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Green-Emissive Zn’* Complex Supported by a Macrocyclic

Schiff-Base/Calix[4]arene-Ligand: Crystallographic and
Spectroscopic Characterization

Steve Ullmann,®® Martin Bérner,™“ Axel Kahnt,” Bernd Abel,”® and Berthold Kersting*™

The macrocyclic calix[4]arene ligand H,L comprises two non-
fluorescent  2,6-bis-(iminomethyl)phenolate  chromophores,
which show a chelation-enhanced fluorescence enhancement
upon Zn*" ion complexation. Macrocyclic [ZnL] complexes
aggregate in the absence of external coligands via intermolec-
ular Zn—N bonds to give dimeric [ZnL], structures comprising
two five-coordinated Zn?' ions. The absorption and emission

Introduction

The synthesis of supramolecular assemblies” based on zinc
complexes supported by Schiff-base ligands has been exten-
sively investigated,”” particularly for designing functional mate-
rials with specific sensoric,”"? catalytic"'"®¥ and photophysical
properties."*?? Most studies have utilized four-coordinate zinc
salen”? and zinc salophen™ complexes as building blocks,®”
which readily self-aggregate via intermolecular Zn**aryloxide
bonds or form adducts with external Lewis basic groups.”"” The
strong tendency of planar, four-coordinate zinc salen complexes
to bind external N donor ligands in axial positions provides the
basis for constructing supramolecular assemblies. Thus, helical
complexes,2*¥ metallomacrocycles,?*=>¢ polynuclear
clusters,”*® nanofibers®**® and other nanostructures™'“? have
all been constructed in this way.

The self-assembly properties of zinc complexes supported
by other types of Schiff-base ligands is also attracting much
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wavelengths are bathochromically shifted upon going from the
liquid (Apaxaps (CH,Cl)) =404 nm, A .em (CH,Cl)=484 nm) to
the solid state (A ayaps=424 Nm (4 wt%, BaSO, pellet), A oxem=
524 nm (neat solid)). Insights into the electronic nature of the
UV-vis transitions were obtained with time-dependent density
functional theory (TD-DFT) calculations for a truncated model
complex.

interest.*? Calix[4]arene-based salicylaldiminato ligands, for
example, have turned out to be potent chelators for Zn®*
cations. Acyclic and cyclic ligands are readily synthesized by
condensation reactions of appropriate calix[4]larene diamines
and aromatic aldehydes. Rao has reported several N,O, donor
ligands built upon a 4-tert-butyl-calix[4]arene scaffold in the
cone conformation.*’*"" Both monomeric and dimeric com-
plexes with four-coordinated Zn>* atoms are supported.®>>* In
the past few years, many fluorescent chemosensors for Zn?*
ions based on hybrid calixarene/Schiff-base ligands have been
described.®*

We have investigated previously the coordination chemistry
of the macrocyclic ligand H,L, comprising of 2,6-bis
(iminomethyl)-4-tert-butylphenol and calix[4]arene head units
(Figure 1).%¢ This ligand enables the optical detection of Zn**
ions among a series of biologically relevant metal cations in
solution by a strong blue fluorescence emission. In the presence

[ZnL(py)2] (1)

Figure 1. Formula of the Zn*" complex [ZnL(py),] (1) supported by the
macrocyclic Schiff-base/calix[4]arene ligand H.,L (py = pyridine).
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of Zn>" ions the fluorescent intensity output of H,L increased
by a factor of ~10, presumably due to chelation of the Zn**
ions reducing the PET quenching mechanism (PET=photo-
induced electron transfer) of the imino functional groups. So
far, only one Zn** complex supported by H,L has been
structurally characterized, namely mononuclear [ZnL(py).] (py =
pyridine) 1. Herein, we report the crystal structure of the
dimeric, base-free complex [ZnL], (2), which shows a green
fluorescence in the solid state. The optical properties of [ZnLl,
have been investigated by diffuse reflectance, excitation, and
emission spectroscopy, energy filtered photoelectron emission
microscopy (PEEM), accompanying density functional theory
(DFT) and time-dependent DFT (TD-DFT) calculations.

Results and Discussion

Synthesis and Characterization of [ZnL], (2). The previously
reported crystal structure of the [ZnL(py),] complex 1 (py=
pyridine) revealed a mononuclear complex with a six-coordi-
nated Zn’" atom, chelated by two imino N and two phenolato
O atoms from (L)*" and two cis-oriented pyridine co-ligands
(Figure 1).%® The phenol groups of the two calix[4]arene units
do not interact with the Zn>* ion and remain protonated. There
are also two dangling imine groups in this structure, the lone
pairs of which pointing to the periphery of the complex. We
reasoned that in the absence of pyridine, the [ZnL] monomers
could be linked via these free imine-functions to form
oligomeric or polymeric species as schematically illustrated in
Scheme 1.

Acetonitrile was selected as crystallization medium since the
coordination ability index (a™) is much lower than that of
pyridine (MeCN: —0.2; py: +14).5" A few crystals of
[ZnL],-12MeCN (212MeCN) suitable for X-ray crystallography

could be grown. Crystals of 212MeCN are monoclinic space
group P2,/n. The crystal structure determination revealed the
presence of a dimeric complex (Figure 2) and heavily disordered
solvate molecules.

As can be seen two [ZnL] monomers are linked via two
imine groups (Zn1-N4’, Zn1’-N4). This aggregation mode is
different from that seen for [Zn(salen)] complexes, which
dimerize via phenolato bridges.>*"*® The neutral [ZnL], complex
has crystallographically imposed inversion symmetry. Molecules
of [ZnL], are well separated by the MeCN solvate molecules,
which occupy the large interstitial voids in the structure. The
closest intermolecular ZnZn distance at 16.7 A is much longer
than the intramolecular Zn*Zn distance at 6.7 A.

Figure 3 shows a section of the structure of [ZnL], with the
calix[4]arene units omitted. Selected bond lengths and angles
are summarized in Table 1. The Zn®" ions are penta-coordinated
and the coordination geometry is best described as distorted
trigonal-bipyramidal, as suggested by the T value of 0.63.*” The
two phenolate O atoms occupy the apical positions and the
imine N donors form the base of the trigonal bipyramid. The
distortions from the ideal coordination geometry are man-
ifested in the N—Zn-N angles which deviate by as much as ~20°
from the ideal 120° value. The Zn—O distances (mean value
2.014(3) A) are shorter than the Zn—N distances (2.087(3) A) and

compare well with those reported for [Zn(salen)(py)]"*’" and
other five-coordinated Zn"N,0, complexes.”?
In terms of coordination mode, two kinds of bis

(iminomethyl)phenolate units can be distinguished in this
structure. One unit acts as a bidentate NO donor ligand towards
one Zn?' ion, and the remaining imine function is non-
coordinating (N1). The other bis(iminomethyl)phenolate binds
one Zn*" in a bidentate and another Zn’" ion in a mono-
dentate fashion. The two types of bis(iminomethyl)phenol units
are designated as bidentate (B) and tridentate (T) in Figure 3

s B e e
0 'Bu N Zn N —r N n N
) — —
NZ = : :
lo OHOH j [ZnL] N@N
o -
[ZnL]

Scheme 1. Linking of [ZnL] monomers via the dangling imine-groups (highlighted) forming oligomeric or polymeric structures. The macrocyclic complex is

represented by an ellipsoid for clarity.
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Figure 2. Molecular structure of the [ZnL], complex 2 in crystals of 2-12MeCN. Hydrogen atoms (except OH) are omitted for clarity. Symmetry code used to

generate equivalent atoms 1-x, -y, -z ().

K bidentate bis(iminomethyl)phenolate unit
\

tridentate bis(iminomethyl)phenclate unit

Figure 3. View of the central part of the structure of [ZnL],-12MeCN
(calixarene units and tert-Bu groups omitted for clarity). B and T refer to the
bidentate and tridentate bis(iminomethyl)-phenolate units, respectively. This
complex fragment has been utilized for the DFT calculations.

and Figure 4. The planes through the imine groups in the
bidentate entity are not coplanar with the aryl ring planes, as
manifested by dihedral angles of 15.8° and 11.1° between the
best planes through the imines (defined by the C*—C=N-C
linkage) and the attached aryl ring. The corresponding angles in
the tridentate unit are 11.1° and 30.3°.

Eur. J. Inorg. Chem. 2021, 3691-3698  www.eurjic.org

Table 1. Experimental and calculated bond lengths / A and angles /° for
[ZnL],12MeCN (2'12MeCN) and the truncated model complex [Zn(L"),], (for
atom labels, see Figure 3, L’'=2,6-bis(N-methyl-iminomethyl)-4-methyl-

phenolate).

Znll, 2) (Zn(L))pco”
Zn1-05 2.002(3) 2.066
Zn1-06 2.026(3) 2.096
Zn1-N2 2.066(3) 2.071
Zn1-N3 2.080(3) 2.118
Zn1-N4' 2.114(3) 2.160
C37-05 1.297(5) 1.285
C53-06 1.293(4) 1.286
05-Zn1-06 177.8(1) 1771
05-Zn1-N2 89.1(1) 88.8
05-Zn1-N3 92.0(1) 92.5
05-Zn1-N4' 91.2(1) 90.5
06-Zn1-N2 89.2(1) 91.7
06-Zn1-N3 87.5(1) 84.9
06-Zn1-N4' 91.1(1) 91.2
N2-Zn1-N3 121.0(1) 127.3
N2-Zn1-N4' 140.4(1) 129.2
N3-Zn1-N4’ 98.6(1) 103.5
S(CN1=CC/ArO)™ 15.8 0.4
S(CN2 =CC/ArQ)"®! 11.5 0.7
S(CN3=CC/ArO)™ 11.1 16.0
S(CN4=CC/Ar0)"® 30.3° 344

[a] B3LYP/def2-TZVP level of theory. The fragment shown in Fig. 3 (calix[4]
arenes and tert-butyl groups replaced by methyl) has been utilized for the
DFT calculations. [b] § is the dihedral angle (C*°-C*-C=N) that describes
the tilting angle of the best planes through the imine and aryloxide

groups.
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Figure 4. Mode of aggregation of two [ZnL] monomers in 2, leading to
bidentate (B) and tridentate (T) 2,6-bis(iminomethyl)phenolate moieties. The
dashed lines refer to the intermolecular Zn—N bonding interactions.

Spectroscopic Properties

The spectroscopic properties of complex 2 were further studied
by UV-vis diffuse reflectance, excitation, and emission spectro-
scopy as well as energy filtered photoelectron emission micro-
scopy (PEEM). The UV-vis diffuse reflectance spectrum of the
dimeric Zn** complex 2 (~4 wt% dispersed in BaSO, pellet)
(Figure 5) is dominated by two intense absorption bands at
272 nm (not shown) and 424 nm. Intense bands at 286 nm are
typical for calix[4]arenes, and have been assigned to m—m*
transitions.”? The broad absorption maximum peaking at
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Figure 5. Kubelka-Munk converted diffuse reflectance UV-vis spectrum (blue
curve, ~4 wt% finely dispersed in BaSO, powder), excitation spectrum
(Aem=1524 nm, black curve, neat powder), and emission spectrum

(hexe =435 nm, green curve, neat powder) of the solid Zn?* complex 2 at
298 K.
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424 nm in the blue region of the spectrum is attributed to
strong m—mnt* and weak ligand-to-ligand charge transfer (LLCT)
excitations within the zinc-bound bis(iminomethyl)-4-tert-butyl-
phenolate chromophores. Absorptions of similar energy have
been observed for other Zn** complexes supported by bis
(iminomethyl)-phenolate ligands in the liquid state.” TD-DFT
calculations for the truncated model complex [Zn(L'),], (2") also
support the m-rt* and LLCT nature of the transitions (vide infra).
The absorption maxima for 2 in CH,Cl, solution (Figure S1) are
observed at 272 and 403 nm.

It is well-known that Zn?* binding can significantly enhance
the rather weak, intraligand '(m-t*) fluorescence emission of
phenolate-based Schiff-base ligands owing to the inhibition of
photo-induced electron transfer processes.”® The zinc(ll) com-
plex 2 displays bright green emission under excitation with a
blue LED lamp (Ay=395+5nm) in the solid state. The
emission spectrum of 2 (neat powder, Figure 5) shows that the
green fluorescence is related to an intense emission maximum
at 524 nm. The corresponding excitation spectrum (monitored
at 524 nm) shows a broad absorption band peaking at 435 nm,
which is close to the absorption maximum at 424 nm seen in
the UV-vis diffuse reflectance spectrum. The close resemblance
of the steady state excitation and diffuse reflectance absorption
spectra of 2 suggest that the emission arises from the lowest-
energy S, state. Excitation and emission spectra were also
recorded for complex 2 in halogenated solvents (CH,Cl, (Fig-
ure S1), CHCI; (Figure S2)). To ascertain the integrity of complex
2 in these solvents, emission spectra were recorded in the
concentration range from 10* to 107" mol-L™' (Figure S3). The
shape of the emission bands remains unchanged down to
10~® mol-L™" and the emission intensity decreases linearly with
decreasing concentration, suggesting that 2 maintains its
dimeric nature.” The absorption and emission maxima in
solution appear slightly blue-shifted relative to those in the
solid state. In our case, a red-shift by ~21 nm (from 403 nm in
CH.,CIl, to 424 nm in solid state) is observed for the absorption
maxima. Likewise, a red-shift of similar magnitude is observed
for the emission maxima (494 nm (CHCl;) vs 524 nm (solid
state). This behavior is typical for -t* transitions of molecules
with extended m-systems,”® and can be rationalized in our case
in terms of a larger delocalization of the m-system due to
packing and/or intermolecular van der Waals interactions
between the chromophores in the solid state. The fact that
complex 1 emits at slightly higher energies (A.,=484 nm)®®
than complex 2 (494 nm) is not so clear cut. It may be due to a
different degree of delocalization of the salicylaldimine -
systems caused by the differently coordinated Zn®* ions in 1
(coordination number 6) and 2 (coordination number 5),
respectively, although solvation effects cannot be ruled out (i.e.
the emission spectrum of complex 1 was recorded in neat
pyridine).

Energy filtered photoelectron emission microscopy (PEEM)
measurements were conducted to approximate the energy of
the S, state of complex 2 relative to vacuum. PEEM is concep-
tionally designed to obtain spatial resolved images of submi-
crometer structured systems. However, when measuring with
an energy filter, binding energy resolved images are

© 2021 The Authors. European Journal of Inorganic Chemistry published
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obtainable.”’”® PEEM on amorphous samples (which show no
PEEM resolvable structures) can provide average binding
energy of the emitted photo electrons. Under our experimental
conditions - that is exciting with femtosecond pulsed (~50 fs
pulse width) laser light at 357 nm (3.47 eV) - the photo electron
emission takes place by a two-photon absorption process. The
absorption of the first photon excites the sample into an
excited state from which the absorption of the second photon,
which occurs within the duration of the laser pulse, removes an
electron from this excited state into the vacuum.”®®*” Our PEEM
measurements performed for complex 2 (neat powder depos-
ited on a Si/SiO, substrate) revealed a binding energy of
—0.7 eV vs. vacuum (Figure S5), which is equivalent to a kinetic
electron energy of 0.7 eV. Taking the binding energy of 0.7 eV
and subtracting its absolute value from the energy of the two
photons absorbed (2x3.4 eV) the energy level of the ground
state of [ZnL], below vacuum level is obtained, which amounts
to —6.2 eV (please note, the negative value results from the
convention that the vacuum level is assumed as 0eV and
energy levels below are marked with a negative sign).

DFT and TD-DFT calculations for [Zn(L’),], (2")

We performed density functional theory (DFT) and time-
dependent DFT calculations on a truncated model complex
[Zn(L"),], (2"), in order to analyze the spectroscopic properties of
2. The ligand L' (=2,6-bis(N-methyl-iminomethyl)-4-methyl-
phenolate) was used in place of H,L for computational
practicality. Initial coordinates for geometry calculations were
derived from the crystal structure of 2. The DFT-optimized
geometry of 2’ (B3LYP/def2-TZVP level of theory) does not
exactly reproduce the structural features of the experimentally
determined structure for 2, with some deviations seen in the
immediate coordination environment of the Zn?* ions. Thus,
the average Zn—O bond lengths are ca. 0.06 A longer and the
Zn—N bonds are ca. 0.03 A longer in the calculated structure of
[Zn(L"),], (Table 1). Other main differences between the exper-
imental and the calculated structures are (1) an increase in the 7
parameter of ca. 0.17 (t=0.80 [Zn(L'),],, 0.63 [ZnLl,), (2) a
decrease of the N2-Zn1-N4' angles (140.4(1)° and 129.2°) in the
experimental and calculated structures, respectively, and (3) a
decrease in the dihedral angle between the best planes through
the imine group (defined by C*°-C*-C—N4) and the correspond-
ing aryl ring of ca. 10° in the calculated relative to the
experimental structure. These differences may be a conse-
quence of the ligand simplifications of the Schiff-base unit and/
or removal of the constraints imposed by the calix[4]arene
units. The scaled calculated IR spectrum of [Zn(L"),], (B3LYP/
def2-TZVP level of theory), on the other hand (Figure 57),®"
shows two strong imine v(CN) stretches at 1617 cm™' and
1595 cm™' that are in excellent agreement with the experimen-
tal imine stretches for 2 at 1619 cm™" and 1595 cm™' (Figure S6),
respectively. The good match between the calculated and
experimental IR spectra suggests that the DFT calculations for
[Zn(L),], provide a reasonable description of the electronic
structure for the bis(iminomethyl)phenolate moieties in 2.
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Isosurface plots of the frontier orbitals of [Zn(L),], are plotted in
Figure S8. The highest-energy occupied molecular orbital
(HOMO, #231, —5.31¢€V) and the lowest-energy unoccupied
molecular orbital (LUMO, #232, —1.67 eV) are in both cases
derived from extended m-orbitals of the bis(iminomethyl)
phenolate units. These findings are in line with previous DFT
calculations for Zn?* complexes supported by mixed Schiff-
base/calix[4]arene ligands.*> The TD-DFT computed absorption
spectrum for the truncated model complex [Zn(L'),], is shown in
Figure S9. Importantly, TD-DFT for the model complex properly
reproduces the strong absorption seen in the blue edge of the
spectra. The calculations suggest that the lowest allowed
transitions result predominantly from strong m—m* (calcd
378 nm, f=0.63) and weak interligand charge-transfer transition
(calcd 416 nm, f=0.03). The nature of the latter transition can
be regarded as a charge transfer from the m-system of the
bidentate to the m-system of the tridentate bis(iminomethyl)
phenolate ligand (Figure S10). The zinc ion does not contribute
to these transitions.

Conclusion

The Zn** complex [ZnL], supported by the macrocyclic Schiff-
base/calix[4]arene-ligand H,L exhibits a dimeric structure in the
solid state. [ZnL] units are joined via two intermolecular Zn-
N™* bonds to afford two five-coordinated Zn>* ions with
distorted trigonal-bipyramidal coordination environments. The
green fluorescence of complex 2 is related to an intense
emission maximum at 524 nm, arising from the lowest-energy
S, state of the [ZnL], complex. This is attributed to the inhibition
of photo-induced electron transfer processes in the Zn?*-bound
bis(iminomethyl)phenolate chromophores. It should be possible
to construct other luminescent Zn?>* complexes by complex-
ation of the calix[4]arene units.

Experimental Section

Materials and methods

All reagents and solvents were commercial grade and used without
further purification. Diffuse reflectance spectra were collected on a
Jasco V-670 UV-vis-NIR spectrophotometer equipped with a ARN-
914 absolute reflectance measurement unit, a photomultiplier and
a PbS photoconductive cell. Because of its strong absorbance, the
sample of 2 was optically diluted with BaSO, (96 wt%), the baseline
being recorded with a spectralon white standard. The diffuse
reflectance (R) of the sample was converted to absorbance (T) via
the Kubelka-Munk function: T=(1-R)*/(2R) implemented in the
spectramanager software.®? Solution absorption spectra were
collected on a Jasco V-670 UV-vis-NIR spectrometer. Steady state
fluorescence absorption and emission spectra were recorded on a
PerkinElmer FL 6500 fluorescence spectrophotometer using pre-
cision cells for powder samples.

Compound [ZnL], (2). To a suspension of H,L™ (100 mg,
0.07 mmol) in EtOH (20 mL) was added ZnCl, (11 mg, 0.08 mmol).
The suspension was stirred at reflux until the suspension became
clear (2 h). The mixture was evaporated under reduced pressure to

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://doi.org/10.1002/ejic.202100442

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202100442

European Journal of Inorganic Chemistry

give a bright yellow precipitate, which was filtered, washed with
ethanol and Et,0. The bright yellow powder was dried under
vacuum to constant weight. Yield: 90 mg (86 %). The analytical data
for this material were identical with those given in the literature.
Crystals of [ZnLl],-12MeCN (2:12MeCN) suitable for X-ray crystallog-
raphy were obtained by slow evaporation of a solution of 2 in
MeCN.

Crystal structure determination. The diffraction experiment was
carried out on a STOE stadivari X-ray diffractometer at 180(2) K. The
diffraction frames were processed with the STOE X-red software
package.® The structures were solved by direct methods®" and
refined by full-matrix least-squares techniques on the basis of all
data against F? using SHELXL-2018/3.%" PLATON was used to search
for higher symmetry.®® All non-hydrogen atoms were refined
anisotropically. H atoms were placed in calculated positions and
allowed to ride on their respective C atoms, and treated isotropi-
cally using the 1.2-or 1.5-fold Uy, value of the parent C atoms.
Unless otherwise noted, all non-hydrogen atoms were refined
anisotropically. ORTEP-3 and POVray were used for the artwork of
the structures.®”

Crystal Data for [ZnL],-xMeCN (x~12). C,0oH50sN20050Zn,, M, =
3342.69 g/mol, monoclinic, space group P2,/n, a=19.6291(6) A, b=
25.0766(7) A, c=21.2339(7) A, f=114.057(2)°, V=9544.1(5) A®, Z=
2 (the asymmetric unit contains one half of the formula unit),
Peaca=1.020 g/cm’, T=180(2) K, wu(CuK)=076mm"' (1=
1.54186 A), crystal size 0.07x0.06x0.05 mm?, 72865 reflections
measured, 16156 unique, 5714 with />20(/). Final R,=0.0569 (/>
20(/)), wR,=0.1420 (I>20(/)), 1166 parameters, min./max. residual
electron density=—0.310/0.359 e /A%, One calix[4]arene group was
found to be disordered over two sites. The two orientations were
modeled using the AFIX instruction implemented in SHELXL-2018/3
to give site occupancy factors of 0.53(2) and 0.47(2). Several MeCN
solvent molecules in the structure of [ZnL],-xMeCN (x~12) occupy
interstitial spaces and were found to be highly disordered. It has
not been possible to model this disorder, therefore, these were not
included in the refinement (except for two MeCN molecules
situated in the calix[4]larene cavities) and the e -density removed
from the hkl file using the SQUEEZE routine implemented in
PLATON.®® The total potential solvent accessible void volume per
unit cell was determined to be 2520 A® and the electron count per
unit cell is 440 e™. This corresponds to ten acetonitrile molecules
per formula unit. Due to the disordered solvate molecules the
crystallinity of the crystals was not as good as desirable for a high-
quality X-ray determination. At higher reflection angles, the
intensity of reflections quickly deteriorated and, consequently, the
ratio of observed / unique reflections is quite low, and the structure
can only serve to confirm the atom connectivity.

PEEM measurements. PEEM measurements were performed in an
IS-PEEM (FOCUS GmbH Hiinstetten/Germany),®” and a field of view
of 270 um was selected, from which the center (~100 um in
diameter) was selected for the determination of the binding energy.
The sample was excited with a Fidelity-2 laser (Coherent). The
fundamental wavelength (1070 nm) was frequency tripled to a
central wavelength of 357 nm (3.4 eV) by an APE Harmonixx. The
sample was illuminated via a normal incidence rhodium mirror in
the Focus PEEM, and the laser power was set to 5.0 mW before
entering the vacuum chamber through a window. The sample was
prepared on a 1 cm? Si substrate (Plano GmbH), which was cleaned
by ultrasonification in distilled water, acetone and isopropyl alcohol
for 10 min each. [ZnL], (2) was drop casted on Si/SiO, from a
saturated toluene solution.

Density functional theory calculations. DFT calculations for the
truncated [Zn(L'),], complex were performed with the ORCA
program package (version 4.2.0).°°°" Geometry optimizations were
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performed at the B3LYP / def2-TZVP level of theory®*®" in a
polarized continuum model (MeCN)®® employing the resolution of
identity and chain-of-spheres (RIJCOSX) approximation.***”! Geome-
try optimizations were performed using Ahlrichs’ split-valence
triple-z basis set def2-TZVP, which comprises polarization function
for all atoms.”® Calculations included the zeroth-order regular
approximation (ZORA) for relativistic effects and a SARC/J auxiliary
basis set."® Convergence criteria were set to tight for geometry
optimizations and SCF calculations. The presence of energy
minima/saddle points was checked by numerical frequency calcu-
lations. Since the vibration analysis were carried out under
harmonic approximation, which usually overestimates vibrational
frequencies, a scaling factor of 0.959 was applied for all calculated
frequencies. Time-dependent DFT calculations were carried out at
the same level of theory. Spectra were calculated using 30 vertical
excitations and a line-width broadening of 1 eV.

Deposition Number 2084129 (for 2) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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