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Bi- and trinuclear coinage metal complexes of a
PNNP ligand featuring metallophilic interactions
and an unusual charge separationf
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A selective synthesis of bi- and trinuclear complexes featuring a tetradentate monoanionic PNNP ligand is
presented. The binuclear coinage metal complexes show a typical fourfold coordination for Cu and Ag,
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which changes to a bifold coordination for Au. The latter is accompanied by an unusual charge separ-
ation. Optical properties are investigated using photoluminescence spectroscopy and complemented by
time-dependent density-functional-theory calculations. All compounds demonstrate clearly distinguished
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Introduction

First predominantly known for gold compounds (“aurophili-
city”), the concept of “metallophilicity” has meanwhile been
expanded to numerous other systems, such as d'°-d"?, d'°-d®,
d®-d® or d'°-d's® electron configurations." > The term
“metallophilic” interactions was first introduced by Pyykko in
1994 * and has since then been established for the description
of short distances between closed shell metal centres with dis-
tances often below the sum of their van der Waals radii.**"*
While aurophilic and argentophilic attractions fall in the range
of strong hydrogen bonds (30-50 kJ mol™"), cuprophilic con-
tacts are considered to be approximately three times weaker
(up to 15 kJ mol™).**"*° Despite intensive research, aspects of
these attractions are still under debate.*”"**" Metallophilic
interactions are often induced through a supporting ligand
system. Fig. 1 illustrates the general types of ligand assistance,
namely “fully supported” (A) and “semi supported” (B), as well
as the “unsupported” configuration (C) with only inter-
molecular metal-metal contacts.*>

Compounds which exhibit metallophilic contacts often
feature interesting and rich photophysical properties due to
the influence of such contacts on the electronic structure.”
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features dependent on the metals chosen and differences in the complex scaffold.

For example, when compared to a mononuclear metal
complex, a ligand to metal charge transfer (LMCT) process
may alter to a LMMCT in a binuclear complex featuring metal-
lophilic interactions.?”*® However, establishment of systematic
correlations between PL properties and structural parameters
of complexes with metallophilic contacts remains
challenging.**** There is consequently a demand for systema-
tic investigations of the photophysical properties of defined
ligand systems with varying metal loadings."®*”

We therefore aimed to study a series of coinage metal com-
plexes with an increasing number of metal centres while
keeping the ligand scaffold virtually unchanged. Specifically,
we have used a ligand which comprises different “hard/soft”
coordination compartments. Accordingly, for gold as the
“softest” cation in this row, a preference towards the “softer”
coordination site would be expected. N,N'-Bis[(2-diphenylpho-
sphino)phenyl]-formamidinate (dpfam™; Scheme 1), a monoa-
nionic PNNP ligand, introduced in 2002 by Tsukada et al.,*®
has already been shown to incorporate several different metal
centres and was therefore chosen for this work.*®™>2 Herein, we
present the respective series of homometallic bi- and trinuc-
lear complexes of copper, silver and gold. Photophysical pro-
perties were investigated from 20 K to room temperature and

CN )b

M----M M----M M

/  x x X x
A B Cc

Fig. 1 Different types of ligand assistance for metallophilic interactions.
L = neutral ligand; X = anionic ligand.*?
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Scheme 1 Synthesis of Kdpfam.
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complemented by quantum chemical calculations using time-
dependent density-functional theory.

Results and discussion

The known dpfam™ ligand*® was obtained with a new synthetic
protocol adapted from related PNNP ligand synthesis.>* " It
directly leads to the potassium salt Kdpfam which can be
readily isolated and applied as a versatile precursor.
Specifically, N,N'-bis(2-fluorophenyl)formamidine was reacted
with potassium diphenyl phosphide in toluene to yield the
desired product in excellent yield (see ESI; Scheme 1). It pro-
vides four coordination sites with two being rather “soft” - the
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phosphine moieties and two being rather “hard” - the nega-
tively charged amidinate nitrogen atoms.

Binuclear complexes

To access a series of complexes with successively higher metal
loading, we first synthesized the neutral binuclear complexes.
For this purpose, Kdpfam was reacted with soluble salts of the
coinage metals (Scheme 2).

The dicopper complex [dpfam,Cu,] (1) was obtained by
reaction of Kdpfam with [Cu(MeCN),]|[PFs] and subsequent
crystallization through vapor diffusion. It features a yellow
luminescence when irradiated with UV light. The copper
atoms are each coordinated by two nitrogen atoms of the
amidinate moieties and two phosphines in a distorted
tetrahedral environment (Fig. 2). The molecular structure in
the solid state reveals nearly identical N-C bond lengths
(N1-C1 1.307(6) and N2-C1 1.319(6) A, N3-C38 1.321(6) and
N4-C38 1.322(6) A), indicating a delocalization of the negative
charge. The Cu-N bonds (2.042(4)-2.120(4) A) are slightly
shorter than the respective Cu-P bonds (2.2266(14)-2.2648(14)
A). No cuprophilic interaction is observed (Cul-Cu2 3.63 A),
which is in contrast to similar copper bis(amidinate) com-
plexes with short Cu-Cu contacts and metallophilic
interactions.’®*” For 1, the additional phosphine coordination
most likely stabilizes the favoured tetrahedral coordination
and thus suppresses a cuprophilic interaction.>® However, the
amidinate angles (N-C-N 120.8(4) and 120.6(4)°) in 1 are con-
sistent with the values reported in literature.*®>**” The *'P
{'"H} NMR spectrum reveals a singlet resonance at & =
—18.4 ppm. In the 'H NMR spectrum, the resonance of the iso-
lated proton in the amidinate backbone is shifted by approxi-
mately 1 ppm to é = 9.51 ppm as compared to Kdpfam
(8.59 ppm) and by almost 2 ppm as compared to the proto-
nated ligand (7.57 ppm), respectively.*®

The silver complex [dpfam,Ag,] (2) was obtained by apply-
ing the same reaction protocol as for the synthesis of 1 but by
using AgBF, as metal precursor (Scheme 2). The product was

Fig. 2 Molecular structures of the binuclear complexes 1 (left) and 2 (right) in the solid state. Hydrogen atoms and co-crystallized solvent molecules
are omitted for clarity. Selected bond lengths and angles are given in the ESI, section 6.}
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obtained as pale yellow crystals demonstrating blueish lumine-
scence upon UV irradiation. The overall molecular structure of
2 in the solid state is similar to that of 1. However, additionally
an argentophilic contact is observed, resulting in a distorted
trigonal bipyramidal coordination sphere (Fig. 2). The interme-
tallic distance of 3.44 A indicates a metallophilic interaction
and is in good agreement with literature values.’® The Ag-N
bond lengths vary between 2.302(2) and 2.453(2) A, while the
Ag-P distances are in the range of 2.4263(5)-2.4793(5) A.
Literature values for Ag-P and Ag-N bond lengths in compar-
able coordination geometries agree with those found in 2.>%°°

The *'P{"H} spectrum features a broad pseudo triplet of tri-
plets at —16.6 ppm, most likely through coupling of the *'P
nucleus with '%’Ag and '*’Ag.®""®® The observed proton NMR
resonances could be assigned by COSY-NMR spectroscopy and
"H{*'P} NMR experiments. The resonance of the NCHN proton
in the "H{>'P} NMR spectrum is detected as a pseudo triplet at
8 =9.73 ppm showing "H-'""**°Ag coupling.

The corresponding digold complex [dpfam,Au,] (3) was
obtained from a reaction of Kdpfam with one equivalent of
[AuCl(tht)] (tht = tetrahydrothiophene) in THF (Scheme 2).
Compound 3 was isolated as yellow crystals featuring a yellow
luminescence at room temperature when excited with a UV
lamp. The molecular structure in the solid state reveals a
metal coordination mode differing significantly from that in 1
and 2. Instead of being coordinated by both amidinate and
phosphine moieties, a slightly bent bis(phosphine) gold
coordination mode is realized (P2-Aul-P1 163.60(6), P3-Au2-
P4B 168.6(3), P4A-Au2-P3 163.5(4) (Fig. 3). The Au-P distances
vary from 2.277(2) A to 2.333(2) A and are in the expected
range for this structural motif.°>®> The observed molecular
structure in combination with our DFT calculations suggests
an unusual charge separation. Apparently, the negative
charges are delocalized over the pairs of nitrogen atoms (N1
and N2, N3 and N4, respectively), as all C-N bonds have
approximately the same length.®® The corresponding positive

Fig. 3 Molecular structure of the binuclear complex 3 in the solid state.
Hydrogen atoms and co-crystallized solvent molecules are omitted for
clarity. Both disordered parts are displayed. Selected bond lengths and
angles are given in the ESI, section 6.}

13414 | Dalton Trans., 2021, 50, 13412-13420

View Article Online

Dalton Transactions

charges are situated on the gold cations and are therefore
more “isolated” from the negative charges than in 1 and 2. The
amidinate angles are as much as 9° wider than for 1 and 2
(130.5(7)° and 129.6(6)°) most likely due to the different
coordination mode. NMR experiments were carried out in
THF-dg (other deuterated solvents did not allow an interpret-
ation of the spectra due to either insolubility or solvent
effects). Variable temperature 'H NMR experiments at temp-
eratures down to 213 K allow to follow the dynamic behaviour
of 3 in solution (ESI, Fig. S5.3-37).

At 213 K, the NCHN proton is detected at § = 7.65 ppm
which is a smaller value than for 1 and 2 and which can be
rationalized by reduced metal coordination of the nitrogen
atoms. In the *'P{'"H} NMR spectrum, two doublet resonances
(6 = 35.9 ppm (*Jpp = 339.3 Hz) and 27.6 ppm (*Jpp = 338.8
Hz)) are observed. The latter implies strong coupling of the
phosphorus nuclei as well as a slightly different chemical
environment in solution. An additional roof effect indicates
additional higher order coupling.

Trinuclear complexes

A selective metal chain extension was accomplished by a
simple variation of the stochiometric ratio. The trinuclear
copper complex [dpfam,Cuz;(MeCN)]|[PF¢] (4) was obtained by
reacting [Cu(MeCN),][PFs] and Kdpfam in a 3:2 ratio
(Scheme 3) and subsequently crystallized from THF/MeCN/
n-pentane as yellow crystals which exhibit pale yellow lumine-
scence at room temperature upon UV excitation.

Although a linear arrangement of copper atoms is often
reported in the literature,” the molecular structure of 4 in
the solid state revealed a tilted Cuz chain with an angle of
117.84(1)° while the two ligand molecules are shifted against
each other (Fig. 4). Not taking the connecting cuprophilic con-
tacts into account, Cul is set in an almost trigonal planar
coordination environment by two phosphine moieties and one
nitrogen atom, whilst Cu2 is almost linearly coordinated by
two nitrogen atoms (172.21(8)°). Cu3 is set in the same coordi-
nation sphere as Cul but is additionally coordinated by one
molecule of acetonitrile, resulting in a distorted tetragonal
coordination sphere. Such a configuration has been known in
the literature and the obtained Cu-MeCN distance aligns well
with published values.®®”* Intermetallic distances were found

— @
XG)
NS
3 [Cu(MeCN)J[PF] pPh l pPh
or 3 AgBF, Al ? 7
2 Kdpfam M- . _,,-M\
THF, rt e M N
-2 KPFg or 2 KBF, PhaP | PPh,
N\-//N\©

4 M=Cu,X=PFg, A=MeCN
4a:M=Cu, X = PFg’
5. M=Ag X=BF,, A A'=THF

Scheme 3 Synthesis of the trinuclear complexes 4, 4a, and 5.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Molecular structures of trinuclear complexes 4 (left), 4a (middle) and 5 (right) in the solid state. Hydrogen atoms and co-crystallized non-
coordinating solvent molecules are omitted for clarity. Note that PF¢™ for 4 is half occupied. For 4a only main part (A) is displayed, see Fig. S6-67 for
more details. Selected bond lengths and angles are given in the ESI, section 6.7

to be 2.5984(4) A (Cu1-Cu2) and 2.7792(4) A (Cu2-Cu3), which
are in the range of cuprophilic interactions.** The Cu-N bond
distances are found between 1.872(2) A and 2.098(2) A, concur-
ring with literature values.’®®” P-Cu coordination bond
lengths vary from 2.2126(6) A to 2.3158(6) A and agree with lit-
erature values reported for similar systems.’® In the "H NMR
spectrum the NCHN proton is detected at § = 9.06 ppm, which
is shifted upfield by 0.5 ppm as compared to the dicopper
complex 1.

Assignment of the "H NMR resonances (two sets) was con-
firmed by COSY-NMR experiments.

The respective >'P{"H} NMR spectrum resembles that of
complex 3, featuring two doublets (§ = —17.0 and —19.5 ppm).
This coupling again indicates slightly different chemical
environments for the phosphorus nuclei and a strong coupling
between the phosphorus atoms through P-Cu-P or the P-Cu-
Cu-Cu-P chain. The positively charged ion [4-MeCN]" was
identified by HRMS.

By maintaining the same reaction conditions as for 4 and
only varying the crystallization conditions (no MeCN),
[dpfam,Cu;][PFs] (4a) was obtained (Scheme 3). The dis-
ordered solid-state structure (ratio 84 : 16) reveals a very similar
scaffold to that of 4 with a bent Cu;z chain (angle 122.07(3)°),
but without any coordinated solvent molecules. As no aceto-
nitrile molecule is attached, both Cu-Cu-distances are roughly
of the same length (2.5736(7) A and 2.5577(8) A) and even
shorter than the Cul-Cu2 distance in 4. Disregarding the
cuprophilic contacts, the outer copper atoms are set in a dis-
torted trigonal planar coordination sphere by two phosphorus
atoms and one nitrogen atom, whilst the central Cu2 is line-
arly coordinated by two nitrogen atoms. 4a also exhibits yellow
luminescence at room temperature. Yet, a different emission
curve shape than for 4 is observed (see photoluminescence
section). However, no significant differences between 4 and 4a
can be observed by NMR spectroscopy, indicating a similar
behaviour in solution and a loss of the MeCN-coordination of
4 in solution.

This journal is © The Royal Society of Chemistry 2021

Similarly, the Ag; complex [dpfam,Ags(thf),]|[BF,] (5) was
obtained by reacting Kdpfam with 1.5 equivalents of AgBF, to
yield compound 5 as pale-yellow crystals (Scheme 3). The latter
emit a barely visible orange luminescence upon irradiation
with UV light. The structural and coordination motif in the
solid state resembles 4 (Fig. 4). However, in 5, there is one THF
molecule close to both outer silver atoms resulting in a more
symmetrical arrangement than in 4. Comparing the oxygen-
silver distances (Ag1-02 2.674(2) A and Ag3-01 2.552(2) A)
with literature values classifies them as rather weakly bound
(ranking between dative bonding and van der Waals inter-
action) and within typical Ag-THF distances.”>””” The silver
atoms feature a bent chain with an angle of 133.861(10)°. The
intermetallic distances of 2.8987(3) (Ag1-Ag2) and 2.8893(3) A
(Ag2-Ag3) are in the range of argentophilic interactions.*® The
coordination of Ag2 by N1 and N4 is approximately linear
(173.66(9)°). Ag-N and Ag-P bond distances are consistent
with literature values, except for Ag1-P2, which is slightly
elongated.>®7”%7?

In the *'P{"H} NMR spectrum, a broad misshaped doublet
at 5 = —12.0 ppm ("] = 385.8 Hz) is observed, indicating higher
order coupling with the silver nuclei and/or through the P-Ag-
P or P-Ag;-P chain.®"*>®%%! In the '"H NMR spectrum, the
NCHN resonance was detected as a multiplet at § =
7.61-7.52 ppm. This might be attributed to a coupling to the
silver atoms. The elemental composition of 5 could be verified
by HRMS with a signal at m/z = 1447.079, which corresponds
to [5-THF]" (cal. [C;,H5gM P4Ag;]" m/z = 1447.076).

The synthesis of an analogous trinuclear gold complex was
attempted under various conditions but it could not be iso-
lated as a crystalline product. However, it was detected in ESI
HRMS as the positively charged [dpfam,Au;]" fragment at m/z
=1717.266 (cal. [C,,HssN,PsAu,]" 1717.260).

Photoluminescence properties

The presented copper and gold complexes (1, 3, 4 and 4a)
appear yellow or pale orange in the solid (polycrystalline)

Dalton Trans., 2021, 50,13412-13420 | 13415
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state, whereas the silver complexes (2 and 5) are nearly colour-
less. All of them show an efficient visible photoluminescence
(PL) upon UV excitation at temperatures below 100 K. The PL
excitation (PLE) and emission spectra over a temperature inter-
val of 20-295 K are collected in Fig. 5 and 6 for di- and, trinuc-
lear complexes, respectively. All major emission bands corres-
pond to phosphorescence (except complex 2 at 7 > 100 K), as
indicated by long PL decay times (z) under pulsed UV laser
excitation (ESI, Fig. S2.2-17).

Specifically, the binuclear complexes 1-3 show similar PLE
spectra with the onset at ca. 450 nm and phosphorescence
bands centred at ca. 520 (1, 2) and 500 nm (3). The vibronic

T (K): ——20 —— 100 —— 295
PLE «~—— ——PL
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Fig. 5 Photoluminescence emission (PL) and excitation (PLE) spectra of
solid (polycrystalline) binuclear complexes 1, 2 and 3 at different temp-
eratures. PL was excited at deyc = 350 nm and PLE spectra were recorded
at the depicted wavelengths (1em). Photographs of the PL samples: left:
daylight; right: UV lamp (Aexc = 365 nm).
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Fig. 6 Photoluminescence emission (PL) and excitation (PLE) spectra of
polycrystalline solid 4, 4a and 5 at different temperatures. PL was
excited at dexc = 350 nm (330 nm for 5) and PLE spectra were recorded
at the depicted wavelengths (lem). PL of 5 is not displayed at 295 K due
to a very weak signal. Photographs of the PL samples: left: daylight;
right: UV lamp (Aexc = 365 nm).
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emission patterns observed at low temperatures are similar for
1 and 2 and distinct for 3, in line with the structural differ-
ences between these complexes (see above). In contrast to 1, 3
and other compounds, the silver compound 2 also demon-
strates a fluorescence band at ca. 460 nm (z < 5 ns), i.e. with a
small Stokes shift, which dominates the PL at ambient temp-
erature (Fig. 5). For all binuclear complexes, the emission
intensity strongly decreases upon warming the samples up to
room temperature. Accordingly, their PL efficiency at 295 K
was estimated to be less than 1%. The trinuclear copper
complex 4 also shows PLE spectra with an onset at ca. 450 nm
and phosphorescence at ca. 500 nm (Fig. 6).

Its companion 4a only differs by the absence of a solvent
(acetonitrile) molecule coordinated to the Cujz chain in 4. As
expected, the PL spectra of both compounds are very similar in
terms of the shape (PLE) and spectral position (PLE and PL).
Interestingly, the vibronic pattern in the low-temperature PL
spectra of 4 (contributed by a ~1300 cm™" vibration) is absent
in 4a. Accordingly, the vibronic “modulation” of the emission
of 4 can be tentatively attributed to the coordinated aceto-
nitrile molecule. In comparison to 4, the PLE/PL spectra of 5
are blue shifted to ca. 360/460 nm (at 20 K). Similar to 1-3, the
emission (phosphorescence) intensity of trinuclear complexes,
in particular of 5, strongly decreases by increasing the temp-
erature above 100 K. This decrease roughly correlates with
shortening of the PL lifetimes.

Compounds 4, 4a and 5 thus represent examples of com-
plexes with metallophilic interactions, but very weak PL at
ambient temperature, apparently due to efficient nonradiative
excited state relaxation.

Theoretical investigation

The character of the underlying excited states is assessed using
time-dependent density-functional theory, employing the
PBEO functional.®*®3 The dhf-TZVPP basis set was used for Cu,
Ag, Au, including suitable effective core potentials (ECPs) for
the latter two. The dhf-SVP basis set was used for all other
elements.®*®¢ Al calculations were done with the
TURBOMOLE program suite.*”®® Further computational
details are given in the ESI.{ Calculated triplet excitation ener-
gies in ground state geometry already follow the experimentally
observed trends (see ESIt). However, due to the high compu-
tational cost involved with triplet state relaxation, we limit our-
selves to a discussion of the absorption spectra. These are pre-
sented in Fig. 7. A rough comparison between calculated
absorption spectra and experimental PLE shows both to be in
reasonable agreement, with the calculated spectra appearing
blue-shifted by approximately 0.5 eV, compared to the onset of
the PLE. Some of this discrepancy may be due to a neglect of
intermolecular interactions present in the solid state, which
are not easily taken into account from a computational point
of view. For the binuclear complexes 1-3 the absorption onset
is observed to increase slightly in the order Cu, Au, Ag.
According to a Mulliken population analysis® the character of
the first absorption band of 1 features significant contri-
butions from the Cu 3d (13%) and nitrogen 3p (5%) or phos-

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Simulated absorption spectra for 1-5 obtained by superimposing
Gaussian functions (corresponding oscillator strengths are depicted in
green) with a full width at half maximum of 0.3 eV at the 100 lowest-
lying singlet excitations. The non-relaxed transition densities are pre-
sented for selected regions as indicated by grey dotted lines, where a
density gain is depicted by blue contours, while a density loss is shown
in red.
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phorus 4p (2%) states. Upon excitation, the electron density is
partly transferred to the n*-orbitals of the N-C-N subunit, as
well as to the n*-orbitals of the phenyl groups. The bands there-
fore include a metal-to-ligand charge transfer (MLCT) character.
The binuclear silver compound (2) shows a slightly lower d-char-
acter while the N, P p-character increases accordingly (4% and
9%). While overall of similar character, the bands appear blue
shifted compared to 1. The binuclear gold complex (3) differs
from the former two systems by a substantial structural change
(see above). The P-M-P angles increase to approximately 160° in
the optimized geometry. Excited states involving Au 5d admix-
tures are further shifted towards higher energies.

This is also evident from the non-relaxed difference den-
sities depicted in Fig. 7.°" Experimentally observed trends for
1-3 could hence be well reproduced by these calculations. The
simulated absorption spectra of the cationic trinuclear com-
pounds 4, 4a and 5 are blue shifted compared to the spectra of
1-3. Compounds 4 and 4a formally only differ in an additional
MeCN unit at the (outer) Cul atom, resulting in an increase in
the respective Cu 3d-character of the transitions involved,
when compared to 4a (e.g. Cul and Cu2 10%, Cu3 4% for the
first band). In accordance with the crystal structure, additional
two THF equivalents, coordinated to the outer silver atoms,
were included, for cationic complex 5. The excited states are
found at significantly higher energies when compared to 4 or
4a mirroring the experimental results. From the non-relaxed
difference densities, the density gain is seen to be primarily
located at the =n-system of the phenyl groups and remains
otherwise similar in nature.

Conclusions

Herein we have presented the synthesis and optical properties
of homometallic bi- and trinuclear complexes of the coinage
metals Cu, Ag and Au featuring the tetradentate PNNP ligand
dpfam. The concept of hard and soft acids and bases applies
remarkably well for complexes 1-3.°>°° While the copper and
silver atoms in 1 and 2 occupy two of each (phosphorus and
nitrogen) donor sites in a distorted tetrahedral coordination
environment, the gold cations in 3 exclusively coordinate to
the diphenyl phosphine moieties (in solid state), leading to a
charge separation. A higher metal loading can be achieved by
simple variation in equivalents used, resulting in the trinuc-
lear copper and silver complexes 4, 4a and 5. All compounds
show photoluminescence (mostly phosphorescence) at low
temperatures which is still observed (except 5) at ambient
temperatures. The varying MLCT character of the systems was
investigated by TDDFT calculations, involving a transfer of
electron density from the metal d orbitals into the n* ligand
orbitals. The tetradentate pincer ligand system offers a multi-
tude of possibilities for different metal loadings, resulting in
distinct optical properties. Especially the binuclear gold
complex, with its unusual charge separation, is being used to
explore different kinds of mixed complexes in ongoing comp-
lementary work.
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