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luminescent heterobimetallic

diphosphine-RB-diketiminate complexes+

2 David Frick,? Christina Zovko,® Wim Klopper®

The bis(phosphine)-functionalized p-diketiminate ligand [HC{(CHz)C}>{(0-[P(CgHs)21oCeH4IN}I™ (PNac)
was used for the synthesis of luminescent closed-shell bimetallic complexes. The PNNP pocket combin-
ing both soft and hard donor sites can act as an orthogonal ligand scaffold to selectively coordinate two
different metal ions. Deprotonation and subsequent salt elimination with [AuCl(tht)] (tht = tetrahydrothio-
phene) or Agl yielded the mononuclear complexes [PNacAu] (1) or [PNacAg] (2), respectively. The Au' ion
is linearly coordinated by the two phosphines, forming a 12-membered metalla-macrocycle with an
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Introduction

Cooperative effects in bi- and multimetallic complexes are of
much interest and are known for their applications in enhan-
cing catalytic properties, increasing chemical reactivities and
tuning photophysical properties."™ The presence of two metal
centres in homo- or heterobimetallic systems can result in a
significant modification of the individual properties or lead to
novel characteristics that are unattainable in monometallic
compounds.*® Examples are metal-metal bond formation,
redox processes, and changes in polarity or distance.”" The
most iconic example of cooperativity is found in catalysis. Two
metals can synergise in a multistep process as multi-catalysts
to promote tandem processes, for example, the Pd or Rh tria-
zolyldiylidene complexes of Peris et al.'>'® Several types of
model complexes can be considered as bimetallic cooperative
systems (Fig. 1). The two metal centres can have direct contact
through a metal-metal bond (A) or have some distinct metallo-
philic interactions (B) but can also be spatially separated by a
linker (C). By selection of a suitable ligand system the two
metal atoms can also be brought in close proximity to each
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empty B-diketiminate pocket available for complexation of hard d*® metal ions (zZn", Cd", and Hg").
According to this synthetic protocol, a series of heterobimetallic complexes were isolated. The complexa-
tion of the second metal ion in close spatial proximity has led to drastic changes in the photophysical pro-
perties. For further studies and understanding, quantum chemical calculations were performed.

other (Fig. 1D).>*''"2! Even with large metal-metal separ-
ation cooperative effects have been observed, for example, in
the dihydroalkoxylation of an alkyne diol with bimetallic Ir'
and Rh' complexes.>*>® However, cooperative effects are also
of great significance in adjusting the luminescence properties
of multimetallic complexes. It is well established that com-
plexes, which feature metallophilic contacts, often show rich
photophysical properties that are influenced by the multime-
tallic scaffold.>*® In general, heavy atoms such as gold allow,
due to enhanced spin-orbit coupling (heavy metal effect),
efficient intersystem crossing (ISC),?° which results in predo-
minantly phosphorescence with emission decay times typically
in the microsecond range.>” Changing the metal-metal dis-
tances and the nature of the metals involved allows for tuning
of the photoluminescence properties, which is of potential
interest for applications in fields ranging from OLED design
and sensor technology to tumour markers.*** The specific
coordination of two different metal ions within the same
ligand framework is synthetically challenging. For these pur-
poses, the so-called orthogonal ligand systems need to be
designed and synthesised.>*”* To achieve a selective coordi-
nation of different metal ions in a bifunctional ligand,
Pearson’s principle of hard and soft acids and bases (HSAB)
can be considered.®>*® In particular, coinage metals are
known for their different behaviour towards hard and soft
coordination sites.’’ ™' In this manner, gold as the “softest”
cation prefers “soft” donors, while copper as a “hard” metal
ion has great affinity for “hard” donors. The bis(diphenyl)
phosphine-functionalised f-diketiminato ligand system [HC
{(CH3)C}{(0-[P(C6Hs)2]2CsHa)N},]~ (PNac) might be a perfect
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Fig. 1 Bimetallic systems: with metal-metal bond interaction (A), metallophilic interaction (B), bridged bimetallic compounds (C), and spatial proxi-

mity of metal centres driven by rigid ligands (this work) (D).

Fig. 2 Monoanionic PNac as an orthogonal ligand with hard nitrogen
(green) and soft phosphorous (pink) donor sites.*?~44

candidate to achieve heterobimetallic systems (Fig. 2). A wide
range of mononuclear compounds with different coordination
modes has been achieved.*>** Herein, we expand the coordi-
nation chemistry of the PNac ligand and provide a synthetic
protocol for heterobimetallic compounds with coinage- and
group 12 metals. Compared to monometallic species, introdu-
cing the second metal in close spatial proximity led to a sig-
nificant enhancement of their photoluminescence properties
(Fig. 1D).

Results and discussion

Herein, we showcase the highly selective assembly of the
desired heterobimetallic species in either one-pot synthesis or
in a stepwise approach starting from mononuclear Ag' or Au'
complexes. Therefore, the synthesis of these mononuclear
compounds, which were subsequently used as precursors and
as benchmark compounds for the luminescence measure-
ments, is discussed first.*>

Mononuclear compounds™*?

The mononuclear compounds [PNacAu] (1) and [PNacAg] (2)
were synthesised conveniently by the salt elimination reaction.

The deprotonation of PNac-H in tetrahydrofuran (THF) with a
potassium base and subsequent addition of coinage metal
halides ([AuCl(tht)] or Agl) yielded the desired compounds 1
and 2, respectively (Scheme 1). Single crystals of the respective
complexes suitable for X-ray diffraction analysis were obtained
by layering the THF solution with n-pentane.

Compound 1 forms a 12-membered metalla-macrocycle in
the solid-state (Fig. 3, left). The Au' ion is exclusively co-
ordinated to two phosphine moieties in a linear fashion with a
P1-Au-P2 angle of 169.12(6)°. This is slightly more acute than
the bond angle (175.08(5)°) in the ionic species [PNac-
H-Au][ClO4].** Due to the formation of the metalla-macrocycles
a kind of zwitterionic charge-separated species is formed, in
which the p-diketiminato backbone is formally negatively
charged, while the Au' atom is the positive part. A similar
“charge-separated” structure was observed for the related
binuclear Au' complex [dpfam,Au,] (dpfam = N,N'-bis[(2-diphe-
nylphosphino)phenyl-formamidinate).* The distances

[PNacAu] 1

[PNacAg] 2

Fig. 3 Molecular structures of [PNacAu] 1 and [PNacAg] 2 in the solid
state. Hydrogen atoms are omitted for clarity. Selected distances [A] and
angles [°]: 1: P1-Au 2.2909(15), P2—-Au 2.2881(15); P1-Au—-P2 169.12(6);
2: P1-Ag 2.4040(5), P2—-Ag 2.4254(5), N1-Ag 2.4371(14), N2—-Ag 2.4749
(14); P1-Ag-P2 140.78(2), N1-Ag—N2 72.04(5).

®
1. [K(N(SiMe),) 1. [K(N(SiMes), )] Ph, Ph
PhoP—AU—PPh, 2. [AUCI(tht)] PPh, 2. Agl p\2 p_2
THFrt16h _ THFE. 160 ©: /jg
-HN (SiMes), -HN (SiMes), 7N
)@j)\ -KCl Pth K M
1 PNac-H 2

Scheme 1 Synthesis of the mononuclear compounds [PNacAu] (1) and [PNacAg] (2) (tht = tetrahydrothiophene).
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between the Au' centre and the N atoms are 2.858(5) A (Au-N1)
and 2.866(5) A (Au-N2), which are beyond typical Au-N bond
distances (2.03 A to 2.38 A),*®* hence ruling out a bonding
interaction. The C-N (1.305(8) A and 1.311(8) A) and C-C
bonds (1.405(9) A and 1.397(9) A) in the p-diketiminato back-
bone show bond lengths between single and double bonds,
indicating the delocalisation of the negative charge.

In the *'"P{'"H} NMR spectrum, one singlet resonance was
detected for the phosphorous atoms at 28.6 ppm. This peak is
significantly downfield-shifted compared with the free ligand
(—=14.5 ppm), but slightly upfield-shifted from that of [PNac-
H-Au][ClO,] (34.5 ppm),*® indicating a symmetric arrangement
of the two phosphine moieties in solution.*®

The molecular structure of 2 in the solid state deviates from
that of complex 1 (Fig. 3, right). Instead of the Au' cation in 1
being linearly coordinated by two phosphines, the Ag" cation
in 2 is tetracoordinated by both the two nitrogen atoms from
the B-diketiminato and the two phosphine moieties, resulting
in a distorted square planar coordination mode, thus being
similar to the previously published [PNacCu] (9).* The Ag-N
bond lengths (2.4371(14) A (Ag-N1) and 2.4749(14) A (Ag-N2))
are slightly elongated compared with those found in the bis
(amidinate) Ag' species [dpfam,Ag,] (2.302(2) A and 2.453(2)
A).*° The Ag' coordination mode in complex 2 differs from that
in the ionic complex [PNac-H-Ag][BF,4],** in which the Ag' ion
is linearly coordinated by both phosphines. This distinct
coordination of the central metal atom in 1 and 2 is in agree-
ment with the “softer” nature of Au' compared to Ag".** The
*'p{"H} NMR spectrum of complex 2 exhibits two doublets at
-10.7 ppm, originating from the coupling of the *'P nucleus
with '“Ag and '°Ag (Vpioag = 391.7 Hz, Jpsag = 452.2 Hz).
The observed signal is high-field-shifted compared to
[PNacAu] (1) as well as [PNac-H-Ag][BF,] (1.2 ppm).*?

Bimetallic compounds®®

After having synthesised the monometallic complexes 1 and 2,
we aimed for access to bimetallic group 11/group 11 and group
11/group 12 complexes with d'® configuration. The aim was to
study d'°/d"° interactions and cooperative effects of various
metal combinations within the PNac scaffold. Depending on
the corresponding metal precursor, different synthetic path-
ways were followed.

To obtain bimetallic complexes of the general formula of
[PNacAu[M]] (3: [M] = Cul; 4: [M] = ZnCl,), the metal salts Cul
or ZnCl, were added to a mixture of PNac-H and [Au(CcFs)
(tht)] in THF (Scheme 2, route A). This route proceeds via a
remarkable and previously not observed cooperative activation
of PNac-H. Earlier reports on the reaction of PNac-H with just
[M(C6F5)(L)] (M = Au', Ag") did not result in a deprotonation of
the ligand. Instead, the addition of two equivalents of [Au
(C6Fs)(tht)] to PNac-H led to the formation of the neutral com-
pound [PNac-H-(AuC¢Fs),].** Only by addition of another
metal halide did deprotonation and coordination of both
metal ions occur.

This journal is © the Partner Organisations 2024

View Article Online

Research Article

route A:
PPh,
L, L
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1. [Au(CgFs)(tht)] PhoP—AU—PPh,
2. Cul or ZnCl, [M]
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AN

PNac-H [M] = 3: Cul, 4: ZnCl,
route B:

Phy,P—AU—PPh, Phy,P—AU—PPh,
L, Oy ¢ o Ty
A A

1 [M] = 5: Cdl,, 6: HgCl,

Scheme 2 Synthesis of bimetallic compounds 3—6.

However, if a similar synthetic route was employed for Cdl,,
the ionic species [PNac-H-Au][CdI;(thf),] and [CdIC4F5] were
formed. In comparison, addition of HgCl, to PNac-H and [Au
(CeFs)(tht)] led to decomposition. Therefore, a second syn-
thetic route (Scheme 2, route B) was developed for the access of
bimetallic Au'/Cd" and Au'/Hg" complexes. In the mono-
nuclear Au' complex 1, which forms a 12-membered metalla-
macrocycle, the two N atoms remain uncoordinated. Using
complex 1 as a precursor, the second metal ion could be
encapsulated straightforwardly within the metalla-macrocycle
by reacting the metal halides CdI, or HgCl, with 1 in an equi-
molar ratio in THF.

After filtration and layering the THF solution with
n-pentane, single crystals of the bimetallic complexes
[PNacAuCdl,] (5) and [PNacAuHgCl,] (6) were obtained,
respectively. Therefore, complex 1 is a necessary building pre-
cursor for synthesising [PNacAu[M]] ([M] = CdlI, (5) and HgCl,
(6)). In addition, the bimetallic Au'/Cu" and Au'/Zn" complexes
3 and 4 could also be synthesised via the second route starting
from the monometallic Au species 1.

In [PNacAuCul] (3) the Cu' ion is trigonal planar co-
ordinated by the two nitrogen atoms (N1 and N2) and iodide
(Fig. 4). The P1-Au-P2 angle of 169.47(12)° is comparable with
that in 1, showing that the geometry of the Au' atom is
unaffected by the Cu' ion. Additionally, the short intermetallic
distance of 2.634(2) A demonstrates that the PNac ligand is
indeed able to enforce close spatial proximity. The distance is
shorter than in other conventionally known literature examples
(2.7 A-3.0 A).***%°° The resonance in the *'P{'"H} NMR spec-
trum at 27.1 ppm is only marginally shifted compared to the
mononuclear Au' complex 1 (28.6 ppm). The NMR spectra of 3
show persistent peaks of some decomposition products. In
[PNacAuZnCl,] (4) the Zn" ion is tetrahedrally coordinated by
two nitrogen atoms and two chlorides while the Au' ion
remains linearly coordinated with the P1-Au1-P2 angle being
169.01(4)° (Fig. 4). The Au"--Zn" distance of 3.2088(5) A is
much longer than for the Au"---Cu’ distance in 3. However, the
ionic radius of Zn" (0.60 A) is comparable to that of Cu'
(0.46 A),”* leading to the conclusion that the ligand cannot
bring Au' and Zn" in the same close proximity as Au' and Cu".

Inorg. Chem. Front,, 2024, 11, 853-862 | 855
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[PNacAuCul] 3 [PNacAuznCl,] 4

[PNacAuCdl,] 5

[PNacAuHgCl,] 6

Fig. 4 Molecular structures of [PNacAuCul] (3), [PNacAuZnCl,] (4) [PNacAuCdl,] (5) and [PNacAuHgCl,] (6) in the solid-state. Hydrogen atoms are
omitted for clarity. Selected distances [A] and angles [?]: 3: Au---Cu 2.634(2), P1-Au 2.293(3), P2—Au 2.290(3), N1-Cu 1.948(11), N2-Cu 1970(12),
I-Cu 2.46(2); P1-Au—-P2 169.47(12), N1-Cu—N2 95.6(5); 4: Au---Zn 3.2088(5), P1-Au 2.3019(11), P2—-Au 2.3009(12), N1-Zn 2.001(4), N2-Zn 2.003(4),
Cl1-Zn 2.2641(12), Cl2-Zn 2.2536(13); P1-Au—P2 169.01(4), N1-Zn—N2 93.46(15); 5: Au---Cd 3.3942(4), P—Au 2.3139(9), N-Cd 2.227(3), I-Cd 2.7253
(4); P—Au—P’ 167.68(5), N-Cd—N’' 84.41(13); 6: Au---Hg 3.2417(2), P1-Au 2.2968(9), P2—Au 2.2968(9), N1-Hg 2.251(3), N2-Hg 2.255(3), Cl1-Hg

2.4589(9), Cl2—-Hg 2.4160(10); P1-Au—-P2 167.38(3), N1-Hg—N2 84.80(10).

The molecular structures of the complexes with the heavier
group 12 homologues [PNacAuCdl,] (5) and [PNacAuHgCl,] (6)
resemble that of 4 and thus will not be discussed in detail
(Fig. 4). The Au'---M" distances rise from Zn" over Hg" to Cd"
(3.2088(5) A over 3.2417(2) A to 3.3942(4) A) despite the larger
ionic radius of Hg".>" The Au'---Hg" distance is still slightly
longer than that in literature known compounds.’*® It is
remarkable that the computed values (vide infra) rise from Zn"
over Cd" to Hg", which is in line with the ionic radii. The *!
{"H} NMR signals of the three compounds are 4: 25.7 ppm, 5:
27.4 ppm and 6: 27.4 ppm, and thus the Zn" compound shifts
the furthest into the high field, compared to 1.

The '*Cd NMR spectrum of compound 5 revealed a reso-
nance at —273.1 ppm, and additionally the "H NMR spectrum
shows satellite peaks arising from the *Ji 11ms04 coupling (1.5
Hz) with the CHg giketiminate PTOton (4.3 ppm) and a ¥ mimsca
coupling (4.2 Hz) with the CH; '*C nucleus (22.3 ppm) in the
*C{"H,’'P} NMR spectrum. For 5, a *J; 1144 coupling (5.5 Hz)
is visible for the CHg giketiminate PrOton (4.24 ppm).

The synthesis of the bimetallic Ag' compounds
[PNacAgZnCl,] (7) and [PNacAgCdl,] (8) (Scheme 3) can be
achieved in a similar fashion to that of compounds 3 and 4
stated above (Scheme 2, route A). Here the reaction of PNac-H
with [Ag(CeFs)(MeCN)] and CdI, leads to the formation of the
desired product. Again, the C4F5 group acts as a base to depro-
tonate PNac-H. In addition, compounds 7 and 8 can also be
synthesised starting with 2 in the same manner as shown in
Scheme 2, route B. This showcased that both monometallic

PPh, 1. [Ag(CgF5)(MeCN)] Ph,P—"9—=PPh,
2.ZnClyorCdl, 0|
H ! -CSF5H
)\)\ PPh,
PNac-H M] =7: ZnCIz, 8: Cdl,

Scheme 3 Synthesis of bimetallic compounds [PNacAgZnCl,] (7) and
[PNacAgCdl,] (8).

856 | /norg. Chem. Front., 2024, 11, 853-862

compounds 1 and 2 are capable precursors for the synthesis of
all bimetallic compounds 3-8. Unfortunately, the reaction with
HgCl, led to decomposition using both synthetic approaches.
A bimetallic Ag"/Cu’ compound, which is isostructural to the
Au'/Cu’ complex 3 could not be synthesised and several
attempts have been made but only the mononuclear copper
species [PNacCu] (9) could be identified as a product.*® In
general, with the coordination of the second metal, a change
in the coordination sphere of the Ag' ion compared to the
monometallic species 2 goes along, which may be one reason
for the lower stability of the target complexes compared to the
analogue Au' compounds 3-6. The structures of the Ag'/zn"
complex 7 and the Ag'/Cd" complex 8 resemble those of the
Au' compounds 4, 5 and 6. The Ag'---Zn" distance is 3.0941(7)
A, while Ag'---Cd" (3.2077(5) A) is slightly longer (Fig. 5).

[PNacAgZnCl,] 7

[PNacAgCdl,] 8

Fig. 5 Molecular structures of [PNacAgZnCl;] (7) and [PNacAgCdl,] (8)
in the solid state. Hydrogen atoms are omitted for clarity. Compound 7
crystallises with two molecules in the asymmetric unit with similar
metric data. Only one is described here. Selected distances [A] and
angles [°]: 7: Agl---Zn1 3.0941(7), P1-Agl 2.4054(12), P2—Agl 2.3984(12),
N1-Zn1 2.009(4), N2-Zn1 2.009(4), Cl1-Zn1 2.2138(15), Cl2-Zn1 2.2776
(14); P1-Agl-P2 160.97(4), N1-Zn1-N2 92.9(2); 8: Ag---Cd 3.2077(5),
P1-Ag 2.4282(12), P2—-Ag 2.4271(12), N1-Cd 2.233(4), N2—-Cd 2.248(4),
I11-Cd 2.7502(5), 12-Cd 2.6841(5); P1-Ag-P2 154.76(4), N1-Cd-N2
83.82(13).
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The resonances in the *'P{'"H} NMR spectra in both com-
pounds appear as two doublets at —2.3 ppm, which are slightly
downfield shifted from the monometallic species 2
(=10.7 ppm). The coupling constants are Jp7aq = 496.6 Hz,
p0sag = 572.8 Hz for 7 and “Jpioag = 470.3 Hz, Jp iy = 543.3
Hz for 8, which are larger than in compound 2 and are in the
same range compared to literature known compounds.*’ In
the "H NMR spectrum of the Ag"/Cd" complex 8, satellites were
found with a ¥y nniscq coupling (2.0 Hz) for the CH proton of
the -diketiminato ligand (4.27 ppm). Accordingly, in the *C
{"H,*'P} NMR spectrum, the CY gixetiminate (170.8 ppm), CH
(95.9 ppm) and CH; (23.9 ppm) resonances display
1cd/M3Cd satellites with coupling constants of ?J = 2.1 Hz, %]
= 11.4 Hz and */ = 4.1 Hz. The signal in the '>Cd NMR is
slightly shifted compared to the Au'/Cd" complex 5
(-273.1 ppm) and shows a singlet resonance at —286.1 ppm.
No coupling to **”"**°Ag could be detected.

Photoluminescence properties

The mono- and bimetallic compounds 1-8 as well as the pre-
viously reported potassium salt [PNacK] were investigated in
terms of their photoluminescence behaviour in the solid
state.>® The beige to orange solids show luminescence behav-
iour at room temperature (293 K) and low temperature (77 K),
emitting light in the range of yellow to orange and blue to
green (Fig. 7 and 8 (right)). Interestingly the Raman spectra of
the monometallic compounds 1 and 2 exclusively show broad
Raman fluorescence (Fig. S35 and S36f1). The photo-
luminescence (PL) spectrum of [PNacK] is depicted in Fig. 6,
those of the Au' containing compounds 1, 3-6 are depicted in
Fig. 7 and those of the Ag' containing compounds are depicted
in Fig. 8.

The spectra of [PNacK], 1 and 2 are quite similar showing
excitation wavelengths of 490-540 nm and emissions around
560-620 nm. While the potassium salt shows fast fluorescence
decay with a lifetime of 4 ns the processes in 1 and 2 are of
phosphorescent nature with a lifetime of 566 ps for 1. In con-
trast compound 2 shows a longer lifetime at room temperature
than at 77 K with 67 ps. The phosphorescence decay can be
attributed to the heavy atom effect. Note that the previously
published mononuclear compound [PNacCu] (9) shows no sig-

293K

77K

500 nm 540 nm =—s
[PNacK]

~— 580 nm 610 nm

Norm PLE Intensity [arb.u.]
Norm PL Intensity [arb.u.]

T T T T
400 500 600 700 80
Wavelength [nm]

[
o
S
o

Fig. 6 Solid-state photoluminescence emission (PL) and excitation
(PLE) spectra of [PNacK] at 77 K (blue) and 293 K (red).
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505 nm 525 nm —=

[PNacAu] (1)

<«— 620nm 575 nm

T T
440 nm 460 nm —=

<— 620 nm 590 nm PNacAuCul] (3)

T T
380 nm 405 nm —=
x2 [PNacAuZnCl,] {4)

~— 495 nm 490 nm

T T

380 nm 415 nm —=
[PNacAuCdl,] (5)

Norm PLE Intensity [arb.u.]
Norm. PL Intensity [arb.u.]

~— 500 nm 505 nm x5

T T
<= 580 nm 595 nm 475 nm 505 nm =
[PNacAuHgCl,) (6)

T T T T
300 400 500 600 700 800
Wavelength [nm]

Fig. 7 Solid-state photoluminescence emission (PL) and excitation
(PLE) spectra of Au' compounds 1, 3—6 at 77 K (blue) and 293 K (red).
Pictures of the compounds at daylight (DL) (left), under 360 nm UV light
(middle) at 293 K, and under 360 nm UV light at 77 K (right).

293K 77K

— 77K DL 360nm

293K

fe— 600 nm 560 nm

490 nm 510 nm —
[PNacAg] (2)

T T
370nm 410 nm —
[PNacAgznCl,) (7)

[+ 445 nm 455 nm

T
370 nm 430 nm ——a-

[PNacAgCdl,) (8)

Norm PLE Intensity [arb.u.]
Norm PL Intensity [arb.u.]

[*— 525 nm 475 nm
T

T T T
300 400 500 600 700 800
Wavelength [nm]

Fig. 8 Solid-state photoluminescence emission (PL) and excitation
(PLE) spectra of Ag' compounds 2, 7 and 8 at 77 K (blue) and 293 K (red).
Pictures of the compounds at daylight (DL) (left), under 360 nm UV light
(middle) at 293 K, and under 360 nm UV light at 77 K (right).

nificant photoluminescence properties.**> The comparison of
compounds 1 and 3 shows a broad emission maximum at
620 nm (at 77 K) for both, respectively, with a blueshift to
575 nm and 590 nm by increasing the temperature to 293 K.
For compound 1 the NIR emission spectrum shows tailing of
the curve until 1100 nm (see ESI Fig. S53t). Group 12 contain-
ing compounds 4-6 feature a redshift in their emission with
increasing molecular weight with maxima at 495 nm, 505 nm
and 580 nm, and therefore the Au'/Hg" complex 6 displays the
broadest band. At elevated temperatures this trend is more dis-
tinctive due to a blueshift for Zn" compound 4 and a redshift
for 6, while the emission maximum remains unchanged for 5.
The excitation spectra of compounds 1 and 6 show weak
absorption in the UV region, but relatively broad bands around
500 nm and 480 nm, and therefore the Hg" ion shows a
weaker effect on the intraligand (IL) photoluminescence
process of the f3-diketiminate scaffold than its lighter homol-
ogues. The metallophilic interaction between Au' and Cu'
leads to enhanced emission at room temperature, which may
be the result of a LMMCT (ligand to metal-metal charge trans-
fer), and in the excitation spectra an onset at 500 nm (77 K) or
550 nm (293 K) ranging in the UV region is seen (Table 1).
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Table 1 Experimental data of the PLE and PL spectra of [PNacK] and
compounds 1-8

j'ma)(, exc [nm] j'max, em [nrn]

77K 293 K 77K 293 K
1: [PNacK] 500 540 580 610
1: [PNacAu] 505 525 620 575
2: [PNacAg] 490 510 600 560
3: [PNacAuCu] 440 460 620 590
4: [PNacAuZn] 380 410 495 490
5: [PNacAuCd] 375 415 505 505
6: [PNacAuHg] 480 510 580 595
7: [PNacAgZn] 370 410 445 455
8: [PNacAgCd] 420 430 525 470

The coordination of the second metal (Zn"" and Cd") in the
same ligand framework with Au' leads to a bright blue emis-
sion at room temperature. For all compounds depicted in
Fig. 7 the PLE onsets are redshifted with elevated tempera-
tures. PL spectra of the Ag' containing compounds 2, 7 and 8
are shown in Fig. 8. In contrast to the monometallic Au' com-
pound 1, complex 2 features two distinct maxima in the PL
emission spectra at 535 nm and 600 nm, which are merging to
one broad band at 560 nm with elevated temperature. The bi-
metallic Ag"/Zn" compound 7 has its maxima at 445 nm with a
shoulder at 490 nm and is strongly blue-shifted by 50 nm com-
pared to 4. Similar to compound 2, the Ag'/Cd" complex 8
shows two maxima, one at 480 nm and a more intense one at
525 nm, but in this case the emission is strongly blue-shifted.
At room temperature the intensity of the two bands is changed
and the new maximum is slightly blue-shifted to 470 nm. The
same trend in emission wavelength as seen for compounds
4-6 can be seen for compounds 7 and 8. The PLE spectra of 2
and 7 resemble their Au' pendants, while 8, still looking quite
similar, has an excitation maximum at 430 nm at 293 K.
Similar to the spectra shown in Fig. 7, the spectra of Fig. 8
feature the same redshift for the PLE onsets. Except for the
Hg" compound 6, in which PLE spectra appear more like that
of one of the mononuclear compounds [PNacK], 1 and 2, the
coordination of the second metal into the R3-diketiminate
scaffold in 4, 5, 7 and 8 leads to significant increased exci-
tation at shorter wavelengths as well as strongly blue-shifted
emissions. While compounds 4 and 7 are quite similar, the
influence of the Ag' core in 8 gives rise to the maximum at
525 nm, thus resembling the curve of the PL spectra of 2.
Overall, it can be said that the Au' containing compounds
show a larger Stokes shift than the Ag' compounds, but the
latter ones show emission at shorter wavelengths. The PL emis-
sion of compounds 3-8 is phosphorescence with decay times
of up to hundreds of microseconds (see ESI Fig. S62, S63 and
Table S17). The decay kinetics consist of multiple processes
and 7.¢ had to be derived from up to triexponential fits, with
the longest lifetime of 818 us from Au'/Zn" complex 4. The
decay times strongly depend on the temperature and decrease
drastically at room temperature. In this context we realized
that upon warming the sample, the process with the long life-
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time disappears and the fitting could be achieved with one
exponential less.

In a previous publication our group investigated the PL pro-
perties of the protonated ligand PNac-H and a range of metal
complexes, giving an already wide range variety.*> The PL
spectra of compounds 3-8 in Fig. 7 and Fig. 8 demonstrate
that the coordination of the second metal has a significant
influence on the photoluminescence properties, thus leading
to the conclusion that bimetallic compounds are of great inter-
est for PL emitters. As shown here the emission wavelength
can easily be tuned with the variation of the metal compo-
sition within the same ligand framework, opening a larger
range of possibilities for fine tuning.

Quantum chemical calculations

In Table 2, the metal-metal distances of the optimized and
experimentally observed geometries (see Fig. 4 and Fig. 5) are
compared. Except for 6, these distances agree to within 0.05 A
(1-2%). For 6, however, the computed Au'.--Hg" distance is
0.27 A (8%) larger than that found experimentally. The reason
for this discrepancy remains unknown.

For all compounds except [PNacAuCul] (3), we find that the
lowest lying singlet excited state shows a large oscillator
strength (from 0.16 to 0.48 in the mixed length/velocity repre-
sentation) and dominates the absorption spectrum at wave-
lengths of about 300-350 nm. See Fig. S72 to S80 in the ESL.{
In all cases, this excitation can be understood as a transition
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) of the anionic
[NH-(CH);-NH]™ ligand fragment, influenced by the metal
ions. These orbitals are depicted in Fig. 9. The pairs of natural
transition orbitals (NTOs)® that describe this first excited
singlet state are depicted in Table S7 of the ESI.}

For 3, two almost dark states lie below this HOMO-LUMO
excited state of the [NH-(CH);-NH]™ fragment. Thus, for
complex 3, the first state with significant oscillator strength is
the third excited state S;. We find that for the monometallic
compounds 1, 2, and 9, the S; state of the Cu' compound 9 is
significantly red-shifted with respect to the Au' and Ag'
counterparts 1 and 2. For the bimetallic compounds, we find
that the relevant excited singlet states are significantly blue-
shifted with respect to the monometallic compounds. This is

Table 2 Metal-metal distances [A] as obtained at the CAM-B3LYP/
def2-SV(P) level in comparison with experimental values

Coinage Halide Calc.

metal ion  metalion  [A] Exptl. [A]
[PNacAuCul] 3 Au Cu 2.688  2.634(2)
[PNacAuznCl,] 4 Au Zn 3.247  3.2088(5)
[PNacAuCdI,] 5 Au cd 3.417  3.3942(4)
[PNacAuHgCl,] 6 Au Hg 3.514  3.2417(2)
[PNacAgZnCl,] 7 Ag Zn 3.067  3.0941(7)
[PNacAgCdL,] 8 Ag cd 3250  3.2077(5)
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Fig. 9 Highest occupied molecular orbital (HOMO, left) and lowest
unoccupied molecular orbital (LUMO, right) as obtained from Huickel
molecular-orbital (HMO) theory for the model system [NH-(CH)s-NH]".
Plotted at an isovalue of +0.05 bohr—3/2,

also observed experimentally, although not so clear for 3 and 6
(Fig. 7).

Furthermore, note that the experimental spectra refer to the
solid phase, which renders quantitative comparison with the
computed single-molecule (gas-phase) results difficult. The
blue-shifts of the bimetallic compounds with respect to the
monometallic compounds may be explained by means of a
cooperative effect due to the two metal ions. The term “coop-
erativity” or “cooperative effects” is a well-defined term in com-
putational chemistry. It comprises all effects that go beyond
the sum of pair interactions, which are also termed two-body
terms. The total energies of molecules, but also other mole-
cular properties such as absorption and emission spectra, can
be expanded in a many-body expansion. In this expansion, the
one-body contributions comprise the properties of the individ-
ual constituents. The two-body contributions comprise the
pairwise interactions between the constituents, and the three-
body and higher-order contributions define the cooperative
effects. In this context, Studer and Grimme et al. stated that

View Article Online
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“cooperative systems require the interplay of at least three
functional entities”, which was also the point of interest in
one of our previously reported publications.®"** In the present
article, we find that the blue-shifts of the bimetallic com-
pounds with respect to the monometallic compounds may be
explained by means of a cooperative effect due to the two
metal ions (Table 4). The [NH-(CH);-NH]~ fragment is one
functional entity, and the two metal ions are the other two.
The effect of one metal ion on the excited state (band position,
intensity) is altered in an indirect manner by metal-to-metal
charge transfer from/to the other metal ion. A natural popu-
lation analysis (NPA)®® was applied to the unrelaxed difference
densities of the singlet excitations of interest (Table 3). It was
found that the d-orbital populations of both metal ions were
significant, both in the hole density (from which the electron
is excited, Table S51) and in the particle density (to which the
electron is excited, Table S61). The NPA populations also show
that the 3d-orbitals of the Cu' ion play a special role, both in 3
and in 9. In complex 3, the Cu 3d-orbital population is as large
as 0.273 in the hole density, and the corresponding value for 9
is 0.185. These values are much larger than for all of the other
d populations. Also somewhat special are the Au 6p-orbital
population (0.058) in the particle density of 3 and the Hg 6s-
orbital population (0.040, see Table S67) in the particle density
of 6. The four compounds with Zn" and Cd" are all very
similar and show no peculiarities. This is in accord with the
observed spectra shown in Fig. 7 and 8 for these four
compounds.

The equilibrium geometries were also optimised for all of
the complexes in their first excited triplet state (T,), which was
approximated by a single Kohn-Sham determinant with two

Table 3 Natural population analysis (NPA) of the hole and particle contributions to the unrelaxed difference density of the singlet excited state S,
as obtained at the CAM-B3LYP/def2-SVPD//CAM-B3LYP/def2-SV(P) level. Displayed are the populations of the p and d shells of the coinage ions

(Cu/Ag/Au) and of the metal ions of the metal halides (Cu/Zn/Cd/Hg)

Hole density

Particle density

Cu/Ag/Au Cu/Zn/Cd/Hg Cu/Ag/Au Cu/Zn/Cd/Hg

p d p d p d p d
1 0.002 0.002 — — 0.010 0.026 — —
2 0.002 0.010 — — 0.017 0.028 — —
3 0.001 0.002 0.028 0.273 0.058 0.013 0.004 0.020
4 0.003 0.007 0.002 0.006 0.007 0.016 0.019 0.004
5 0.003 0.007 0.003 0.005 0.006 0.017 0.028 0.005
6 0.003 0.006 0.003 0.011 0.005 0.017 0.029 0.008
7 0.004 0.005 0.002 0.006 0.007 0.022 0.023 0.004
8 0.003 0.004 0.003 0.005 0.005 0.021 0.034 0.004
9 0.018 0.185 — — 0.014 0.018 — —

Table 4 Emission wavelength [nm] with respect to the 0—0 transition between the Sy ground state and the first excited T state, as obtained at the

CAM-B3LYP/def2-SVPD//CAM-B3LYP/def2-SV(P) level

[nm] 531.3 539.7 560.2 485.1
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unpaired electrons. With the harmonic vibrational frequencies
available for the S, and T, states, the wavelength of the 0-0
transition was computed from the difference between the
respective zero-point-energy corrected DFT total energies. The
calculated emission wavelengths listed in Table 4 show a devi-
ation from the experimental measurement for monometallic
Au' and bimetallic Au'/Hg" compounds 1 and 6. The calcu-
lated emission wavelengths differ by around 100 nm for both.
The other calculated values match rather well with the experi-
mental values obtained at room temperature, only differing
around 15 nm to 20 nm.

Summary

We presented a synthetic protocol to achieve a series of hetero-
bimetallic compounds comprising a coinage metal (Ag" or Au')
and a group 12 metal. The use of the monoanionic bispho-
sphine-B-diketiminate ligand (PNac) resembles the principle of
orthogonal ligand design and can be used as a building block
for such bimetallic systems in an intraligand manner. The
target complexes can be either obtained in a step-wise syn-
thetic protocol starting from either the mononuclear Ag' or Au'
compounds or in a one-pot synthesis with a remarkable coop-
erative deprotonation step of the ligand. We observed that the
presence of two different metals within the same ligand
scaffold has a significant influence on the photoluminescence
properties. Despite the fact that there is no significant inter-
action between the metal atoms in compounds 4-8, the pres-
ence of both metals within the same ligand framework led to a
change in photoluminescence properties and thus can be
attributed to a cooperative activation of the PL properties. The
metallophilic interaction between Au' and Cu' leads to the
strongest increase of room temperature emission compared to
the emission at 77 K. Overall, it can be noted that the Au' con-
taining compounds show a larger Stokes shift than the Ag'
compounds. Going down the group 12 metals from Zn to Hg,
an increase in emission wavelength can be observed. To
further shed light on these observations, quantum chemical
calculations were performed. A significant blue-shift of the
relevant excited singlet states was found for the bimetallic
compounds in comparison to the monometallic species. The
excitation is mostly centred on the f3-diketiminate scaffold,
showing intraligand processes. Consequently, the complexa-
tion of additional metals at the f3-diketiminate scaffold has a
great influence on the PL properties, due to the simultaneous
interaction of both metals with the ligand. Our investigation
thus clearly shows that PL properties can be tuned by a
rational design of heterobimetallic complexes.
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