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The synthesis of five homoleptic transition metal complexes of bis-(phenyl)-diisoindol-aza-methene is
described together with the optical, electrochemical and thermal properties of these compounds.
Additionally, crystal structures for the Co and the Zn complex are reported.

Introduction

Dipyrromethenes of the general structure A and their aza-methene
analogue ligands B (Fig. 1) are able to form extremely stable
complexes with a variety of metal or pseudo-metal ions, especially
with boric acid derivatives yielding BODIPY and aza-BODIPY
derivatives.? This emerging material class has attracted enormous
interest due to their intense absorption and strong fluorescence,
especially in the red region of the spectrum. These outstanding
properties stimulated the investigation of BODIPYs for various
applications such as fluorescence probes for biological imaging,® as
emitter materials in organic light emitting diodes,* or as absorber
materials for organic solar cells.’
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Fig.1 Dipyrromethenes, A, and their aza-methene analogues, B, and the
corresponding (aza-)diisoindole-methenes, C and D.

In contrast to the chemistry of the boron containing BODIPY's
and aza-BODIPYs, the chemistry of the metal complexes of
(aza-)dipyrromethenes, A (and B), developed significantly slower.
However, in recent years, di- and tri-coordinative transition metal
complexes of the compounds A and B were described. These
complexes were prepared with a variety of metals like Ag(1),
Au(1), Cu(1) and Co(11), Ni(11), Cu(1r), Zn(11), and Hg(11), and their
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structural and spectroscopic properties were investigated, in terms
of supramolecular chemistry, light harvesting systems or metallic
organic frameworks.® To the best of our knowledge, in the case
of bidentate metal complexes, with the (aza)-diisoindolmethene
ligands, C (and D), only a copper compound was synthesized,
but no spectroscopic data was given (Fig. 1).® Recently, we
reported a series of new aza-diisoindolemethene ligands, D, and
the corresponding boron difluoride compounds.” These complexes
absorb, depending on their substituents, in the red or NIR (Near-
infrared) region and the maximum can be related to an intense
HOMO-LUMO transition. The more pronounced stabilization of
the LUMO upon complexation with boron difluoride, originates
in the bathochromic shift observed in the absorption spectra.’

In this study, we describe the synthesis and systematic character-
ization of five divalent transition metal derivatives of the aza-bis-
(phenyl)-diisoindolmethene ligand,” D (R = Ph, 1), with Co(11),
Ni(1r), Cu(1r), Zn(1), and Hg(11) as central metal ions, in order to
support a better understanding of aza-BODIPY derivatives in the
context of organic optoelectronics and enable the development of
future applications.

For this purpose, the spectroscopic properties of these metal
complexes were investigated and compared to the corresponding
ligand and boron difluoride complex. Further quantum chemical
calculations were performed to gain a deeper insight in the
absorption properties, in particular into the absorption features of
the Zn complex. The electrochemical behavior, which is dependant
on the central metal ions, was determined by cyclic voltammetry.
From single crystals of the Co and the Zn complexes, the molecular
structure is revealed by X-ray diffraction and are presented and
discussed. Since possible applications of these materials may
occur by thermal evaporation in a vacuum, we also examined the
thermal stability by thermogravimetric analysis in order to probe
a potential processability.

Results and discussion

Synthesis

For the synthesis of the metal complexes, 2, the corresponding
metal-(11)-acetate salts were reacted with two equivalents of 1 in
either n-butanol or tetrahydrofuran (THF) as shown in Fig. 2.
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Fig. 2 Synthesis of the metal complexes, 2.
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This preparation method leads to the appropriate bis-
homoleptic complexes, 2, as crystalline solids in moderate to excel-
lent yields, ranging from 38% to 84%. The Co, Ni, and Zn acetate
salts were refluxed with the bis(phenyl)-aza-diisoindole-methene
ligand 1 in n-butanol, until no starting material could be assessed
by thin layer chromatography (for 2a and 2b) or until the product
precipitated (in the case of the Zn complex 2d). The Cu and Hg
complexes, 2¢ and 2e, were synthesized by heating the acetate
salts in THF solution with diisopropylethylamine (DIPEA) for
six hours for four days. In all cases, the precipitated products were
purified by re-crystallization from dichloromethane/hexane solu-
tion, yielding pure crystalline complexes. The mass spectra of all
prepared compounds, 2, evidently showed the formation of the bis-
homoleptic metal complexes 2a—2e. As further characterization,
"H NMR spectra were recorded for all compounds except for the
paramagnetic Co and Cu complex, as might be expected. The Zn

and the Hg complexes typically gave spectra in the 0—10 ppm range.
The '"H NMR spectrum of the Ni complex is of particular interest,
as it displayed considerable positive and negative peak shifts
between —2 to +40 ppm at room temperature (see experimental
section). Similar "H NMR characteristics were already described
for a Ni bis-dipyrromethene® and other Ni complexes.!! The
distortion of the usually favored planar geometry to a pseudo-
tetrahedral geometry due to the sterically demanding ligands in
these complexes is given in the literature as an explanation and
can also be expected to be the reason for 2b. Nickel complexes
exhibiting a pseudo-tetrahedral geometry, have short electron-spin
lifetimes and therefore record well-resolved NMR spectra.'

Crystal structures

Single crystals of the Co and Zn complexes, 2a and 2d, were
grown by slow evaporation of a chlorobenzene or toluene solution.
Attempts to grow X-ray quality crystals for the other metal
complexes, e.g. by slow vapor diffusion of pentane in a THF or
chloroform solution, were not successful and resulted in crystals
which were too small. Both the Co complex 2a and the Zn
complex 2d crystallize in the triclinic space group PI with one
solvent molecule in the unit cell (Fig. 3). Relevant interatomic
distances and angles are summarized in Table 1. The molecular
structure of both bis-chelates, 2a and 2d, can be regarded as a
pseudo-tetrahedral coordination geometry with the metal atom in
the center. The corresponding angle between the aza-diisoindole
planes are 68.0(6)° for the Co complex, 2a, and 66.7(9)° for the
Zn complex, 2d, which is significantly distorted from an ideal
D,d symmetry, as shown in Fig. 3a and 3d. The metal-nitrogen
bond lengths (M—N) range between 1.98(1) and 1.99(2) A for the
Co complex, 2a, and are 1.99(1) and 1.99(8) A long for the Zn
complex, 2d.

Fig. 3 Single crystal structure of the Co complex a—c and the Zn complex d-f. (a) and (d) Pseudo tetrahedral conformation; (b) and (e) top view; (c)
and (f) unit cell (solvent molecule truncated for reasons of clarity). Hydrogen atoms are truncated in all cases for reasons of clarity as well.
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Table 1 Selected bond lengths and angles obtained from the single crystal
structure data

2a (Co) 2e (Zn)
M-NI 1.99(1) A 1.99(6) A
M-N2 1.99(2) A 1.99(3) A
M-N4 1.98(1) A 1.99(3) A
M-N5 1.98(3) A 1.99(8) A
NI-M-N2 95.1(5) A 94.2(2) A
N4-M-N5 93.9(4) A 95.3(4) A
C-N3-C 126.2(4)° 128.0(4)°
C-N6-C 127.4(2)° 127.2(0)°
Plane angle 68.0(6)° 66.7(9)°

These bond lengths are similar to those found for comparable
Zn(11) bis-dipyrromethene complexes,”? but significantly longer
than for the corresponding boron difluoride complex, with the
N-B bond being 1.57(9) A long.*

The nitrogen—-metal-nitrogen (N-M-N) bite angle differs for
each bis-isoindole aza-methene ligand in both metal complexes.
In the Co complex, 2a, the angle N1-Co-N2 is 95.15° and 93.94
for the N4-Co-N4 angle. In the Zn complex, 2d, the angle is
94.2(2)° for the N1-Zn-N2 and 95.3(4) for the N4-Zn-N4. The
bite angle in the metal complexes is significantly smaller compared
to the corresponding boron difluoride complex with 105.7(3)° and
is consistent with the longer N-metal bond length. Additionally,
the C-N3/6-C angle is widened in the metal aza-diisoindole bis-
chelates in the range between 126.2(4)° and 128.0(4)° compared to
119.7(1)° in the boron difluoride complex.” An interesting aspect
is the sterically induced ligand-ligand interactions between the
phenyl ring of one ligand and the aza-bis-isoindole plane of the
opposite ligand, worthy of discussion in more detail. In the Co
complex, 2a, the minimum distance of the phenyl ring to the
opposite isoindole plane is 2.9(0) A, with an angle of 23.2(2)° to
the plane. In the Zn complex, 2d, the distance is slightly increased
to 3.09(4) but the angle is decreased to 20.8(8). This distance of
the phenyl ring to the isoindole plane in 2a and 2d is much shorter
compared to non benzannulated aza-bodipy Zn complexes, having
a minimum distance of 3.6(2) A."> Therefore, an intermolecular
-7 interaction can be considered to be present in these bis-
chelate complexes. The interaction increases with an enlarging
n-system. Accordingly, the distance of the phenyl ring plane to the
opposite ligand is reduced in the benz-annulated aza-bis-isoindole-
methenes compared to the aza-dipyro-methenes with their smaller,
non-annulated m-system on the backbone.”

Absorption characteristics

The UV-Vis absorption properties of all the metal complexes 2a—
2e were investigated and compared with respect to the free ligand,
1, and the boron difluoride complex, 3, which were described
elsewhere.”” The spectroscopic data are shown in Fig. 4 and are
summarized in Table 2. All spectra of the ligand, 1, and the
metal complexes, 2a—2e, exhibit an intense absorption band in
the UV region, and an absorption maximum in the visible regime.
In contrast to the spectrum of 1, the absorption maxima of the
metal complexes, 2a—2e, display a broadening and the appearance
of shoulders. The absorption maxima of the metal complexes are
in the range between 632 nm and 674 nm in DCM, depending on
the metal (Table 2). The Co and Ni complexes, 2a and 2b, show
a red-shifted absorption maximum by 24 nm compared to the
ligand, 1, and an absorption tail extending into the NIR region
over 800 nm. The absorption maximum of the Cu complex, 2c,
is red-shifted about 3 nm, with respect to the ligand, 1, whereas
the absorption maximum of the Hg complex, 2e, is at the same
wavelength. The Zn complex, 2d, displays a hypsochromic shift
of the maximum but exhibits an intense red-shifted shoulder at
685 nm, compared to 1. All the metal complexes 2a—2e feature, in
comparison to the maximum, a strong absorbance in the UV part
of the spectra around 300 nm as is also the case for the free ligand,
1. This is in contrast to the boron difluoride complex, where this
absorbance in the UV is weakened compared to the maximum.
The extinction coefficients of 2a—2e are in the range of 46 000
108000 Lmol™ cm™ for the corresponding absorption maxima
and therefore increased compared to the ligand, 1, except for the
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Fig. 4 Absorption spectra of the metal complexes, 2a-2e, in
dichloromethane. 1 and 3 are shown for comparison.

Table 2 Absorption characteristics of the metal complexes, 2a—2e, in comparison to 1 and 3

Auy “ [nm] Extinction [Lmol™ cm™] Amax © [nm)] Extinction [Lmol™ cm™] Ashou ¢ [nmM] Extinction [Lmol™ cm™]
1(H) 299 34000 653 56 000 — —
2a (Co) 298 37500 674 58500 725 50500
2b (Ni) 288 27000 674 46 500 645 35500
2¢ (Cu) 290 38000 656 73 500 — —
2d (Zn) 297 43000 632 108 500 685 80500
2e (Hg) 260 24000 653 60 500 626 49 500
3 (BF,) 305 28 000 715 106 000 — —

Extinction coefficients are given for® the most intense absorption in the UV region of the spectra, ® the absorption maxima in the visible regime and ° the

most pronounced shoulder of the absorption maxima.
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Ni complex, 2b (Table 2). While the absorbance of the Co- and Ni
complexes, 2a and 2b, is weak (with 46 500-58 500 Lmol™ cm™),
the extinction increases from the Hg, 2e, to the Cu, 2¢, and again
to the Zn chelate, 2d, from 60500 to 73 500 and up to 108 500
Lmol™ cm™. This intense absorbance is comparable to the boron
difluoride complex (as shown in our previous results)””® or even
stronger in the case of the Zn complex, 2d. The Zn complex, 2d,
displays the strongest absorbance for this ligand system so far.
All bis-(phenyl)-diisoindol-aza-methene metal complexes, 2a—
2e, are non-emissive and show no fluorescence, which is in contrast
to 3, since the boron difluoride compounds show an emission.’
Similar behavior was observed for (aza-dipyrromethene)-zinc(1r)
and -mercury(11) complexes,”? but these aza-dipyrromethenes
offer four rotatable phenyl-rings. However, since the more rigid
compounds, 2, do likewise not emit, the quenching is due to the
heavy-atom effect, induced by the central transition metal ion.

Quantum chemical calculations

In order to study the absorption properties in more detail, the
absorption spectra of the ligand, 1, and the corresponding Zn
complex, 2d, regarded as a model system, were calculated with
time-dependent density functional theory (TD-DFT, b3lyp/6-
31g*)."*" For this purpose, the geometries of both structures
1 and 2d were optimized (ESIT) and the optical transitions
up to the first ten excited states were calculated. Although the
prediction of the absorption maximum deviated about 0.28 eV, the
agreement with the observed spectra is good for 1 and 2d, since
both absorption features were predicted correctly.”® All absorption
features in the aza-methene ligand system 1 result from a n—*
transition, as one might expect. The calculation of the absorption
maximum in the visible regime for 1 clearly showed the principal
orbital contribution for this absorption to be a HOMO—LUMO
transition. In the ligand, 1, the next occupied levels lower in
energy (HOMO-1, —6.35 eV) and the next unoccupied levels
higher in energy (LUMO+1,—-0.89 eV) differ significantly in energy
compared to the HOMO (—4.67 ¢V) and LUMO (-2.54 eV) energy
values. Consequently, optical transitions from these lower lying
occupied orbitals to the LUMO or LUMO+1 are involved for
the high energy absorption in the UV (Table 3), in case of the
ligand, 1. The calculations on the optimized structure of the Zn
complex, 2d, showed degenerated HOMO energies (—4.56 eV)
and nearly similar LUMO and LUMO+1 energies (-2.47 eV
and -2.36 ¢V). This energetic situation, which is different to
1, leads to several allowed optical transitions with absorption
energies very close to each other, observed in the optical spectra as
shoulders. The TD-DFT calculations revealed, that the absorption
maximum including the shoulder in the visible region arises from
two contributions. First, transitions from the HOMO—LUMO
and HOMO-1—LUMO+1 lead to the most intense absorption.
Secondly, the intense red-shifted shoulder arises due to transitions
from the HOMO-1 to LUMO and the HOMO to LUMO+1. The
relative intensities of these transitions were predicted in agreement
with the experiment, with a lower extinction for the red-shifted
shoulder in the case of the Zn complex, 2d. For the high energy
absorption in 2d, detected in the UV region, deeper lying orbitals
are involved, as for 1, which are listed in detail in Table 3.
Calculations based on the single crystal structure of 2d support
the findings of the optimized structure. The results showed a

Table 3 Energy, oscillator strength and principal orbital contribution in
the ligand, 1, and the Zn complex, 2d

Oscillator
Energy [eV] (nm)  strength Principal orbital contributions
1 2.19 (567.21) 0.788 HOMO—LUMO
3.14 (394.17) 0.016 HOMO—LUMO+1
HOMO-1-LUMO
3.15(392.80) 0.065 HOMO-2—LUMO
HOMO—LUMO+1
24> 2.14(577.16) 0.552 HOMO-1-LUMO
HOMO—LUMO+1
2.24 (553.26) 0.878 HOMO—LUMO
HOMO-1—LUMO+1
3.35(369.48) 0.011 HOMO-4—LUMO+1
HOMO-3—LUMO
HOMO-1-LUMO+4
HOMO—LUMO+5
3.36 (368.92) 0.021 HOMO-4—LUMO
HOMO-3—LUMO+1
HOMO-1-LUMO+5
HOMO—LUMO+4
2d®  2.10 (588.63) 0.382 HOMO-1—LUMO
HOMO—LUMO+1
2.29 (540.12) 0.878 HOMO—LUMO
HOMO-1-LUMO+1
3.35(369.48) 0.014 HOMO-4—LUMO+1
HOMO-3—LUMO
HOMO-1-LUMO+4
HOMO—LUMO+5
3.37 (366.88) 0.021 HOMO-4—LUMO

HOMO-3—LUMO+1
HOMO-1-LUMO+5
HOMO—LUMO+4

Calculation with the optimized ligand structure, 1, with the optimized Zn
complex structure, 2d°, and ® with the single crystal structure, 2d°.

quasi-degeneration of the HOMO and HOMO-1 energy levels
with a deviation of only 0.0232 eV. This break-up of degeneracy
compared to the optimized structure is most likely due to
variations from an ideal D,d symmetry, induced by solid state
packing effects. However, the absorption features were predicted
in the same way as for the optimized structure without any
significant changes (Table 3). A detailed analysis of the frontier
orbitals of the Zn complex, 2d, (Fig. 5) displayed the HOMO and
HOMO-1 orbital to be the only ligand located. The LUMO and
LUMO-+1 instead are partially metal located with a clearly visible
alternation of the orientation of the metal d-orbital in the center.
This indicates, that the optical transitions in 2d, leading to the
absorption maximum including the shoulder, have a partial ligand
to metal L(n)—M(d*) charge transfer character (LMCT).

Electrochemical characterization

Since the redox potentials and the resultant HOMO and LUMO
energies are important for (opto-)electronic applications, the
electrochemical properties of all prepared complexes, 2a—2e,
were examined with cyclic voltammetry (CV), to obtain the
corresponding oxidation and reduction potentials. The results
were compared to the potentials of the free ligand, 1, and the
boron difluoride complex, 3. The measurements were done in
dichloromethane, using an Ag/AgCl reference electrode with
the ferrocene/ferrocinium couple (Fc/Fc*) as the internal redox
standard.’ The metal compounds, 2a-2e, exhibit a complex
electrochemical behavior. All reversible redox states were only

This journal is © The Royal Society of Chemistry 2011
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Table 4 Electrochemical data of the metal complexes, 2a—2e, the ligand,
1, and the boron difluoride complex, 3, vs. Fc/Fc*

Compound E‘f‘” E EY E‘;‘z
1(H) — —1.447 0.18 —
2a (Co) -1.787 —1.52¢ 0.02¢ 0.26“
2b (Ni) - ~1.36" ~0.01¢ 0.21°
2¢ (Cu) _ ~0.78 ~0.14 0.44"
2d (Zn) -1.787 -1.62¢ 0.02¢ 0.26“
2e (Hg) ~1.59” ~1.49° 0.04 0.26"
3(BF,) — ~1.12¢ 0.43 —

Half wave potentials vs. Fc/Fc* of the first reduction and oxidation and (if
present) the second reduction and oxidation; measured in CH,Cl,/Bu,PF,
(0.1 M) vs. Ag/AgCl, scan rate 100 mV s™', with Fc/Fc* as internal
standard.'”® Reversible redox waves. ® Irreversible redox waves.

LUMO+1

Fig. 5 Frontier orbitals of the optimized Zn complex, 2d, involved in the
lowest energy absorption. Note the ligand only character of the HOMO-1
and HOMO and the partial metal located LUMO and LUMO+1.

measured for the Co and Zn complexes, 2a and 2d, with two
reversible oxidation and reduction waves (Fig. 5) in each case. The
Co complex, 2a, displayed potentials at —1.52 V vs. Fc and at
—1.78 V vs. Fc for the first and the second reduction, respectively.
The oxidation waves were observed at 0.02 V and 0.26 V vs. Fc for
the first and second oxidation wave respectively (Fig. 6). The Zn
complex, 2d, showed the same redox potentials as the Co complex,
2a, apart from the first reduction wave which was shifted by —100
mV to lower potentials. The complexes 2b (Ni), 2¢ (Cu) and 2e (Hg)
displayed only reversible one-electron oxidation waves, whereas
the second oxidation and the one electron reduction (and two
electron reduction for 2e) processes appeared to be irreversible. All
measured redox potentials are listed in Table 4. The one-electron
reduction potentials of the Co, Ni, Cu, and Zn complexes, 2a—
2d, reflect the periodic trend of the electron affinity for the first
row transition metal elements. In this trend one would expect an
increase of the electron affinity from Co to Ni to Cu, and a decrease
for Zn. The experimental reduction in fact becomes more facile
from complex 2a (Co) to 2b (Ni) by 0.16 V, to 2¢ (Cu) by 0.74 V, and

-6 | LI T T T T T ]
3.0x10 2a (Co)
0.0 - i
< 3.0x10° .
c T T T T T T
2 -1.5 -1.0 -05 0.0 0.5 1.0
3 -7 ] T T T T T T .
O 6.0x10 4 2d (Zn)
0.0 i
-6.0x107 - 1

45 10 05 00 05 10
Potential [V]

Fig. 6 Reversible one- and two-electron redox waves for the Co and Zn
complex, 2a and 2d, measured in CH,Cl,/Bu,PF; (0.1 M) vs. Ag/AgCl,
scan rate 100 mV s, with Fc/Fc* as internal standard.'®

less favored for 2d (Zn) by 0.10 V. This characteristic is represented
in the LUMO energies in the Fig. 6.

The one-electron oxidation shows a trend in the CV measure-
ment with a decreasing ionization potential from complex 2a (Co)
to 2b (Ni) by 0.03 V, to 2¢ (Cu) by 0.16 V, and further increases
in the potential for complex 2d (Zn) and 2e (Hg) by 0.02 V. On
the one hand, this behavior is in contrast to the trend of the pure
transition metals M(0), where a higher oxidation potential for Cu
than for Co is expected, due to the higher ionization energy. One
the other hand, this trend can be qualitatively understood with
the simple Pearson’s concept of hard and soft Lewis acid and
bases (HSAB)."” In the HSAB concept, the hardness of transition
metal ions (M?*) is decreasing (or the softness is increasing) in
the periodic table by going from Co(i) via Ni(11) to Cu(ir).
Consistently, the oxidation potentials of 2a—2¢ are continuously
shifted towards lower potentials. The higher oxidation potential
of the Zn and the Hg compound, 2d and 2e, can be considered to
be due to the additional stability of the electronic configuration
for a closed s-atomic orbital shell.?

The electrical gap of the metal complexes, 2a—2e, obtained from
the CV measurements (Fig. 7) does not correlate with the observed

-3.0 1

3.16
_3.26 o— R
3.3 cmm— 342 3.29 )
a5 -1 22 349 LUMO
=~ -3.66
> > > > > >
() (] () () [5] [
3 401 & 3 & 2 3 3
= ool vl L v w3
5 wi w w wi w w ©
g B
457 -4.64 o
480 4770 T 480 .48
-4.96 HOMO
50l =
5.22

(H)  (Co) (N) (Cu) (Zn) (Hg) (BF)
1 2a 2b 2c 2d 2e 3

Fig. 7 Calculated HOMO and LUMO energy values from the obtained
redox potentials; Eyomo(Fc) =—4.78 eV, Eyomo =—4.78 + (ES*(Fc) — (EYY)),
Evumo = —4.78 + (ES (Fo) — (ET))." 7 7
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absorption properties (Fig. 4). According to the electrochemical
data, the Cu complex, 2¢, should have the most red-shifted ab-
sorption, assuming a pure HOMO-LUMO transition. However,
this is neither the case for the absorption maximum nor for the
red-shifted shoulder occurring in the spectrum. For this reason,
the electrochemical measurements confirm that no pure HOMO-
LUMO transitions are present in the absorption process, as was
evaluated by quantum chemical calculations for the Zn complex,
2d.

Thermogravimetric analysis

To probe a possible processability of these materials by thermal
vacuum sublimation, the thermal stability of the complexes,
2a-2e, was investigated by differential thermal analysis (DTA)
and thermogravimetric analysis (TGA).?! The mass loss of the
metal complexes was measured by TGA in an inert nitrogen gas
atmosphere, as shown in Fig. 8.

2a (Co)

2b (Ni)

2c (Cu)

2d (Zn)

2e (Hg)

70 \

60

80

I EERE

Mass [%]

50 \
T

40

100 200 300 400 500
Temperature [°C]

Fig. 8 Thermogravimetric analysis of the metal complexes, 2a—2e, in the
temperature regime of 50 to 500 °C.

Since the ligand, 1, in these systems remained the same,
the measured stability is related to the stability of the metal-
nitrogen bond and the thermal activation of the metal-(11)-ions
and associated decomposition reactions. Although there is a mass
drift present in a few samples, the decomposition proceeds very
abruptly and hence allows for an objective analysis of the data.
All of the investigated compounds, except the Hg complex, 2e,
exhibit a good thermal stability and a significantly increased
stability compared to the free ligand, 1. For compounds 2a—
2d incorporating first-row transition elements (Co, Ni, Cu and
Zn), the thermal stability correlates with the oxidation potential
of these complexes. The most stable compounds were those with
Co and Zn as central metal atoms, 2a and 2d. These materials
showed a negligible mass loss (<5%) until 420 °C but a rapid
mass loss in higher temperature regimes. In terms of thermal
stability, the next most stable compound is the Ni complex, 2b,
with a decomposition temperature around 385 °C, followed by
the Cu complex, 2¢, with decomposition occurring at 345 °C. The
Hg complex, 2e, is the thermally most fragile compound with
degradation occurring at 286 °C combined with a very rapid mass
loss. This material behavior may be related to the larger Hg(1)-
ion and hence a longer, and therefore weaker Hg—N bond, as was

shown for a related Hg complex.'? It is worth mentioning, that the
Co and the Zn complex, 2a and 2d, are both evaporable in a high
vacuum (10"® mbar) at moderate temperatures (~200 °C), offering
an easy processability for further investigations.

Conclusions

The synthesis and systematic characterization of Co, Ni, Cu,
Zn, and Hg complexes of aza-bis-(phenyl)-diisoindolmethene
is described. The molecular structures of the Co and the Zn
complexes, 2a and 2d, adopt a pseudotetrahedral geometry in
the solid state, with a significant distortion from D,d symmetry,
as obtained from single crystal X-ray diffraction.

The absorption spectra of all complexes, 2a—2e, are charac-
terized by a broadening of the absorption maximum together
with shoulders. The extinction coefficients are increased compared
to the ligand, 1, in particular for the Zn complex, 2d, with the
highest extinction for this ligand system so far. All complexes 2a—
2e are nonemissive. TD-DFT calculations of the Zn complex, 2d,
revealed that the absorption behavior originates from degenerate
HOMO and HOMO-1 energies and transition from these orbitals
into the LUMO and LUMO+1, with a partial ligand-to-metal
charge transfer character. Cyclic voltammetry measurements
showed a trend of decreasing oxidation and increasing reduction
potential for the first-row transition metal complexes, 2a-2d.
This makes it possible to tune the electrochemical potential and
hence the HOMO and LUMO energies simply by choosing the
appropriate metal ion. Together with a good thermal stability (up
to 460 °C for the Zn complex, 2d) the metal complexes of the
aza-bis-(phenyl)-diisoindolmethene offers a simple processabiltiy
by thermal evaporation. Therefore, a further investigation for the
application of these materials in organic solar cells is intended.

Experimental

All starting materials were obtained from commercial sources and
were used without further purification. Tetrahydrofurane (THF)
was dried over sodium and distilled right before use or stored over
mole sieve 4 A. Butanol was dried over mole sieves 4 A. 'H and
BC spectra were recorded at 25 °C with a Bruker DRX 500 P in-
strument at 500.13 and 125.76 MHz, respectively. The assignment
of quaternary C, CH, CH, and CH; was completed using DEPT
spectra. Elemental analysis achieved with an Eurovektor Hekatech
EA-3000 elemental analyzer. The UV-VIS spectra were measured
with a Perkin Elmer A 25 spectrometer. Mass spectra were recorded
with a Bruker Esquire-LC 00084 instrument, at 10 Volt with
electrospray ionization with methanol (0.1% ammonium acetate).
Melting points and DTA-TG were measured simultaneously with
the thermal analyzer STA 409PC Luxx, direct mass spectroscopy
were done with a capillary coupling to QMS 403 C Aélos, both
from NETZSCH.

Cyclic voltammetry was recorded with a Metrohm p-Autolab
potentiostat in a single-component cell under a nitrogen atmo-
sphere. A typical three electrode configuration with an inlaid
platinum disk as working electrode, platinum wire as counter
electrode and a silver rod coated electrochemically with AgCl.
Potentials were measured versus SCE and referenced to ferrocene
as an internal standard (E°(Fc/Fc*) =—-4.78 eV to vacuum). The
measurements were performed with a scan rate of 100 mV s™ in
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de-gassed dichloromethane (HPLC quality) and addition of tetra-
n-butylammonium hexafluorophosphate (TBAPF, 0.1 mol L™) as
electrolyte. Compound 1 was synthesized as described in ref. 7.

Cobalt-di-aza-bis-(phenyl)-diisoindolmethene (2a)

Compound 1 (1.00 g, 2.52 mmol) and 1.3 e.q. cobalt-(11)-acetate
(0.54 g, 3.09 mol) is refluxed n-butanol (20 mL) with 2 e.q.
diispropylethylamine (DIPEA) (0.7 mL, 4.95 mmol) until the
product starts to precipitate from solution. The cold reaction
mixture is filtered and the so obtained product is re-crystallized
from dichloromethane/hexane (4:1), yielding the zinc-di-aza-
bis-(phenyl)-diisoindolmethene as yellow needles (0.40 g, 37%),
m.p. 383 °C, (dichloromethane/hexane 4:1). '"H NMR: not
possible. *C NMR: not possible. ESI-MS m/z (%): [M+H]* 852.3.
Elemental analysis calcd. for CssH3,NyCo: C 78.96, H4.26, N 9.87;
found: C 78.84, H4.17, N 9.75.

Nickel-di-aza-bis-(phenyl)-diisoindolmethene (2b)

Compound 1 (1.00 g, 2.52 mmol) and 1 e.q. nickel-(11)-acetate
(0.44 g, 2.52 mol) is refluxed n-butanol (20 mL) with 2 e.q. DIPEA
(0.7 mL, 4.95 mmol) until the product starts to precipitate from
solution. The cold reaction mixture is filtered and the so obtained
product is re-crystallized from dichloromethane/hexane (4:1),
yielding the zinc-di-aza-bis-(phenyl)-diisoindolmethene as yellow
needles (0.58 g, 57%), m.p. 378 °C, (dichloromethane/hexane
4:1). '"H NMR (500 MHz, CDCl;): 6 (ppm) = 40.55 (s, 4H),
13.75 (s, 2H), 6.71 (s, 2H), 6.42,(s, 4H), 5.49 (s, 2H), 3.93 (s, 2H),
—1.96,(s, 2H); *C: not possible due to low solubility. ESI-MS m/z
(%): [M+H]* 851.2. Elemental analysis calcd. for CssH3NgNi: C
78.98, H 4.26, N 9.87. Elemental analysis found: C 78.94, H 4.29,
N 9.49.

Copper-di-aza-bis-(phenyl)-diisoindolmethene (2c)

Compound 1 (1.00 g, 2.52 mmol) and 1.3 e.q. copper-(ID)-
acetate (1.08 g, 3.18 mmol) is refluxed THF (10 mL) with 3
e.q. DIPEA for 30 min. The solution is refluxed until no starting
material is detectable with TLC. The reaction mixture is cooled
to room temperature and the solid filtered. Re-crystallization
from dichloromethane/hexane (4: 1) gave the copper-di-aza-bis-
(phenyl)-diisoindolmethene as violet plates (0.72 g, 66%), m.p.
344 °C, (dichloromethane/hexane 4:1). "H NMR: not possible.
BCNMR: not possible. ESI-MS m/z (%): [M+H]* 856.3. Elemen-
tal analysis calcd. for CssH3NyCu: C 78.53, H 4.24, N 9.81; found:
C78.41,H4.41,N9.79.

Zinc-di-aza-bis-(phenyl)-diisoindolmethene (2d)

Compound 1 (1.00 g, 2.52 mmol) and 1.3 e.q. zinc-(11)-acetate
(0.60 g, 3.28 mol) is refluxed n-butanol (20 mL) with 2 e.q.
diispropylethylamine (DIPEA) (0.7 mL, 4.95 mmol) until the
product starts to precipitate from solution. The cold reaction
mixture is filtered and the so obtained product is re-crystallized
from dichloromethane/hexane (4 : 1), yielding the zinc-di-aza-bis-
(phenyl)-diisoindolmethene as yellow needles (0.91 g, 84%), m.p.
370 °C, (dichloromethane/hexane 4:1). '"H NMR (500 MHz,
CDCl): 6 (ppm) =8.07 (d, J =7.88 Hz, 2H), 7.58 (d, J = 7.88 Hz,
2H), 7.40 (t, J = 7.88 Hz, 6H), 7.20 (t, J = 7.88 Hz, 2H), 6.93 (t,

J =7.56 Hz, 4H), 6.83 (t, J = 7.56 Hz, 2H). *C NMR (126 MHz,
CDCLy): 6 (ppm) = 153.2, 141.5, 137.2, 132.8, 130.3, 128.6, 128.0,
127.4,127.3,124.9, 121.5, 120.6. ESI-MS m/z (%): [M+H]* 857.3.
Elemental analysis calcd. for CssH3NyZn: C 78.36, H4.23, N 9.79;
found: C 77.53, H 4.95, N 9.53.

Mercury-di-aza-bis-(phenyl)-diisoindolmethene (2¢)

Compound 1 (1.00 g, 2.52 mmol) and 1.3 e.q. mercury-(11)-
acetate (1.08 g, 3.41 mmol) is refluxed THF (10 mL) with 3
e.q. DIPEA for 30 min. The solution is refluxed until no starting
material is detectable with TLC. The reaction mixture is cooled
to room temperature and the solid filtered. Re-crystallization
from dichloromethane/hexane (4: 1) gave the copper-di-aza-bis-
(phenyl)-diisoindolmethene as violet plates (0.66 g, 53%), m.p.
286 °C, (dichloromethane/hexane 4:1). '"H NMR (500 MHz,
CDClLy): 6 (ppm) = 8.10 (d, J = 7.92 Hz, 2H), 7.59 (d, J =
7.90 Hz, 2H), 7.45 (t, J = 7.98 Hz, J = 7.04 Hz, 2H), 7.42 (d,
J =17.92 Hz, 4H), 7.26 (t, H, J = 6.99 Hz, 2H), 6.98 (m, 6H). *C
NMR (126 MHz, CDCl,): é (ppm) = 153.8, 140.9, 137.8, 133.6,
130.2, 129.0, 128.4, 127.3, 124.8, 121.5, 120.5. ESI-MS m/z (%):
[M+H]* 993.3. Elemental analysis calcd. for CssH;NgHg: C 67.70,
H 3.65, N 8.46; found: C 67.24, H 3.36, N 8.92.
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