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Quantification of Cooperativity between Metal Sites in
Dinuclear Transition Metal Complexes Containing the
(2-Dimethylamino)-4-(2-pyrimidinyl)pyrimidine Ligand

Tatjana Wall,>® Marko Leist,” Fabian Dietrich,” " Werner R. Thiel,** and

Markus Gerhards**®@ "

A concept for the quantification of cooperative effects in
transition-metal complexes is presented. It is demonstrated for
a series of novel N,N- (mononuclear) and C,N-coordinated
homo- and heterometallic binuclear complexes based on the
(2-dimethylamino)-4-(2-pyrimidinyl)pyrimidine ligand, which are
accessible by applying roll-over cyclometallation. These
iridium-, platinum-, and palladium-containing compounds are
investigated with respect to their absorption and fluorescence

Introduction

The term cooperative effect is widely used in chemistry to
describe a benefit resulting from the combination of several
reaction partners under the premise that the overall effect is
greater than the sum of the individual effects. This concept is
used in biochemistry and in catalytic processes, where, for
example, the combination of several transition metals leads to
an increase in product yield compared to monometallic
species."? The interaction of metal sites in polynuclear
complexes has been studied for a number of transition metals,
particularly in the context of cooperative effects, where the
interaction of multiple metals creates special features that are
unknown for monometallic complexes.”! One way to quantify
cooperativity in chemical reactions is to consider chemical
equilibrium constants.”!
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spectra. The cooperative effects in the electronic absorptions,
i.e., the energetic shifts between mononuclear and dinuclear
complexes, and free ligands are analyzed on the basis of the
lowest energy m-m* transitions and compared to calculated
data, obtained from TD-DFT calculations. Furthermore the
corresponding fluorescence spectra are presented and analyzed
with respect to the concept of cooperativity.

A general definition of cooperativity is given by theoretical
chemists: “When the total energy or another physical property
of a many-body system is determined by more than pairwise
contributions of its components, cooperativity or anti-coopera-
tivity is involved.”® Following this definition, we want to
introduce a simple and straightforward method for quantifying
cooperativity. One way to determine the cooperative effects is
to directly consider the interactions between individual bodies
in a system.” In contrast to the consideration of three-body
terms as shown for the trinuclear transition metal complexes
[M,{Si(mt“®);},] (M=Pd, Pt; mt“*=methimazole),”®* we focus in
our model systems on binuclear complexes of a bidentate
ligand and compare their properties with their mononuclear
counterparts. We assume that this model can be used for a
broader variety of metal complexes than a pure focus on three-
body terms.

Concepts
Cooperativity

Following the above mentioned definition, we compare proper-
ties of the binuclear complexes with the properties of the
corresponding mononuclear complexes. However, for most
properties it is not sufficient to consider only the metals in the
complexes but also the interaction of the metals with the
ligand. Hence, the properties of the pure ligand also have to be
taken into account. With respect to cooperativity, the following
question arises: Is it possible to predict a certain property P of a
binuclear complex (AB) from the knowledge of the properties
of two corresponding mononuclear complexes (A and B) and of
the ligand?
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If the answer is yes, there is simple additivity but no
cooperativity. If the answer is no, cooperativity (either positive
or negative) is observed. It should be mentioned at this point
that the terminus cooperativity is not used in a sense of a
positive impact or a benefit. This could be the result of
cooperativity but has to be considered separately.

Four different cases are possible for a bidentate ligand
whose coordination sides differ (Figure 1). The first two lines
show the heterobimetallic cooperativity, line three and four the
homobimetallic cooperativity.

According to the given definition, in principle every
property of the complexes can be used for the analysis of
cooperativity. It is likely that different values (positive or
negative) for cooperativity will be calculated for different
properties.

In studies of cooperativity in catalysis, most of the benefits
result from enthalpic cooperativity, i.e. the decrease of an
activation barrier in the presence of two or more transition
metal centers compared to mono-nuclear complexes."” This
enthalpic cooperativity may result from polarization or induc-
tion effects of the metals interacting with the surrounding
environment. A weakening of the bond between the ligand and
the first metal induced by the presence of the second metal can
lead to a lower catalytic activation barrier. Unfortunately, these
effects cannot be observed directly. However, it is possible to
observe properties, which are also affected by the effects
mentioned above. These properties are e.g. electronic excita-
tion energies, bond lengths and NMR shifts. By measuring these
properties and applying our concept, a prediction for the
magnitude of cooperativity can be given. This could help to
find a promising combination of metals for catalysis.

We want to demonstrate our concept for a series of mono-
and binuclear transition metal complexes containing iridium(lll),
palladium(ll) and platinum(ll) coordinated to the (2-dimeth-
ylamino)-4-(2-pyrimidinyl)pyrimidine ligand. We investigate the
electronic transition energy using UV/Vis spectroscopy and TD-
DFT calculations.
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Figure 1. Hetero- and homobimetallic cooperativity.
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Synthesis of mono- and binuclear complexes

During the last years, roll-over cyclometallation has turned out
to be a versatile strategy for increasing the activity of catal-
ysts.""" However, it is also a highly efficient tool to access
bimetallic complexes. For this approach, we designed ligands
that create a second chelating donor site by undergoing roll-
over cyclometallation, thus enabling the coordination of a
second transition metal. To achieve this, we use 2-(2-dialkylami-
nopyrimidin-4-yl)pyrimidine ligands (Figure 2) which are easily
accessible in just a few steps."”™ The dialkylamino group is a
prerequisite for the roll-over cyclometallation reaction, since it
weakens the N,N’-coordination (N,N'=chelating coordination
by two nitrogen donors) by steric interaction and allows the
metal to undergo an electrophilic aromatic substitution at the
C—H group by increasing the electron density in the upper
pyrimidine ring.

In analogy to our already published route to the N,N-
coordinated iridium(lll) complex 2, the palladium(ll) and
platinum(ll) complexes 3 and 4 are obtained by treating 2-(2-
dimethylaminopyrimidin-4-yl)pyrimidine with appropriate
precursor compounds (Figure 3). As expected, complexes 3
and 4 show similar NMR spectra. In the 'H NMR spectra there
are two doublets for the protons of the amino-substituted
pyrimidine ring and two doublets and one double doublet,
appearing as a triplet for the symmetrical pyrimidine ring.
Typically, the resonances of the methyl groups are broad at
room temperature but split into two sharp singlets by
lowering the temperature, which suggests that the rotation
around the C—N bond is hindered. From 'H NMR spectra
recorded at different temperatures, almost identical rota-
tional barriers could be calculated for the two complexes
(AGgo(3): 56.7, AGgo, (4): 55.2 kJ/mol). The cyclometallated
iridium(lll) complex 5 is obtained in one step starting from 2-
(2-dimethylaminopyrimidin-4-yl)pyrimidine and [Cp*IrCl,], at
elevated temperatures and in the presence of a base.” Here
the "H NMR spectrum shows as expected only one singlet for
the amino-substituted pyrimidine ring and the rotation of the
dimethylamino group around the C—N bond is not hindered
at room temperature. Roll-over cyclometallation as men-
tioned above provides a new N,N-coordination site, which
then can be used to coordinate palladium(ll) and platinum (l1)
centers, resulting in the formation of the heterobimetallic
compounds 6 and 7. Following this strategy, the N,N
coordination of 0.5 equivalents of [Cp*IrCl,], leads to the
cationic homobimetallic complex 8 containing two iridium
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Figure 2. A dipyrimdinyl ligand as a building block to access mono- and
dinuclear complexes.

623 © 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH

25UIS01] SUOLLILLIOD) BAIER.D) 3|t dde ) Aq pauA0B 2 SAPILE WO ‘8N J0 Sa NI o) ARIGI BUIIUO AB]1AM UO (SUONIPUOD-PUR-SLLLBI W00 AB 1M ARe.q1 U UO//ScY) SUONIPUOD PUe SULB | 3U) 885 *[520Z/TT/6Z] U0 ARiqIauIluo AB]IM B]1UD aUeI40D) Ad 67000TZ0Z NId9/Z00T 0T/ 10/ &3] v ATeqjpu uo'adoana-A s weo// sy wo1y papeojumod ‘v ‘Tz ‘90592612


https://doi.org/10.1002/cplu.202100049

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers
ChemPlusChem doi.org/10.1002/cplu.202100049
\ |
NN NN
BF | |
o i SN i SN
N / \N— /M\
N)ﬁN/ \N> N7 IN N7 IN cl
, A, N
3,6:M=Pd
4,7:M = Pt

st N N>\/ N

1 - 5 - ~

N N oo Cl
\vii 6,7

Figure 3. Synthesis of mono- and heterodicnuclear complexes:

i) 1/2 [Cp*IrCl,],, NaBF,, CH,Cl,, 72 h, r.t.; ii) PdCl,, acetonitrile, 18 h, r.t,;

iii) a) KI(C,H,)PtCl;](H,0), acetone, 96 h, r.t.; iv) '/, [Cp*IrCl,], 0-CeH,Cly, 18 h,
KOAC, 80°C; v) PdCl,(C¢HsCN),, acetone, 18 h, r.t.; vi) K[(C,H,)PtCl5](H,0),
acetone, 68 h, r.t,; vii) '/, [Cp*IrCl,],, NaBF,, CH,Cl,, 72 h, r.t..

(1) sites. Using 'H NMR spectroscopy, a hindered rotation of
the dimethylamino group around the C—N bond is observed
for compounds 6, 7 and 8 at room temperature. Steric
interaction with adjacent metal sites and their ligand
environment raises the rotational barriers resulting in two
signals for the NMe, group. As expected, a double set of
signals is observed for the two Cp* moieties in complex 8.
Due to presence of a cationic charge at one of the iridium(lIl)
sites, the '"H NMR resonance of the Cp* moiety coordinated
here is shifted by around 0.40 ppm to lower field compared
to the second one.

Following the scheme in Figure 1, the left (yellow) part of
the ligand represents the CN-coordination (C,N=chelating
coordination by one carbon and one nitrogen donor), the right
(orange) part the N,N-coordination. The synthesized complexes
2, 3, 4,5, 6,7 and 8 in combination with ligand 1 allow the
analysis with respect to the first line with M1=iridium and
M2 = palladium or platinum for two heterometallic cases as well
as the third line with M2=iridium, which represents a
homometallic case. The cases of lines two and line four in
Figure 1 could not be analyzed, since the C,N-coordination of
palladium and platinum was not possible with ligand 1 so far.

Results and Discussion

Absorption and emission spectra (see Figures S13-28 in the
Supporting Information) of mono- and binuclear transition
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metal complexes containing iridium(lll) (2, 5-8), palladium(ll) (3,
6) and platinum(ll) (4, 7) as well as spectra of the pure ligand 2-
(2-dimethylaminopyrimidin-4-yl)pyrimidine (1) were recorded in
dichloromethane and chloroform.

The UV/Vis-spectra of the ligand and the transition metal
complexes show absorption bands in the spectral region from
about 800 to 250 nm (12500 to 40000 cm™'), see Figures S13-
28. As an example, the calculated absorption stick spectrum
(calculated at the TD-DFT/B3LYP/def2-TZVP level, shown with-
out convolution) of the iridium(lll)/palladium(ll) complex (6) is
shown in the Supporting Information (Figure S29). It can be
seen that the band with the lowest energy has only the
contribution of one transition, whereas for all other bands a
mixture of several transitions has to be taken into account. In
general, the calculated spectra fit the experimental ones very
well.

Ligand 1 has its first electronic excitation at ¥=26881 cm™
in CH,Cl, and at »=26738 cm™' in CHCl,, respectively. The
involved orbitals are shown in Figure 4. The HOMO is located
on the (2-dimethylaminopyrimidin-4-yl) ring, while the LUMO is
delocalized over both heteroaromatic rings. This indicates that
the excitation has a m-mt* character accompanied with an intra-
ligand charge transfer.

For all complexes, we were looking for similar electronic
transitions (Figures S30-37). Adding a metal changes the order
of the orbitals — the highest occupied m-orbital of the ligand
becomes the HOMO-1 (except for 2 and 8). Furthermore, this
orbital shows a contribution of a metal centered orbital. Since
there is an additional node plane between the ligand and the
metal, an increase in energy is expected. The LUMO is not
affected by the coordination of the metal, since it is still
centered on the ligand delocalized over both rings. Conse-
quently, the electronic transitions, we pay attention to, are
those from HOMO-1 to LUMO for 3-7 and from HOMO to
LUMO for 1, 2 and 8.

The combination of iridium(lll), palladium(ll) and platinum(ll)
shown in Figure 3 yields three series of complexes for the
methodology introduced in Figure 1, which are discussed
below. The evaluation of the UV/Vis spectra showed for all
metal complexes a solvent-dependent and in comparison to

1

Figure 4. Calculated electron densities of the HOMO (left) and the LUMO
(right) of 1.
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the free ligand 1 bathochromically shifted m-m* transition
(Table 1). This is consistent with the expected increase of the
HOMO/HOMO-1 energy and an unaffected LUMO, resulting in a
lower transition energy. Metal-induced bathochromic shifts are
known for several biaryl complexes, see e.g. for iridium"® or
platinum.!"”'®

In CH,Cl, the following shifts are observed (see Figures S38-
45): The N,N-coordination of palladium in complex 3 induces
the smallest shift of 38 nm (—2491 cm™"), while the N,N-
coordination of platinum(ll) in compound 4 induces a shift of
75nm (—4510cm™), followed by the N,N-coordination of
iridium(lll) in 2 with 81 nm (—4807 cm ™). The largest shift in the
series of monometallic complexes is observed for the CN-
coordinated iridium(lll) complex 5 with 144 nm (—7501 cm™).
Binuclear complexes show even larger shifts with 175 nm
(—8600 cm™) for the cationic iridium(lll)/iridium(lll) complex 8,
203 nm (—9490 cm™") for the iridium(lll)/platinum(ll) complex 7
and 195nm (—9245cm™") for the iridium(lll)/palladium(ll)
complex 6.

In CHCI; solution, the following shifts were observed (see
Figures S46-53): N,N-Coordination of palladium(ll) in complex 3
again induces the smallest shift of 65 nm (—3959 cm™'). N,N-
Coordination of iridium(lll) in compound 2 induces a shift of
78 nm (—4614 cm™"), which is much smaller than the value
observed in CH,Cl,. The N,N-Coordination of platinum(ll) in
compound 4 induces a shift of 119 nm (—6454cm™"). CN-
Coordination of iridium(lll) in complex 5 again induces the
largest shift of 142 nm (—7358 cm™"), which is comparable to
the value measured in CH,Cl, solution. Binuclear complexes
show larger shifts of 157 nm (—7906 cm™") for cationic iridium
(y/iridium(lll) complex 8, 201 nm (—9347 cm™") for iridium(lll)/
palladium(ll) complex 6 and 211 nm (—9644 cm™') for the
iridium(lll)/platinum complex 7. The difference for the N,N-
coordinated complexes results from the different effective
nuclear charges of palladium(ll) and platinum(ll), where the
double positive charge is distributed on the bigger Pd** ion
(86 pm) vs. Pt*™ ion (80 pm). I*™ shows an even larger shift,
because it is triple positive leading to a positive charge of the
whole complex.

For the calculation of the cooperativity with the presented
concept, it is important to consider the same electronic
excitation for all investigated substances. Therefore, we only
focus on the m-mt* transition described above, which is localized
on the ligand, i.e. the highest &t orbital of the ligand is involved

Table 1. Shift of the wt-it* transition relative to the ligand in different
solvents.

in the HOMO or HOMO-1. Therefore, band analyses of the
experimental spectra are mandatory. These analyses are also
shown in Figure 5 for the series of the platinum(ll) containing
complexes (4 and 7) and the counterparts for our concept (1
and 5) as well as in the Supporting Information (Figures S38-
S53).

The maxima of the bands with the lowest energy in the
spectra (¥) are analyzed concerning their cooperativity. Con-
sequently, the general equation [Equation (1)] can be trans-
formed to:

VagFVy + Vg — Viigand (2)
In order to use the equation in a clearer way, it is rewritten:
cooperativeeffect = V., = V4 + Vg — Va5 — Vyigand 70 (3)

By comparing the obtained values, it is obvious that both
the experimental and the calculated values are negative for all
three series and in both solvents (cf. Table 2). A negative value
means that the bathochromic shift of the binuclear species is
smaller than the sum of the shifts of the mononuclear species.
According to our definition, it can be stated that cooperativity
is negative. In the experiment, the values in dichloromethane
are less negative than in chloroform, which is confirmed by the
calculated values. The solvent-dependence is particularly evi-
dent for complexes 3 and 4, which show a smaller bath-
ochromic shift in the more polar solvent dichloromethane. This
smaller shift leads to a lower negative cooperativity.

Furthermore, it is apparent that platinum(ll) leads to a larger
negative cooperative effect than palladium(ll). This can be
explained by the higher effective nuclear charge of platinum(ll)
that influences the mt-rt* transition at the ligand and results in a
larger bathochromic shift of 4. In the case of iridium(lll) the
values are even larger, since the charge of the I*™ cation is
higher than the charge of the Pt?* cation. At this point, it
should be noted that the resulting effects are calculated from
four values which all have an uncertainty, both in the experi-
ment and the TD-DFT calculations, but even the maximum error
does not lead to a change in the magnitude and sign of the
cooperativity. Furthermore, the investigated electronic m-m*
transition, especially in the binuclear complexes partly include
additional contributions of MLCTs, since the HOMO/HOMO-1
has contributions from metal-centered orbitals.

Table 2. Comparison of the cooperative effects in the series of four
complexes in dichloromethane and chloroform, experimental and calcu-
lated (TD-DFT/B3LYP-D3/def2-TZVP).

Substance CH,Cl, CHCl, Ir—Pd Ir—Pt Ir—Ir
AN [nm] AV [em™] AN [nm] AV [cm™] [5+3-6—1] [5+4-7-1] [5+2-8-1]
1 (Ligand) 0 0 0 0 Ve [em™] —748+505 —25224505 —3708+506
2(r7) 81 —4807 78 —3959 (CH,Cl,, exp.)
3 (Pd) 38 —2491 65 —6454 Ve [em™] —546 —2833 —5420
4 (Py) 75 —4510 119 —7358 (CH,Cl,, calc.)
5(In) 144 —7502 142 —9347 Ve [em ] —1970+£493 —4168 +491 —4067 £496
6 (IrPd) 195 9245 201 —9644 (CHCl,, exp.)
7 (IrPt) 203 —9490 211 —7906 Ve [cm™] —1106 —3653 —5557
8 (Irlr™) 175 —8600 157 —4614 (CHCl;, calc.)
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Figure 5. Experimental and calculated spectra of homologous series Ir—Pt
(consisting of 1, 4, 5 and 7) in CH,Cl,. The insets show a band analysis for the
first excitations.

The negative cooperative effect can be interpreted in a way
that both metals compete for the electron density in the ligand,
which causes a weakening of the bonds between the transition
metals and the ligand in the binuclear complexes compared to
the mononuclear complexes. This is confirmed by considering
the calculated metal-nitrogen and metal-carbon bond lengths
(see Table S3). In the binuclear complexes, the bonds are
slightly longer than in the mononuclear ones. As mentioned
above, weakening of a metal-ligand bond by a second metal
may lead to a decrease of the activation barrier of catalytic
reaction. The presented systems can therefore be taken as
examples of enthalpic cooperativity. The concept can also
provide another aspect: The quantification of cooperativity
offers the possibility to compare different binuclear metal
complexes i.e. the absolute amount of the calculated value may
also be interpreted as an indicator for quality of the combina-
tion of the metal ions in catalysis. In our case, it would predict
that the homobimetallic combination of I */Ir** is better than
the heterobimetallic combinations Ir**/Pd** and Ir’*/Pt>*. The
future aim is to provide the experimental evidence concerning
the catalysis.

As already mentioned, the presented concept for the
quantification of cooperative effects can be used for different
properties. We therefore additionally applied it for the wave-
lengths of the luminescence. To perform this application, we
have to be sure that we compare the same electronic transition.

As shown in Figure 6 for complex 7, the luminescence
wavelength depends on the selected excitation wavelength. At
an excitation wavelength of 273 nm, an emission can be
observed at approximately Agy=370 nm in CH,Cl,, while at a
higher wavelength of As =389 nm the luminescence occurs at
450 to 480 nm. At even higher excitation wavelengths no
luminescence can be detected. Since the above-mentioned -
7t* transitions of the complexes 2-8 are in the range of 450 to
580 nm in the UV/Vis spectra, it is not possible that their
luminescence is observed here. Consequently, the lowest visible
luminescent transition must result from an electronic transition
with higher energy. Because of the uncertainty of the nature of
this transition, it is impossible to provide an appropriate
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Figure 6. Absorption and emission spectra of IrPt-complex (7) in CH,Cl, for
two different excitation wavelengths.
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theoretical description. Furthermore, the optimization of higher
electronic states at the TD-DFT level often results in problems
regarding conical intersections. Therefore, we are focusing on
the experimental data. Here we analyze the luminescence
transition with the lowest energy under the assumption that it
is the same in all investigated substances.

For the pure ligand 1, only one emission band at Agy=
460 nm in CH,Cl, and A, =463 nm in CHCI; can be observed at
every excitation wavelength between 400 nm and 250 nm. This
band shows a mono-exponential decay with a lifetime of 4.7 ns
in CH,Cl, and 3.6 ns in CHCI;, see Tables S4 and S5. All metal
complexes show two luminescence wavelengths as a function
of the excitation wavelength, they are summarized in Figur-
es S13-528 as well as in Tables S4 and S5. We used the
energetically lower transition for our analysis.

Figure 7 shows the luminescence spectra for the series of
palladium(ll)/iridium(lll) in CHCl;. The other series are shown in
the Supporting Information, Figures 54-59. It can be seen that
the coordination of the metals also influences the position of
the luminescence band. While the C,N-coordination of iridium-
(I (in 5) leads to a blue-shift of the luminescence relative to
ligand 1, the N,N-coordination of palladium(ll) (3), platinum(ll)
(4) and iridium(lll) (2) results in a red-shift. In the bimetallic
complexes 6, 7 and 8, the red-shift is even more pronounced
(by a factor of 2 to 3, see Table S6). From this we can conclude
that cooperativity exists, since a pure additivity would predict
a smaller red-shift or a smaller blue-shift for the bimetallic
case (Table S6). Using the maxima of the bands for the same
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Figure 7. Series of the luminescence spectra of 1, 3, 5 and 6 at the excitation
wavelength of 390 nm in CHCl,.

Table 3. Comparison of the cooperative effects in the series of four
complexes in dichloromethane and chloroform concerning their lumines-
cence.

Ir—Pd Ir—Pt Ir—Ir
[5+3—-6—1] [5+4-7-1] [5+2-8-1]
Ve [cm™] 1000+ 169 9244159 1070+ 167
(CH,CL,, exp.)
Vee [cm™] 512+123 5104105 1089 +£121
(CHCI;, exp.)

ChemPlusChem 2021, 86, 622628 www.chempluschem.org

analysis as shown above, we can also quantify this cooperative
effects at least with respect to the purely experimental data.
Table 3 gives an overview of the obtained values. In CH,Cl,,
the spectra of 2, 4 and 5 show a dual luminescence due to a
shoulder on the lower-energy flank. We have chosen the
wavelength of this shoulder for our analysis to meet the
condition of using the lowest energy transition.

The analysis reveals a positive cooperative effect for all
series and both solvents. Compared to the values obtained
from the UV/Vis absorption, the luminescence values are
smaller. For the series Ir—Pd and Ir—Pt, the cooperative effect in
CH,Cl, is almost twice the value as in CHCl,, while for the Ir—Ir
series, the values are similar for both solvents. This solvent-
dependence could also be found for the values of the UV/Vis
data. The difference between palladium(ll), platinum(ll) and
iridium(lll) is probably not significant. This analysis of lumines-
cence data suffers from the comparison with theory but it
should indicate that the general concept is also applicable to
other (photo)physical properties.

Conclusion

The experimental data of UV/Vis (and fluorescence) spectra in
different solvents as well as TD-DFT calculations are used in this
manuscript to demonstrate the performance of the chosen
concept to quantify cooperativity. By applying this strategy, the
electronic excitations in these systems turn out to be signifi-
cantly non-additive, in our case a negative cooperativity is
observed. The magnitude of cooperativity depends on the
combination of transition metals and the solvent. Since the
investigated complexes are also useful in catalysis, the cooper-
ativity might also give an indication or an explanation for the
expected or observed catalytic reaction which may be accel-
erated by e.g. by weakening a metal-ligand bond. This has to
be worked out in the future.

The formalism for quantifying cooperativity is not limited to
UV/Vis data; it can be used as a universal scheme. Thus, it can
be transferred to other properties and molecular systems as
long as all components like the dinuclear, mononuclear
complexes and the free ligand are synthetically available.

Experimental and Theoretical Methods

Quantum-chemical calculations

Input structures for the ligand and the complexes were generated
by applying the universal force field (UFF)" implemented in the
Avogadro program.”” All structures are optimized using the Berny
algorithm of Gaussian 09" with energies and gradients computed
with Turbomole 7.4.2% For this, the hybrid functional B3LYP with
dispersion correction D3 is used.”® For all atoms, the def2-TZVP
basis set is applied, for the transition metals palladium, iridium and
platinum, the def2-ecp is used. All structures are tested for being a
minimum by frequency calculations, yielding no imaginary frequen-
cies. Absorption spectra are calculated using TD-DFT with the same
functional and basis set as used for the ground state calculations.
For every structure, 50 excitations in the singlet manifold are
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calculated. The resulting transitions are convolved with a Gaussian,
simulating a full width at half maximum (FWHM) of 1500 cm™.
Solvent effects are considered using the Conductor-like Screening
Model (COSMO),?¥ which is implemented in Turbomole. The used
permitivities are 9.14 for dichloromethane and 4.806 for chloro-
form.

UV/Vis and Luminescence Spectroscopy

For all measurements, only spectroscopy grade solvents from Fluka
were used. All measured solutions had a concentration in the range
of 2¥*10°mol/L and were prepared with the common Schlenk
technique under Argon atmosphere. The IRF (instrument response
function) was determined via scattering of a diluted LUDOX®
solution (TM-50 colloidal silica, 50 wt% suspension in water)
solution (1/100), which has been purchased from Sigma-Aldrich.

The absorption spectra were recorded with a Perkin-Elmer Lambda
900 double beam UV/VIS/NIR spectrophotometer. Cylindrical quartz
cuvettes with a path length of 1 cm were used. For detection of the
emission a Horiba Jobin Yvon Fluorolog 3-22t and 1 cmx1cm
quartz cuvettes were applied.”

Lifetime determination

The lifetime was determined with the time-correlated single-photon
counting technique (TCSPC). Spectra were recorded with a
DeltaFlex (Horiba Jobin Yvon) spectrometer.”® The sample was
excited with short light pulses of a NanoLED (273 nm, 389 nm) and
the emission monochromator was set to the corresponding
emission band for each complex. The precision photon counting is
carried out with a PPT (picosecond photon counting) detection
module, including a fast-rise PMT (photomultiplier tube) with an
integral GHz timing preamplifier, a constant fraction discriminator
and a regulated HV supply. Decay curves were analyzed with the
software DAS-6, DataStation provided by Horiba Jobin Yvon. The
average lifetimes were calculated using the amplitude average
lifetime, which is defined by

<r>a = Zairi (4)
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