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The syntheses of luminescent heterobimetallic ionic complexes based on the bis(phosphine)-functiona-
lized B-diketiminate ligand [HC{(CH=z)C},{(o-[P(CgH5s)2loCsH4)N},]™ (PNac) are reported. This orthogonal
ligand is characterized by its PNNP pocket, which contains both hard and soft donor sites and therefore
enables the selective coordination of two different metal ions in spatial proximity, significantly changing
the photoluminescent properties. Salt elimination reaction of [PNacK] with zinc chloride yields the mono-
metallic complex [PNacZnCl], in which the zinc ion is square-pyramidally coordinated within the PNNP
pocket. The introduction of the coinage metal ions Au', Ag' and Cu' into the PNNP pocket as a second
metal ion is achieved by simple complexation reactions using their corresponding weakly coordinating
anion (WCA) salts. In the resulting ionic heterobimetallic complexes [PNacZnCl(thf)MI* (M = Au, Ag, and

Received 25th April 2025,
Accepted 27th July 2025

DOI: 10.1039/d5dt00977d

Cu), the coinage metal ions are linearly coordinated by the two phosphine units, while the zinc ion is tetra-
hedrally coordinated at the diketiminate unit. The photoluminescent properties are significantly altered by the
spatial proximity of the two metal ions. Furthermore, the ionic gold—copper complex [PNacAuCu(MeCN)I*
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Introduction

In homo- or heterobimetallic systems, the presence of two
metal centers can result in unique luminescent properties that
may not be achievable in monometallic compounds, as a
result of cooperative effects."® In addition to influencing
photophysical properties, this cooperativity is also of great
interest for improving catalytic properties or increasing chemi-
cal reactivity.”"® One of the best-known examples of coopera-
tivity in catalysis is probably the multimetallic catalysts devel-
oped by Peris et al., based on triazolyldiylidene complexes with
Ir, Pd and/or Rh metal centers.®>'*™*° In addition, it is known
that complexes with metallophilic contacts often exhibit rich
photophysical properties. These metallophilic contacts are
influenced by the multimetallic scaffold, making cooperative
effects important in adjusting the luminescence properties of
multimetallic systems.”** In monometallic complexes con-
taining elements with high atomic numbers, such as gold, the
enhanced spin-orbit coupling (heavy metal effect) allows
efficient intersystem crossing (ISC) from excited singlet to
lower lying triplet states, resulting in phosphorescence from
these triplet states to the ground singlet state, typically with
emission decay times in the microsecond range.? In general,
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was isolated by introducing Cu' into the monometallic gold complex using the same method.

cooperativity within bimetallic systems can be categorized into
four types (Fig. 1): systems with direct contacts of metal-metal
bonds (A), systems with metallophilic interactions (B), com-
plexes in which the metal atoms are spatially separated by a
linker, (C) and those in which metals are brought into close
proximity by a rigid ligand (D).>**7

The fact that the photoluminescence properties of multime-
tallic complexes can be tuned by structural changes, such as
metal-to-metal distances and the combination of metals
involved, offers potential for applications in areas such as
OLED design and sensor technology.>*?* In order to specifi-
cally coordinate two different metal ions within the same
ligand framework, so-called orthogonal ligand systems must
be designed and synthesized.”® For the development of such
bifunctional ligands, Pearson’s principle of hard and soft
acids and bases (HSAB) can be applied.’*™® In particular,
coinage metals are known for their different behavior towards
hard and soft coordination sites.’>*"?%*" As the “softest”
cation, gold(1) prefers “soft” donors, while copper(i) as a
“hard” metal ion exhibits a strong affinity for “hard” donors;
silver(1) can coordinate to both “hard” and “soft” donors.*
Together with the structural design of the ligand systems in
terms of steric demands and spatial proximity of the donor
sites, specific arrangements of metal ions as well as direct
metal---metal interactions can be enforced.*> A suitable system
for the preparation of heterobimetallic systems is the bis
(diphenyl)phosphine-functionalized  f-diketiminato ligand
system [HC{(CH3)C},{(0-[P(C¢Hs),].CeH4)N},]~ (PNac), which
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Fig. 1 Bimetallic systems: (A) with metal-metal bond interaction, (B) metallophilic interaction, (C) bridged bimetallic compounds, and (D) spatial

proximity of metal centers driven by rigid ligands.>?

Fig. 2 Monoanionic PNac as an orthogonal ligand with hard nitrogen
(green) and soft phosphorous (pink) donor sites. 3243745

contains two “soft” phosphine donor sites and a “hard”
B-diketiminato donor site (Fig. 2). With this monoanionic
ligand, a wide range of monometallic compounds of various
transition metals and group 14 elements with different coordi-
nation modes as well as the neutral heterobimetallic group 11/
12 compounds has been recently reported.****™*

It is well known that in the condensed phase, packing
effects or interactions with counterions and solvent molecules
can have a considerable influence on the PL properties.*®™°
Herein, we present a synthetic protocol for ionic hetero-
bimetallic complexes of the PNac ligand with zinc and coinage
metals. The PL properties of these heterobimetallic com-
pounds were investigated in the solid state, in solution at low
temperature (77 K) and at ambient temperature. Compared to
the bimetallic neutral PNac complexes [PNacMZnCl,] (M = Ag,
Au),**"” we were interested in assessing how the altered
coordination environment around Zn influences the PL pro-
perties. Furthermore, the ionic nature of these compounds
could potentially allow PL studies to be carried out in the gas
phase.

Results and discussion

The monometallic compound [PNacZnCl] (1) was synthesized
by in situ deprotonation of the proligand PNacH by using pot-
assium bis(trimethylsilyl)amide, followed by subsequent salt-
elimination reaction with zinc chloride (Scheme 1). Crystals of
1 suitable for single-crystal X-ray diffraction analysis were
obtained by layering the tetrahydrofuran (THF) solution with
n-pentane.

In compound 1, the zinc ion is located within the PNNP
pocket of the PNac ligand and adopts a square-pyramidal
coordination due to an additional chloride ion (Fig. 3). This
coordination geometry is comparable to that of other tran-
sition metal complexes of the PNac ligand (Fe", Co", Ni"") with
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Scheme 1 Synthesis of the monometallic compound [PNacZnCl] (1).

Fig. 3 Molecular structure of [PNacZnCl] (1) in the solid state with ellip-
soids drawn at 50% probability. Hydrogen atoms and non-coordinating
THF molecules are omitted for clarity. Selected distances [A] and angles
[°]: Zn-Cl1 2.2106(12), Zn-P1 2.6053(13), Zn—-P2 2.6029(14), Zn-N1 2.038
(4), Zn—-N2 2.046(3); P1-Zn—-P2 105.84(4), N1-Zn—-N2 90.32(14), N1-
Zn-P174.64(10), and N2-Zn-P2 73.63(11).

a coordinating chloride anion.*>*® In the *'P{'H} NMR spec-
trum of compound 1, one singlet resonance was detected at
6 = —26.6 ppm, which is slightly high-field shifted compared
to the proligand (§ = —14.5 ppm).**

To obtain the target ionic bimetallic complexes of the
general formula [PNacZnCl(thf)M][WCA] (2: Au, 3: Ag, 4: Cu;
WCA = weakly coordinating anion), the monometallic zinc
complex 1 was reacted with one equivalent of the corres-
ponding coinage metal salts [Au(tht),][SbF¢] (tht = tetrahy-
drothiophene), AgSbF and [Cu(MeCN),][PF¢] (Scheme 2). This
type of insertion of a coinage metal cation between the two
phosphine units in the PNac scaffold is possible because the
soft phosphine donors coordinate less preferentially to the
hard zinc ion than the hard nitrogen donors. After filtration of
the reaction mixture, single crystals of the respective com-
pounds were obtained by slow evaporation for 2 and 3, or by
layering the THF solution with n-pentane for 4. While the
monometallic precursor 1 crystallizes in the monoclinic space

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Syntheses of ionic bimetallic compounds [PNacZnCl(thf)Aul[SbFg] (2), [PNacZnCl(thf)AglISbFe] (3) and [PNacZnCl(thf)Cul[PFg] (4).

group P2,/n with one molecule in the asymmetric unit, com-
pounds 2-4 crystallize in the triclinic space group P1 with one
molecule in the asymmetric unit.

In the three isostructural bimetallic complexes (Fig. 4), the
coinage metal ion is coordinated almost linearly by both phos-
phine units, whereby a definite trend of increasing linearity
within the group 11 elements towards gold can be observed
(2: 175.27(4)°; 3: 167.95(8)°; 4: 158.50(3)°). The central zinc
metal is tetrahedrally coordinated by two N atoms of the PNac
ligand, one chloride atom and one THF molecule. Therefore,

the molecular structures are comparable to those of the
neutral bimetallic complexes [PNacMZnCl,] (M = Au, Ag),*?
except that the coordinating THF molecule replaces the chlor-
ide anion, which was in the trans-position to the coinage metal
ion. The M---Zn distance in compounds 2-4 increases within
group 11 from copper (2.7675(4) A) via silver (2.9649(11) A) to
gold (2.9709(5) A) as expected due to the increasing ionic radii.
The large difference between the M:.-Zn distance of com-
pounds 3 and 4 (0.1974 A) could be attributed not only to the
increase in ionic radius but also to a bridging effect of the

Fig. 4 Molecular structure of [PNacZnCl(thf)Aul[SbFg] (2) (left), [PNacZnCl(thf)Agl[SbFe] (3) (center) and [PNacZnCl(thf)Cu][PF¢] (4) (right) in the
solid state, with ellipsoids drawn at 50% probability. Hydrogen atoms, counterions and non-coordinating THF molecules are omitted for clarity.
Selected distances [A] and angles []: 2: Au---Zn 2.9709(5), Au—P1 2.3073(9), Au—P2 2.3033(9), Zn—N1 1.959(3), Zn-N2 1.971(3), Zn-Cl 2.1812(9), Zn-
01 2.051(3); P1-Au-P2 175.27(4), N1-Zn—-N2 96.38(12), Au-Zn-Cl 74.70(3), Au-Zn-01 177.48(8), and O1-Zn-Cl 102.91(9). 3: Ag---Zn 2.9649(11),
Ag-P1 2.413(2), Ag—P2 2.412(2), Zn—N1 1.952(6), Zn—N2 1.972(7), Zn—Cl 2.209(2), Zn—01 2.005(6); P1-Ag—P2 167.95(8), N1-Zn—N2 96.8(3), Ag—Zn-—
Cl1 67.88(6), Ag—Zn-01 172.6(2), and O1-Zn-Cl 104.9(2). 4: Cu---Zn 2.7675(4), Cu—P1 2.2262(7), Cu—-P2 2.2278(7), Cu---Cl 2.5245(7), Zn—N1 1.953(2),
Zn—-N2 1.949(2), Zn-Cl 2.2128(6), Zn—-0O1 2.001(2); P1-Cu—-P2 158.50(3), N1-Zn—-N2 97.35(8), Cu-Zn-Cl 59.68(2), Cu-Zn-01 167.15(6), and O1-

Zn-Cl1 107.76(6).

This journal is © The Royal Society of Chemistry 2025
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chloride ion, as compound 4 displays the smallest M-Zn-Cl
bond angle of 59.68°. In turn, the very small difference
between the M---Zn distance in compounds 2 and 3 (0.006 A)
could be attributed to possible metallophilic interactions.
Such interactions are not observed in the corresponding
neutral complexes [PNacMZnCl,] (M = Au, Ag), which exhibit a
significantly larger difference in the M..-Zn distance
(0.1147 A).*?

The *'P{'H} NMR signals of the compounds 2-4 strongly
differ in their respective chemical shifts and are low-field
shifted compared to the Zn complex 1 (§ = —26.6 ppm). The
phosphorus resonance of the phosphine donor units in com-
pound 2 was detected at § = 28.0 ppm, while in compound 3,
the phosphine signal was observed as two doublets at § =
—0.8 ppm (d, Jp107ag = 519.2 Hz, "Jp190ag = 600.0 Hz), and is
shifted to lower frequencies compared to that of 2. The phos-
phine signal of compound 4 is further high-field shifted at 6 =
—7.4 ppm. The chemical shifts of compounds 2 and 3 are
comparable to those of the corresponding neutral complexes
[PNacMZnCl,] (M = Au, Ag), which exhibit resonances at § =
25.7 ppm and § = —2.3 ppm, respectively.

In addition to the neutral group 11/group 12 complexes
[PNacMZnCl,],** a neutral gold-copper complex, [PNacAuCul],
is also known from the literature as the only reported example
of a bimetallic species containing only group 11 metals featur-
ing the PNac ligand.** Similar to the synthesis of complexes
2-4, the corresponding ionic bimetallic complex [PNacAuCu
(MeCN)]J[OTf] (5) was isolated by reacting equimolar amounts
of the copper salt [Cu(MeCN),][OTf] with the literature-known
monometallic gold complex [PNacAu] (Scheme 3). Suitable
crystals for single-crystal X-ray diffraction analysis were grown
by laying the filtered THF reaction mixture with n-pentane.
Attempts to obtain other heterobimetallic coinage metal com-
plexes, which are isostructural to 5, from [PNacAu] or [PNacAg]
were not successful.

Complex 5 crystallizes in the orthorhombic space group
Pnma with two half-molecules in the asymmetric unit. The
molecular structure of the non-disordered molecule is dis-
played in Fig. 5. The Aul.--Cul distance of 2.7161(10) A is
about 0.08 A longer than in the neutral complex [PNacAuCul]
with 2.634(2) A.>> The Au1-P1 (2.3121(14) A) and Cul-N1
(1.954(5) A) bond lengths are almost identical compared to the
neutral complex, while the P1-Au1-P1’ (172.48(8)°) and N1-
Cul-N1' (96.1(3)°) bond angles are about 3° and 0.5° larger,
respectively. The gold atom in complex 5 is slightly more line-
arly coordinated than in the ionic zinc complex 2. In the

Ph,P-Au=pph [Cu(MeCN),J[OTf] -Au- &
? 2 THF, tt, 16 h thh’jecw PR

C)
)\M\ M [OTH]
[PNacAu] 5

Scheme 3 Synthesis of the ionic bimetallic compound [PNacAuCu
(MeCN)I[OTf] (5).
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Fig. 5 Molecular structure of [PNacAuCu(MeCN)][OTf] (5) in the solid
state, with ellipsoids drawn at 50% probability. The crystal structure
shows certain disordered acetonitrile molecules. For reasons of clarity,
hydrogen atoms, counterions and non-coordinating solvent molecules
are not shown, but only the monomeric unit with the highest occu-
pation probability. Selected distances [A] and angles [°]: Aul---Cul 2.7161
(10), Aul-P1 2.3121(14), Cul-N1 1.954(5), Cul-N2 1.922(8), P1-Aul-Pl’
172.48(8), N1-Cul-N1" 96.1(3), Aul-Cul-N2 99.6(3), N1-Cul-N2
107.2(3), and N1'-Cul-N2 156.7(3).

neutral complex [PNacAuCul],** the copper ion in 5 exhibits a
trigonal planar coordination geometry. However, instead of an
iodide ion, an acetonitrile molecule occupies the free coordi-
nation site of the copper atom. The *'P{'H} NMR spectrum
shows the phosphine signal of 5 at § = 28.7 ppm, which is
comparable to that of the bimetallic neutral complex
[PNacAuCul] (§ = 27.1 ppm) and the monometallic precursor
[PNacAu] (6 = 28.6 ppm).

Photoluminescence properties

The bimetallic compounds 2-5 were investigated for their
photoluminescent behavior in the solid state and in THF solu-
tion in order identify differences between the neutral com-
plexes ([PNacMZnCl,] (M = Ag, Au), [PNacAuCul])***” and the
ionic complexes 2-4. The monometallic precursor 1 was also
studied in the solid state. This yellow solid exhibited cyan
photoluminescence at both low temperature (77 K) and room
temperature (298 K) (Fig. 6). The colorless to beige solids of
complexes 2-4 and their THF solutions exhibited blue photo-
luminescence at both low temperature (77 K) and room temp-
erature (298 K) (Fig. 7 and 8). Compound 5 is a yellow solid,
which also forms yellow THF solutions. These displayed yellow

— —— 77K hy=526nm| _
= b= 440nm| 2
s ——RT 1y,=560nm| &
z Aem=4600M [ 2
8 §
£ =
w
7 z
3
3 5
z z
T T T T 7 T T T T
300 350 400 450 500 550 600 650 700 750 800

Wavelength [nm]

Fig. 6 Solid-state photoluminescence (PL) emission and excitation
(PLE) spectra of monometallic complex 1 at 77 K (blue) and 298 K (red).
PL and PLE spectra were recorded at the specified wavelengths (1ex. and
Aem)-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Solid-state photoluminescence (PL) emission and excitation
(PLE) spectra of Zn" compounds 2—4 at 77 K (blue) and 298 K (red). PL
and PLE spectra were recorded at the specified wavelengths (e, and
Aem). Pictures of the compounds in daylight (DL) (left), under 254 nm UV
light (middle) at 298 K, and under 254 nm UV light at 77 K (right).
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Fig. 8 Photoluminescence (PL) emission and excitation (PLE) spectra of
Zn" compounds 2-4 in THF solution at 77 K (blue/green) and 298 K
(red). PL and PLE spectra were recorded at the specified wavelengths
(exc @and Aem). Pictures of the compounds in daylight (DL) (left), under
254 nm UV light (middle) at 298 K, and under 254 nm UV light at 77 K
(right).

to orange photoluminescence at both low temperature (77 K)
and room temperature (298 K) (Fig. 9).

The solid-state PL spectrum of the monometallic zinc com-
pound 1 exhibits a low-intensity emission band at short wave-
lengths (470 nm) at low temperatures (77 K), followed by a
broad emission band with a maximum at 525 nm and two
shoulders at 550 nm and 595 nm. Compounds 2-4 display
similar hypsochromic shifts in their emission bands compared
to their precursor 1, although their spectra differ significantly.
At low temperature, the bimetallic zinc-gold complex 2 exhi-
bits two emission maxima of different intensity at 435 nm and
490 nm. The long-wavelength emission maximum also lies in
the same region as the single emission band (460-580 nm) of
the neutral complex [PNacAuZnCl,],**> clearly showing the
differences between the two species. For the zinc-silver
complex 3, a single emission maximum at 440 nm is observed
at both low and room temperature. Furthermore, no additional
bathochromic shoulder is detected in comparison to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Photoluminescence (PL) emission and excitation (PLE) spectra of
5 in the solid state (top) and in THF solution (bottom) at 77 K (blue) and
298 K (red). PL and PLE spectra were recorded at the specified wave-
lengths (Aexc and Aem). Pictures of the compounds in daylight (DL) (left),
under 254 nm UV light (middle) at 298 K, and under 254 nm UV light at
77 K (right).

neutral complex [PNacAgZnCl,], which displays a shoulder at
490 nm.*> At low temperature, the zinc-copper compound 4
exhibits two emission maxima at 445 nm and 505 nm, while
the second maximum cannot be detected at room temperature.
The photoluminescence excitation (PLE) spectra of compounds 2
and 3 at low temperature exhibit maxima at 385 nm. In addition,
a shoulder around 410 nm is observed in the spectrum of 3.
The excitation maximum of 4 at low temperature is located at
410 nm, making it the least blue-shifted among compounds 2-4
compared to the monometallic precursor 1, which shows a PLE
onset at about 510 nm. The PL and PLE spectra of compound 2
frozen in THF solution display certain peculiarities compared to
the PL and PLE spectra in the solid state. The intensity ratio of
the two emission bands at 425 and 480 or 440 and 500 nm
appears to depend on the excitation wavelength. At room temp-
erature, this more intense long-wavelength maximum is no
longer observed; only the shorter-wavelength maximum remains,
slightly red-shifted to 445 nm. In contrast, only slight changes
are observed in the PL spectra of compounds 3 and 4 in THF
solution. The PL spectra of 3 remain hypsochromic, with
maxima at 430 nm, shifted by 10 nm compared to the solid-state
emission maxima at 440 nm, both at low and room temperature.
The intense emission maximum of the PL spectrum of 4 at
460 nm is red-shifted by 10 nm in THF solution at low tempera-
ture, while this emission band undergoes a blue shift of 20 nm
to 440 nm at room temperature. In turn, the weaker long-wave-
length emission maximum loses intensity in solution at low
temperature at 510 nm compared to the solid state.

Compared to the zinc-coinage metal complexes, the PL and
PLE spectra of the bimetallic gold-copper complex 5 are
shifted to the longer wavelength range. The emission bands
and their maxima are clearly broadened at both low and room
temperature, which can be observed both in the solid state
and in the THF solution, similar to the precursor [PNacAu]
and the neutral complex [PNacAuCul], both with emission
maxima at 620 nm at low temperature.®> The emission
maximum of 5 in the solid state at low temperature is observed
at 605 nm and is blue-shifted by 15 nm at room temperature.
In turn, a red shift from 585 nm to 605 nm can be observed in

Dalton Trans.
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Table 1 Experimentally determined data of the PLE and PL spectra as well as the lifetimes of compounds 2-5

/‘[max, exc [nm] Amax, em [nm] T [HS]
Dpy, [O/o]
77 K 298 K 77 K 298 K 298 K 77K 298 K
1 Solid 440 460 470 485 — —
[PNacZn] 525 535 75
550 560
595
2 Solid 385 400 435 445 6 6
[PNacZnAu]" 490 480 28 7/351 13
Solved 355 405 425 445 — 6
480 6/218/724
400 440 6
500 6/8/687
3 Solid 385 400 440 440 41 6 6
PNacZnAg]" Solved 370 390 430 430 6 6
8.
4 Solid 410 420 450 455 6 6 6
[PNacZnCu]" 505 6
Solved 395 405 450 440 6 6
5 Solid 445 455 605 590 55 40/103 7
[PNacAuCu]" Solved 430 480 585 605 62/163 7

“Below the limit value for phosphorescence lifetime determination.

solution during the transition from low to room temperature.
In both states, the PLE spectra exhibit bathochromic shifts
upon warming to room temperature. At room temperature in
THEF, there is a pronounced maximum at 480 nm, whereas at
low temperature, no comparative maximum is seen, but rather
a uniform band <450 nm. Compared to the neutral complex
[PNacAuCul], the bandwidth and the shift of the maxima are
smaller, although the bands remain within the same wave-
length range (520-730 nm).*> The PL emissions of the ionic
complexes 2-5 indicate luminescent processes with experi-
mentally determined decay times of up to several hundred
microseconds (Table 1). We identify these processes as phos-
phorescent, based on the significant decrease in intensity
observed in the PL spectra at room temperature compared to
low temperature. The kinetics of these processes involve
several components, and the lifetimes r had to be derived
using up to three exponential fits. The longest lifetime of the
excited state in both the solid state and THF solution was
measured for zinc-gold complex 2, corresponding to 351 ps in
the solid state and 724 ps in solution. This lifetime extension
in solution has otherwise only been measured for gold-copper
complex 5. In general, the decay times are temperature-depen-
dent and decrease sharply at room temperature, as competing
non-radiative relaxations are favored with increased tempera-
tures. Because of the structural and spectral similarities, we
assume that the quantum chemical calculation statements we
previously published for the neutral complexes®” can also be
applied to the ionic complexes described here, with some
reservations. Changes in luminescence due to the introduction
of the second metal ion result from a cooperative effect
between the two metal ions and the anionic [NH-(CH);-NH]~
fragment. For complex 5, the metallophilic interaction
between Au(i) and Cu(i) is also likely to have an additional
influence. Based on this, it is likely that there are no metallo-
philic interactions for complexes 2-4.>

Dalton Trans.

Conclusions

We presented a synthetic protocol for the preparation of a
series of cationic heterobimetallic complexes featuring the
PNac scaffold as an orthogonal ligand. The molecular struc-
tures of the resulting complexes differ from the neutral com-
plexes known from the literature by the absence of one co-
ordinated halide ion, which is replaced by a solvent molecule
at the vacant coordination site. In addition to these structural
changes in the complexes, we found that the PL properties
also differ between the neutral and the respective cationic
complexes. In general, as previously observed for the neutral
complexes, the presence of two different metals within the
same ligand backbone exerts a significant influence on the
photoluminescence properties. The zinc-coinage metal com-
plexes 2-4 exhibited blue emission in the wavelength range of
400-550 nm. In contrast, the gold-copper complex 5 showed
yellow- to orange-colored emissions in the range of
525-700 nm. We were able to experimentally determine decay
times for phosphorescent processes of up to several hundred
microseconds.
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