(DPP)I, are nonemissive at r.t. This is attributed
to the large ISC efficiencies of both Sb** and Bi** through their
large SOC constants. Nevertheless, this study highlights the

capability of all three elements for generating phosphorescent
materials and as sensitizers for '0, generation.

4. Experimental Section

Synthetic Procedures: Syntheses of all compounds were carried out
according to modified literature procedures as detailed below, using
standard Schlenk techniques or a nitrogen-filled glovebox when
specified. Solvents (benzene, THF, CH,Cl,, and dmso) were dried over
a MBRAUN solvent purification system, kept over molecular sieves
(4 A), and stored under a nitrogen atmosphere prior to use. Water
contents were determined to be <2ppm using a Karl-Fischer-
Coulometer from SI Analytics in regular time intervals. Other solvents
(CD,Cl,, 2-MeTHF, dmso-ds) were dried and stored over molecular
sieves (4 A). Commercially available starting materials were used as
received.

'H- and *C-NMR Spectroscopy: 'H-NMR spectra were measured on a
Bruker Avance Il 400 spectrometer (By =400 MHz) at r.t. in CDCls,
CD,Cl,, or dmso-ds. >*C-NMR spectra were recorded on a Bruker
Avance Il 400 spectrometer (Bc=101MHz) in dmso-ds and
CD,Cl,. All spectra were referenced against the residual protonated
solvent ('H, 6 = 7.26 ppm for CHDCl,, and 2.50 ppm for dmso). NMR
spectra of As(DPP)I, and Sb(DPP)I, were recorded in custom-built
5mm boroeco 5-7 NMR tubes fitted with a J. YOUNG's Teflon cap
and an insert.

Mass Spectrometry: Mass spectra were recorded using an Agilent
6546 LC/Q-TOF spectrometer in the positive ion mode (flow rate:
0.5mL min~', source temperature: 320°C, and capillary voltages:
3500 V) with the direct injection of the CH,Cl, solutions.

UV-Vis Absorption Spectroscopy: UV-vis absorption spectra were
recorded on a TIDAS fiber optic diode array spectrometer, consisting
of a combination of MCS UV/Vis and PGS NIR instruments from j&m
Analytic AG. Extinction coefficients were measured using quartz cells
from Hellma Analytics with optical path lengths of 1cm, or in a
custom-built quartz cuvette with a vacuum valve, whereby the origi-
nal cuvette was a 1cm cell with a 221.01Qs tube purchased from
Hellma Analytics.

X-Ray Diffraction Analysis: Single-crystal X-ray Diffraction (SC-XRD)
was conducted on a STOE IPDS Il diffractometer from STOE &
Cie GmbH equipped with a graphite monochromator and a Cu
Ko-radiation source (K,=1.54186 A) at 100 K. The X-Area program
package was used for data processing, and absorption correction
was conducted both semiempirically and spherically. The structure
was solved with SHELXT® and the OLEX2™'" program packages.
All nonhydrogen atoms were refined anisotropically. Intermolecular
interactions were analyzed using the Mercury and OLEX2 program
packages. Deposition numbers 2449324 and 2454109 contain the
supplementary crystallographic data for this paper.

Quantum Chemistry: Quantum chemical calculations based on
density functional theory (DFT) employed the Gaussian 16 program
package.”® Geometry optimization was followed by vibrational anal-
ysis. All calculations were performed applying the polarizable contin-
uum model (SMD) in dmso.?! Electronic spectra were calculated at
the optimized ground-state structures by the TD-DFT method. In con-
junction with the Perdew, Burke Ernzerhof exchange and correlation
functional PBEO,*¥ the fully realistic small-core multiconfiguration
Dirac-Hartree-Fock-adjusted pseudopotential and the corresponding
set for Bi (ECP60MDF),* the RI-MP2 optimized auxiliary basis sets for
As,?% and the def2-QZVPP basis set for Sb,*”" LAN2DZ"® for iodine,
and 6-31(G)*” polarizable double-{ basis sets for the remaining
atoms were used. The GaussSum,*® Avogadro,®"’ GNU Parallel,*?
and vmd®¥ program packages were used in combination with
POV-Ray™* for data processing and graphical representations.
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Photoluminescence Spectroscopy: Excitation and emission spectra
and the respective lifetimes of the excited states were recorded with
the FluoTime 300 spectrometer from PicoQuant. All measurements
were performed in dry 2-MeTHF or CH,Cl, on solutions with an absor-
bance <0.1. Spectra at 77 K in 2-MeTHF were recorded in quartz
tubes. Spectra recorded at rt. were subjected to four freeze-
pump-thaw cycles prior to measurement to ensure that no quench-
ing through residual O, could take place. UV-vis absorption spectra
were recorded prior to and after measurements and compared to
guarantee no degradation during the measurement. Absolute quan-
tum yields were determined using an integrating sphere within the
FluoTime 300 spectrometer. Quantum yields at 77 K were measured
in 2-MeTHF in quartz tubes with an absolute quantum yield setup for
low temperatures using the A11238—02 Dewar and a C9920 02G
spectrometer purchased from Hamamatsu. Singlet oxygen quantum
yields were measured relatively to 5,10,15,20-tetraphenyl-21H,23H-
porphin (TPP), which possesses a singlet oxygen quantum yield of
®,=0.55 in CHCl; solution under air® using a previously reported
method.B®

Synthesis and Characterization: 2,2’-(1H-Pyrrole-2,5-diyl)bis[pyridine]:

7

N 8 N=
7 W N I
—
\ /, el

1

Sodium acetate (322mg, 3.92 mmol, 0.10 eq) and 3-benzyl-5-
(2-hydroxyethyl)-4-methylthiazol-3-ium chloride (1.06 g, 3.92 mmol,
0.10 eq.) were dissolved in EtOH (120 mL, dry, degassed) in a 250 mL
Schlenk flask and heated to reflux. 2-Pyridinecarboxaldehyde (3.7 mL,
39.21 mmol, 1.00 eq.) was added, turning the previously pale-yellow
solution dark blue. Divinyl sulfone (1.0 mL, 9.80 mmol, 0.25 eq.) was
added, resulting in a bright orange solution. The reaction mixture was
heated to reflux for 14 h, after which time a bright yellow precipitate
had formed. The reaction was cooled to r.t, and the precipitate was
collected via Biichner filtration. This precipitate was added to neat
ammonium acetate (75 g) and the mixture was heated at 140°C
for 2 h. The mixture was poured into distilled water (100 mL), and
the resulting dark brown aqueous phase was extracted with
CH,Cl, (techn. grade, 6 x 100 mL) until the organic phase was
colorless. The combined organic phases were dried over MgSO,,
and the solvent was removed in vacuo to yield a dark oil, which
was extracted with boiling n-heptane (techn., 3 x 100 mL). The
solvent was removed in vacuo to afford colorless crystals of
2,2'-(1H-pyrrole-2,5-diyl)bis[pyridine] (1.21 g, 5.45 mmol, 28%).

"H-NMR (400 MHz, 298 K, CDCl;) & [ppm] = 10.60 (s, 2H, H8), 8.52
(m, 2H, H7), 7.62 (vtd, *Juy = 7.9 Hz, “Jyy = 1.7 Hz, 2H, H5), 7.56
(vdt, 3Juy = 8.0 Hz, *Juy = 1.1 Hz, 2H, H4), 7.05 (ddd, *Jyy =79 Hz,
3)un=5.0Hz, “Jyy = 1.1 Hz, H6), 6.77 (d, *Juy = 2.8 Hz, 2H, H1).

As(DPP)L:

I,\

AsL 7
2N NN
| N |
~ N

\ Y

1

In a nitrogen-filled glovebox, 2,2'-(1H-pyrrole-2,5-diyl)bis(pyridine)
(150 mg, 677.9 pymol, 1.00 eq.) was dissolved in THF (4 mL, dry)
and added to KH (30 mg, 745.7 pmol, 1.10 eq.). The reaction mixture
was stirred for 36 h until the production of hydrogen ceased, afford-
ing a dark solution with a colorless, cloudy precipitate. The suspen-
sion was added to a solution of Asl; (308.9 mg, 677.9 umol, 1.00 eq.)
in THF (1 mL, dry), resulting in the immediate precipitation of an
orange solid. After 2 h, stirring was stopped and the precipitate
was allowed to settle. The precipitate was collected and washed with
THF (3 x 2mlL, dry). The residue was extracted with dry CH,Cl,
(2 x 10 mL) using a predried polytetrafluoroethylene (PTFE) syringe

filter. The solvent was removed in vacuo to give As(DPP)I, as a red—
orange solid in quantitative yield (372.17 mg, 677.9 pmol, 1.00 eq.).

"H-NMR (400 MHz, 298 K, CD,Cl,) 6 [ppm] = 8.74 (ddd, *J4y = 5.5 Hz,

Yun=10Hz, *Jyy=04Hz, 2H, H7), 810 (ddd, 3Jy=8.1Hz
3JHH =74 HZ, 4JHH =1.0 HZ, 2H, HS), 7.86 (th, SJHH =8.1 HZ,
4JHH =1.2 HZ, 2H, H4), 7.43 (ddd, BJHH =74 HZ, 3JHH =55 HZ,

“Jun = 1.2 Hz, 2H, H6), 7.18 (s, 2H, H1).

*C-NMR (101 MHz, 298 K, CD,Cl,) 6 [ppm] = 147.4 (C3), 144.4 (C7),
141.7 (C5), 135.4 (C2), 123.2 (C6), 120.4 (C4), 114.8 (C1).

ESI-MS C,,H;oNsAsl™ calculated 421.9130, found 421.9130.
Sb(DPP)I,:

L,

—"Sb‘\ ¢
7N |\|‘N’ Nye
= N NS5

\N/A

1

In a nitrogen-filled glovebox, 2,2'-(1H-pyrrole-2,5-diyl)bis(pyridine)
(150 mg, 677.9 pmol, 1.00 eq.) was dissolved in THF (4 mL, dry)
and added to KH (30 mg, 745.7 umol, 1.10 eq.). The reaction mixture
was stirred for 36 h until the production of hydrogen ceased, afford-
ing a dark solution with a colorless, cloudy precipitate. The suspen-
sion was added to a solution of Sbls (340.7 mg, 677.9 umol, 1.00 eq.)
in THF (1 mL, dry), resulting in the immediate precipitation of an
ocher solid. After 2 h, stirring was stopped and the precipitate
was allowed to settle. The precipitate was collected and washed
with THF (3 x 2mL, dry). The residue was extracted with dry
CH,Cl, (4 x 10 mL) using a predried PTFE syringe filter. The solvent
was removed in vacuo to give Sb(DPP)I, as a yellow solid in 95% yield
(384.02 mg, 677 umol, 0.95 eq.).

'H-NMR (400 MHz, 298 K, (CD1),SO) & [ppm]=9.07 (d, =
54 Hz, 2H, H7), 8.18 (ddd, *Juy = 8.0 Hz, 3 = 7.3 Hz, Y = 1.5 Hz,
2H, H5), 8.10 (dvt, Juy = 8.0 Hz, “Juy = 1.0Hz, 2H, H4), 7.49 (ddd,
3on = 7.3 Hz, ¥y = 54 Hz, “ys= 1.3 Hz, 2H, H6), 7.19 (s, 2H, H1).

*C-NMR (101 MHz, 298 K, (CD5),S0) J [ppm] = 148.8 (C3), 146.7 (C7),
141.6 (C5), 136.5 (C2), 122.2 (C6), 119.8 (C4), 114.1 (C1).

ESI-MS C,,H;oN5Sblt calculated 467.8952, found 467.8957.

Bi(DPP)I:
I

4

AN

_-Bis 7
7N I\.‘N, N6
S N NG

\N/ S

1

In a nitrogen-filled glovebox, 2,2’-(1H-pyrrole-2,5-diyl)bis(pyridine)
(150 mg, 677.9 pmol, 1.0 eq.)was dissolved in THF (4 mL, dry) and
added to KH (30 mg, 745.7 umol, 1.1 eq.). The reaction mixture was
stirred for 36 h until the production of hydrogen stopped, affording
a dark solution with a colorless, cloudy precipitate. The suspension
was added to a solution of Bil; (399.8 mg, 677.9 umol, 1.0 eq.) in
THF (1 mL, dry), resulting in the immediate precipitation of an orange
solid. After 2 h, stirring was stopped and the precipitate was allowed to
settle. The precipitate was collected and washed with THF (3 x 2 mL,
dry). The remaining workup was conducted under ambient conditions.
Extraction of the remaining solid with hot THF (3 x 25mL, dry)
afforded a bright orange solution. Removal of the solvent afforded
Bi(DPP)I, as a bright orange solid (38 mg, 56 umol, 8%). An additional
crop of Bi(DPP)l, was obtained from the THF supernatant of the
reaction mixture, which gave an orange precipitate of Bi(DPP)I,
within three days (181 mg, 264 umol, 39%), such that Bi(DPP)I, was
obtained in a total yield of 47%. Single crystals suitable for SC-XRD were
obtained by slow evaporation of saturated solutions of Bi(DPP)I,
in THF.
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"H-NMR (400 MHz, 298 K, (CD),SO) 6 [ppm] =9.00 (d, /4y = 5.5 Hz,
2H, H7), 8.03 (ddd, *Jiyy = 8.1 Hz, *Jyy = 7.2 Hz, *Jyy = 1.6 Hz, 2H, H5),
7.95 (dvt, *Jyy=81Hz, “yyy=13Hz, 2H, H4), 735 (ddd, >y =
7.2Hz, *Jyy=5.5Hz, Yy = 1.3 Hz, 2H, H6), 6.97 (s, 2H, H1).

3C-NMR (101 MHz, 298 K, (CD3),SO) 6 [ppm] = 152.7 (C3), 148.8 (C7),
144.5 (C2), 139.8 (C5), 121.0 (C6), 119.4 (C4), 113.7 (C1).

ESI-MS C,,H;oN5Bil* calculated 555.9718, found 555.9718.
[{As(DPP)}L(u-O)** 2 I5:

From an NMR sample of As(DPP)I, in inadequately dried dmso-de, we
observed decomposition into a second set of signals differing from
both As(DPP)I, and the free ligand HDPP. Additionally, a red color of
the solution was observed. Crystals suitable for SC-XRD of
[{As(DPP)},(u-0)1*" 2 I3~ were obtained from slow vapor diffusion
of hexane into the aforementioned solution in dmso-de. The identity
of the as-isolated, crystalline material with the product formed by
in situ hydrolysis follows from the identical sets of 'H and '*C
NMR resonances.

"H-NMR (400 MHz, 298 K, CD,Cl,) § [ppm] =848 (d, *Jiy = 5.5 Hz,
“Jun = 1.0Hz, >Jyy =0.5Hz, 2H, H7), 8.04 (ddd, )y =8.0Hz, )y =
7.5 HZ, 4JHH =15 HZ, 2H, H5), 7.75 (th, 3-/HH =8.0 HZ, 4JHH =1.0 HZ,
2H, H4), 7.29 (ddd, 3Juy=7.4Hz, 3Jyy=55Hz, “Jyu=1.1Hz, 2H,
H6), 6.84 (s, 2H, H1).

3C-NMR (101 MHz, 298 K, CD,Cl,) 6 [ppm] = 147.3 (C2), 144.0 (C7),
141.8 (C5), 134.6 (C3), 123.4 (C6), 119.6 (C4), 114.1 (C1).
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