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1 Summary / Zusammenfassung

1.1 Summary

The aim of this work was the design of photoluminescent sensor materials based on 3d
transition metal complexes composed of Schiff base-like ligands. In this work, the focus was

on the influence of axial coordination on the emission properties.

In the first project the effect of coordination-induced spin state switching (CISSS) on the optical
properties of a series of nickel(Il) complexes, bearing a fluorescent phenazine backbone was
investigated. UV-vis measurements of titration series of the non-coordinating solvent
chloroform and the strong Lewis base pyridine showed continuous and drastic changes of the
absorption properties with growing pyridine amount. Thereby, the pyridine equivalents
required to induce a CISSS strongly depend on the Lewis acidity of the nickel(Il) metal center.
While the complexes [Ni(1-3)] all require similar amounts of pyridine, the introduction of
electron withdrawing CF3 substituents in [Ni(4)] and through this, the strongly enhanced Lewis
acidity of the Ni(II) metal center, result in a drastically increased sensitivity towards pyridine.
Due to the acid-base character of the coordination process, the sensitivity of the nickel(Il)
complexes towards axial donors correlates as well with the basicity of the donor. Remarkably,
[Ni(1-3)] feature fluorescence in the non-coordinating solvent chloroform with quantum yields
of 5 £ 1% and excited state lifetimes in the order of 1 ns at room temperature. In contrast,
[Ni(4)] is non-emissive in all solvents. DFT calculations point to a substitution-dependent
nature of the lowest excited states. Even though, the HOMOs and LUMOs of all complexes are
predominantly phenazine centered, the transition dipoles of the leading optical transitions of
[Ni(1-3)] and [Ni(4)] point in opposite directions. While for [Ni(1-3)] a charge shift from the
[NiN20:] chelate to the phenazine was observed, the opposite is the case for [Ni(4)]. This leads
to a MLCT-like transition for [Ni(1-3)] and a LMCT-like transition for [Ni(4)], causing non-
radiative deactivation. The emission spectra of chloroform/pyridine series of [Ni(1-3)] showed
successive fluorescence quenching upon pyridine addition. Contrary to the implication of solely
static quenching upon coordination in the ground state, the upward-curved Stern-Volmer plot
hints towards additional dynamic quenching in the excited state. In agreement, comparing the
pyridine concentration dependency of the absorbance and the emission reveals a higher
sensitivity of the fluorescence-detected CISSS (FD-CISSS). This is also reflected in a solvent

series of [Ni(1)], where most solutions are CISSS-silent in the absorbance spectra, but CISSS-
1
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active in the emission spectra. The degree of quenching can be clearly correlated to the basicity
of the solvent. The enhanced sensitivity of the FD-CISSS can be attributed to a drastically
increased Lewis acidity of the formally nickel(III) metal center of [Ni(1-3)] in the excited state

due to the MLCT-like character of the lowest excited state.

Coordination-induced emission changes are not limited to nickel(II) complexes. As zinc(II)
complexes tend to overcome the unfavored square-planar coordination sphere through stacking
into dimers/oligomers, coordination-induced destacking can affect the emission properties as
well. The effect of targeted destacking on the emission was studied for a series of zinc(II)
complexes bearing nitrile substituents in the ligand backbone. While the absorbance behavior
of [Zn(5-7)] only slightly depends on the Lewis basicity of the solvent, drastic changes were
observed in the emission behavior. Thereby, a strong emission was observed in coordinating
solvents, whereas a close-to-zero emission was observed in non/weakly-coordinating solvents.
As a result, chloroform/pyridine series of [Zn(5-7)] showed a remarkable turn-on emission
behavior based on coordination-induced destacking. Even though the optical behavior is
qualitatively similar to that of the closely related [Zn(sal)], an enormous sensitivity reduction
was observed for [Zn(5-7)]. As DFT calculations revealed an even higher Lewis acidity for
[Zn(5-7)] relative to [Zn(sal)], the sensitivity decrease must be based on strongly stabilized
stacked dimers/oligomers. Indeed, DFT calculations revealed the formation of a completely

new stacking motif based on (ZnO), macrocycles.

In the next step, the complex [Zn(5)] was encapsulated into polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) block copolymer micelles (BCP), that form through self-assembly
in toluene. The micelles are composed of a PS shell and a P4VP core providing pyridine
coordination sites. The [Zn(5)]@BCP hybrids show a strong green emission due to
coordination of pyridine moieties to the zinc(Il) complexes within the micelle core. All
[Zn(5)]@BCP hybrids exhibit higher quantum yields and longer lifetimes than pure [Zn(5)] in
pyridine, suggesting the prevention of dynamic quenching processes upon embedment in the
P4VP core. Chloroform/toluene series were studied to investigate the effects of micelle
formation on the emission properties. DLS measurements confirmed the absence of micelles in
chloroform-rich solutions, whereas micelles were observed above a toluene content of 20 vol%.
Since no turn-on behavior could be obtained due to a non-negligible amount of coordinated
[Zn(5)] in chloroform, the chloroform was acidified to receive the nearly non-emissive ligand.
This acidification indeed leads to a remarkable turn-on emission sensor behavior that correlates

with the micelle formation.
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1.2 Zusammenfassung

Das Ziel dieser Arbeit war die Entwicklung photolumineszenter Sensormaterialien basierend
auf 3d Ubergangsmetallkomplexen, die aus Schiffsbase-dhnlichen Liganden aufgebaut sind. In
dieser Arbeit lag der Schwerpunkt auf dem Einfluss der axialen Koordination auf die

Emissionseigenschaften.

Im ersten Projekt wurde die Auswirkung des coordination-induced spin state switching
(CISSS) auf die optischen Eigenschaften einer Reihe von Nickel(II)-Komplexen untersucht, die
ein fluoreszentes Phenazin-Grundgeriist besitzen. UV-Vis Messungen von Titrationsreihen des
nicht koordinierenden Losungsmittels Chloroform und der starken Lewis Base Pyridin zeigten
kontinuierliche und drastische Verdnderungen der Absorptionseigenschaften mit zunehmender
Pyridinmenge. Dabei hiingen die zur Induktion eines CISSS erforderlichen Pyridin-Aquivalente
stark von der Lewis-Aziditit des Nickel(IT)-Metallzentrums ab. Wéhrend die Komplexe [Ni(1—
3)] alle é&hnliche Mengen an Pyridin benétigen, bewirkt die Einbringung von
elektronenziehenden CF3-Substituenten in [Ni(4)] und die dadurch stark erh6hte Lewis-Aziditét
des Ni(II)-Metallzentrums eine drastisch gesteigerte Empfindlichkeit gegeniiber Pyridin.
Aufgrund des Sdure-Base-Charakters des Koordinationsprozesses korreliert die
Empfindlichkeit der Nickel(IT)-Komplexe gegeniiber axialen Donoren auch mit der Basizitit
des Donors. Bemerkenswert ist, dass [Ni(1-3)] im nicht koordinierenden Losungsmittel
Chloroform Fluoreszenz mit Quantenausbeuten von 5 + 1% und Lebensdauern des angeregten
Zustandes in der Groenordnung von 1 ns bei Raumtemperatur aufweisen. Im Gegensatz dazu
ist [Ni(4)] in allen Losungsmitteln nicht emittierend. DFT-Berechnungen deuten auf eine
substitutionsabhingige Natur der niedrigsten angeregten Zustinde hin. Obwohl die HOMOs
und LUMOs aller Komplexe {iberwiegend phenazin-zentriert sind, zeigen die Ubergangsdipole
der entscheidenden optischen Uberginge von [Ni(1-3)] und [Ni(4)] in entgegengesetzte
Richtungen. Wihrend fiir [Ni(1-3)] eine Ladungsverschiebung vom [NiN2O>]-Chelat zum
Phenazin beobachtet wurde, ist bei [Ni(4)] das Gegenteil der Fall. Daraus ergibt sich ein MLCT-
dhnlicher Ubergang fiir [Ni(1-3)] und ein LMCT-#hnlicher Ubergang fiir [Ni(4)], was zu einer
strahlungslosen Deaktivierung fiihrt. Die Emissionsspektren der Chloroform/Pyridin-Reihen
von [Ni(1-3)] zeigten eine sukzessive Fluoreszenzloschung bei Zugabe von Pyridin. Im
Gegensatz zu der Annahme, dass es sich bei der Koordination im Grundzustand um eine rein
statische Loschung handelt, deutet der nach oben gekriimmte Stern-Volmer-Plot auf eine
zusitzliche dynamische Loschung im angeregten Zustand hin. Im Einklang dazu offenbart der
Vergleich der Pyridin-Konzentrationsabhéngigkeit der Absorption und Emission eine hohere

Empfindlichkeit des Fluoreszenz-detektierten CISSS (FD-CISSS). Dies spiegelt sich auch in
3
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einer Losungsmittelserie von [Ni(1)] wider, bei der die meisten Losungen in den
Absorptionsspektren CISSS-inaktiv, in den Emissionsspektren jedoch CISSS-aktiv sind. Das
Ausmal} der Loschung kann eindeutig mit der Basizitit des Losungsmittels korreliert werden.
Die erhohte Empfindlichkeit des FD-CISSS kann auf eine drastisch erhohte Lewis-Aziditédt des
formalen Nickel(Ill)-Metallzentrums von [Ni(1-3)] im angeregten Zustand aufgrund des

MLCT-artigen Charakters des niedrigsten angeregten Zustands zurilickgefiihrt werden.

Koordinationsbedingte Emissionsdnderungen sind nicht auf Nickel(IT)-Komplexe beschrinkt.
Da Zink(II)-Komplexe dazu neigen, die ungiinstige quadratisch-planare Koordinationssphére
durch stacking zu Dimeren/Oligomeren zu iliberwinden, kann das koordinationsinduzierte
destacking auch die Emissionseigenschaften beeinflussen. Die Auswirkung des gezielten
destacking auf die Emission wurde fiir eine Reihe von Zink(IT)-Komplexen untersucht, die
Nitrilsubstituenten im Ligandengeriist enthalten. Wéhrend das Absorptionsverhalten von
[Zn(5-7)] nur geringfligig von der Lewis-Basizitit des Losungsmittels abhéngt, wurden
drastische Anderungen im Emissionsverhalten beobachtet. Dabei wurde in koordinierenden
Losungsmitteln eine starke Emission beobachtet, wihrend in nicht/schwach koordinierenden
Losungsmitteln eine Emission nahe Null zu beobachten war. Infolgedessen zeigte die
Chloroform/Pyridin-Reihe von [Zn(5-7)] ein bemerkenswertes Einschalt-Emissionsverhalten,
das auf koordinationsinduziertem destacking beruht. Obwohl das optische Verhalten dem des
eng verwandten [Zn(sal)] qualitativ dhnlich ist, wurde fiir [Zn(5-7)] eine enorme Verringerung
der Empfindlichkeit beobachtet. Da DFT-Berechnungen eine noch héhere Lewis-Aziditédt fiir
[Zn(5-7)] im Vergleich zu [Zn(sal)] ergaben, muss die Empfindlichkeitsabnahme auf stark
stabilisierten gestapelten Dimeren/Oligomeren beruhen. Tatséchlich offenbarten DFT-
Berechnungen die Bildung eines vollig neuen Stacking-Motivs basierend auf (ZnO);-

Makrozyklen.

Im néchsten Schritt wurde der Komplex [Zn(5)] in Polystyrol-block-poly(4-vinylpyridin) (PS-
b-P4VP) Blockcopolymermizellen (BCP) eingekapselt, die sich durch self-assembly in Toluol
bilden. Diese bestehen aus einer PS-Schale und einem P4VP-Kern, der Pyridin-
Koordinationsstellen enthilt. Die [Zn(5)]@BCP-Hybride zeigen eine starke griine Emission,
die auf die Koordination der Pyridineinheiten an die Zink(II)-Komplexe innerhalb des
Mizellenkerns  zuriickzufiihren ist.  Alle [Zn(5)]@BCP-Hybride weisen hohere
Quantenausbeuten und langere Lebensdauern auf als reines [Zn(5)] in Pyridin, was auf die
Verhinderung dynamischer Léschprozesse bei der Einbettung in den P4VP Kern hindeutet. Um
die Auswirkungen der Mizellbildung auf die Emissionseigenschaften zu untersuchen, wurden
Chloroform/Toluol-Reihen untersucht. DLS-Messungen bestétigten das Fehlen von Mizellen
4
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in chloroformreichen Losungen, wihrend Mizellen oberhalb eines Toluolgehaltes von 20 Vol%
beobachtet wurden. Da aufgrund einer nicht zu vernachldssigenden Menge an koordiniertem
[Zn(5)] in Chloroform kein Einschaltverhalten erzielt werden konnte, wurde das Chloroform
angesduert, um den nahezu nicht emittierenden Liganden zu erhalten. Diese Ansduerung fiihrt
tatsdchlich zu einem bemerkenswerten Emissions-Einschaltverhalten des Sensors, das mit der

Mizellbildung korreliert.






2 Introduction

Switchable transition metal complexes have attracted great interest as molecular sensor
materials in the last decade. These materials need to combine a sensitive behavior towards
external physical or chemical stimuli with a read-out. Optical read-out possibilities such as
photoluminescence are interesting in this approach as they are readily detectable. However,
photoluminescent complexes are so far mostly based on precious as well as rare-earth metals
due to their manifold photophysical properties. Their replacement with abundant and low cost
metals is not only of economic but also of ecological interest.' In this context, 3d transition
metal complexes are particularly interesting candidates as some of them show highly sensitive
behavior. The sensitivity of these 3d metals is often based on an externally induced spin state
change as observed in phenomena such as spin crossover or coordination-induced spin state
switching. Alternatively, sensitive behavior can be based on metal-mediated structural
reorganisation as observed in stacking/destacking processes. However, coupling of a
photoluminescent unit with earth-abundant 3d transition metals is not trivial. Main challenges
are the need of a successful (electronic) coupling of the sensitive with the photoluminescent
behavior and the suppression of emission quenching due to low lying metal-centered states. In
general, the understanding of the underlying photoluminescent processes is extremely
important as this might open the way to a conscious ligand design of highly sensitive

photoluminescent sensor materials.

2.1 Sensitivity of 3d Schiff Base-like Complexes

Introducing a metal ion into a non-spherical ligand field results in a ligand field splitting of the
d orbitals. The nature of the orbital splitting depends on the symmetry of the coordination
sphere. The tetradentate Schiff base-like ligands used herein typically dictate a square-planar
coordination sphere, that can be extended by axial ligands resulting in a square-pyramidal or
octahedral coordination sphere. As the five d orbitals are no longer degenerated, neither in
square-planar, square-pyramidal, nor octahedral coordination spheres, chemical or physical
stimuli can impact the occupation of the d orbitals. This change in the electronic structure has

a strong influence on the structural, magnetic, and optical properties. Even though the spin state
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is not changed, metal-dictated stacking among coordination units can alter the properties as

well.
Spin crossover

The spin crossover (SCO) phenomenon is mostly observed in 3d*-3d” metal complexes in an
octahedral coordination sphere. Depending on the strength of the ligand field splitting (Ao)
relative to the size of the spin pairing energy (P) two different border cases can be observed. In
case of A, >> P the low spin (LS) state with the maximum number of paired electrons and a
minimum spin multiplicity is realized. In contrast, for A, << P, the high spin (HS) state with a
maximum number of unpaired electrons and a maximum spin multiplicity is observed. SCO
from HS to LS or vice versa can be observed, when none of these extreme cases are realized
and the energies are in the same order of magnitude due to an intermediate ligand field
strength.>* SCO can then be triggered by an external physical stimulus such as a variation of
temperature,>° pressure,”” or by light irradiation.” The change in the electronic occupation of
the d orbitals strongly alters the structural, magnetic, and optical properties of the complexes.
For this reason, SCO can be followed by a wide range of methods such as temperature-
dependent X-ray diffraction, SQUID magnetometry, or UV-vis spectroscopy. In the past three
decades, much focus was given to octahedral iron(II) complexes with a 3d® electronic
configuration as a complete SCO results in a drastic magnetic change between the diamagnetic

LS (§ = 0) and the paramagnetic HS (S = 2) state (see Scheme 1).
E a

— — e

g

da.2 de .
T, p, hv _/I_ —/]_ €, IA

Ao — dxz-y2 dz2

t
4 4 4o oA A
dxy dxz dyz

low spin (LS) high spin (HS)
S=0 S=2

Scheme 1: Schematic representation of the spin crossover (SCO) behavior of a metal center with a 3d°

electronic configuration (for example iron(Il)).

Spin crossover complexes are promising candidates for various applications in the field of
molecular switches including sensor materials, molecular memory units, smart contrast agents,
and molecular units for spintronics.!®!* A complete and abrupt SCO with a wide thermal
hysteresis around room temperature is desired due to bistability at easily accessible

temperatures and the memory effect. To obtain this kind of SCO, a high degree of cooperativity
8
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between the metal centers is compulsory. For this reason, SCO is mostly studied in the solid
crystalline state, where a high degree of (intermolecular) interactions is present. In contrast, in
solution only gradual SCO can be observed that follows the Boltzmann distribution due to a
lack of cooperativity. Cooperativity can be based on long range interactions given in
coordination polymers,'* or on short range interactions such as a hydrogen bond network, van

der Waals interactions, and/or 7-7 stacking.!>~!

Coordination-induced spin state switching (CISSS)

In contrast to SCO, a spin state change of a 3d metal complex can be observed as well through
alteration of the coordination number. This phenomenon is called coordination-induced spin
state switching (CISSS) and is typically studied in solution, as a high flexibility and mobility is
required upon the coordination process. Nickel(Il) complexes (34%) in a square-planar
coordination sphere (e.g. porphyrin) are typical examples for CISSS-active complexes.
Thereby, the nickel(II) metal center can be switched from the square-planar coordination sphere
(§=0) to the square-pyramidal or octahedral coordination sphere (S=1) upon axial

coordination as shown in Scheme 2.!%1°

<ﬁfa>o__ﬁ,<th20__ﬁ,< e
N:;::io -D N:;_:iO D N/' '~0

E 4 D

— dap 4_ da
A q; 4— d; fu%g
Hrd, Hr d. 7

t

CN=4 CN=5 CN=6
S=0 S=1 S=1
LS HS HS

Scheme 2: Schematic representation of the coordination-induced spin state switching (CISSS) behavior

of a metal center with a 3d&® electronic configuration such as nickel(IT).

The ligation process is temperature-dependent, which allows to observe CISSS not only in
concentration-dependent titration series, but also upon a temperature change.’®*! The overall
endothermic triplet (HS) to singlet (LS) transition is strongly dominated by the entropy.

Thereby, the entropy loss due to a multiplicity decrease is overcompensated by the high entropy
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gain upon ligand dissociation. As a result, CN 5/6 is favored at low temperatures, whereas CN 4
is favored at high temperatures and temperature increase results in ligand dissociation.?! This
results in an inverse temperature-dependency compared to SCO complexes, where the LS is
obtained at low temperatures. The structural changes upon CISSS leading to an electronic
change strongly affect magnetic and optical properties. For this reason, CISSS can be followed
by SQUID magnetometry in solution, NMR spectroscopy (Evans method), and UV-vis
spectroscopy. CISSS was mostly studied donor concentration-dependently in titration series.
However, Herges et al. reported on a completely different approach that utilized light irradiation
as the external physical stimulus. Hereby, the axial proto-ligand is covalently linked to the
tetradentate square-planar porphyrin to give an azopyridine functionalized Ni-porphyrin. Upon
light irradiation, the trans-cis change in the azo-group results in a light-driven coordination-
induced spin state switching (LD-CISSS) of the nickel complex, that can be reversibly driven
back upon irradiation with another wavelength (Scheme 3).!%2? Further ligand design makes
these complexes promising candidates for water soluble contrast agents for magnetic resonance

imaging applications.?*2°

|
/ N
trans— /=
I
N
‘ R
hv (500 nm)
R —
R hv (435 nm)
A
1-trans
low-spin R=CgFs high-spin
diamagnetic paramagnetic

Scheme 3: Schematic representation of the light-driven coordination-induced spin state switch (LD-
CISSS) behavior of an azopyridine-functionalised nickel(II) porphyrin complex as reported by Herges
et al.'® Reprinted with permission from AAAS.

Metal-dictated stacking

Zinc(Il) complexes of tetradentate ligands that dictate a square-planar coordination sphere
possess a remarkably high Lewis acidity. This property can be related to the internal strain that
is induced by the ligand structure, which hinders the formation of the tetrahedral coordination
sphere, where the coordination sites feature the greatest possible distance. In presence of Lewis

bases, the coordinatively unsaturated zinc(II) metal center is stabilized by axial coordination of
10
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one or two additional ligands resulting in a square-pyramidal or octahedral coordination
sphere.?¢ In the absence of potent Lewis bases (in both solution and solid state), the complexes
tend to overcome the disfavored square-planar coordination sphere by intermolecular
interactions leading to aggregation. Therefore, it is essential that the ligand itself bears potential
donors that are sterically accessible as this is the case for zinc(I) complexes based on Schiff
base(-like) ligands. Hereby, intermolecular Zn--O interactions of the phenolic oxygen of the
chelate result in a [Zn20:] core (see Scheme 4).2’* The stacking of the complexes in solution
typically results in dimers,**** but also oligomers and other supramolecular aggregates have
been observed.>>*® A wide range of donors has been used to study this effect and the required
donor concentrations for the formation of 1:1 adducts could be clearly correlated with the
basicity of the donor.2% Even though, the stacking and coordination do not induce a change of

the spin state of the d'° system, the structural changes can drastically impact the optical

properties.
7 N\
O&Z II/N
N 20 _ Stacking 07NN~ *+(24)D N3 2o
= <N/ZnRO «— /\\'/ «— = 2 N/ZnRO
~—_— Destacking <N\Z' «0 -(2-4)D
NZ7TS0
~_~ (D)
CN=4 CN =4+1/2 CN = 5/6
S=0 S=0 S=0

Scheme 4: Schematic representation of the stacking and ligation behavior of zinc(II) complexes in a

square-planar N>O, coordination sphere.

2.2 Photophysical Processes in Metal Complexes

The nature of excited states

In metal complexes, the combination of the atomic orbitals of the metal center and the ligand
results in delocalized molecular orbitals as shown in the simplified MO-Scheme in Scheme 5A.
The electronic transitions among these MOs can be classified into four different types (see
Scheme 5B). In ligand-centered (LC) transitions, occupied and unoccupied ligand-centered
orbitals (such as m—mi*) are involved. In contrast, metal-centered (MC) states are based on
metal-centered orbitals, typically between occupied and unoccupied d orbitals of the metal
center (d-d). Low lying d-d states are often observed in 3d transition metal complexes with an
open d shell and normally decay through non-emissive pathways on a sub-ps timescale. In

general, low lying states that feature a small energy difference between the excited and the
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ground state often decay in a non-radiative way due to the large vibrational overlap of the states
(energy gap law).! In addition, charge-transfer states can be observed that involve both, metal
and ligand orbitals. The classification into metal- or ligand-based orbitals does not indicate a
sole contribution of either the ligand or the metal but gives the predominant contribution. Metal-
to-ligand charge-transfer (MLCT) is based on a charge shift from a metal center in a low
oxidation state to a ligand that can be easily reduced.’ A typical example is [Ru(bipy)s]**, that
is a well-known candidate for photoredox catalysis due to its highly reactive excited state.*’ In
contrast, strongly electron donating ligands in combination with metal centers in high oxidation
states result in ligand-to-metal charge-transfer (LMCT). These conditions are fulfilled for

example in Zr(IV) complexes.!!

A Metal Complex o-Ligand
tm*
a,,"
=
B
4
St - |4 . LC LMCT MLCT MC _,
-------- P‘-:";:.....--.--\ ﬂJ‘C y'y i 7-CL
O
\ 4 nﬂ:M
T v M,

— Excitation
— Emission

a

Scheme 5: Simplified molecular orbital diagram for an octahedral (On) MLs complex with o-donor
ligands showing no m-bonding (A). Assignment of the four characteristic electronic transitions in
complexes: ligand-centered (LC), ligand-to-metal charge-transfer (LMCT), metal-to-ligand charge-
transfer (MLCT), and metal-centered (MC) (B). Representation based on Heinze et al.!

In general, electronic transitions must follow the selection rules. On the one hand, spin reversal

with a change of the multiplicity is formally forbidden. This spin selection rule can be overcome
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by a strong spin-orbit coupling as given in heavy atoms.*? On the other hand, the transitions
have to follow the Laporte rule, which states that transitions that conserve the parity are
Laporte-forbidden in centrosymmetric chromophores.*® Therefore, transitions between g
orbitals (g: “gerade”; such as s—s, s—d, d—s, and d—d) and transitions between u orbitals (u:
“ungerade”; such as p—p, p—f, f—p, and f—f) are Laporte-forbidden. For this reason, the
characteristic MC d-d states are Laporte-forbidden, whereas CT states that involve a change of
the parity are generally allowed. However, these transitions without a change of the parity are
weakly allowed in non-centrosymmetric complexes for example in tetrahedral symmetry (74).
In centrosymmetric complexes (e.g., with octhahedral (On) symmetry), weak transitions are
only allowed by dynamic symmetry lowering/breaking, as provided by Jahn-Teller distortions.
Moreover, small deviations from the centrosymmetric On symmetry are often dictated by
chelate and polydentate ligands resulting in a slightly distorted coordination sphere with
reduced symmetry. The degree of deviation from the selection rules strongly impacts the
intensity of transitions. A measure for the intensity of transitions in absorption processes is the
extinction coefficient & The extinction coefficients differ strongly between the very weak
Laporte-forbidden d-d states (¢=1-10 I'mol-cm™) and the intense fully-allowed CT states

(¢=10%10° I'mol!-cm™).34
Photoluminescence

Photoluminescence is defined as spontaneous light emission from an electronically excited state
after photoexcitation. The processes involved in photoluminescence are shown in the Perrin-
Jablonski diagram in Figure 1. The absorption of a photon can lead to the excitation of an
electron from the ground state So into a vibrational state of the excited electronic state S;. This
process is followed by vibrational relaxation into the vibrational ground state of S1. Thereupon,
various radiative or non-radiative processes can occur. Isoenergetic internal conversion (IC)
into an excited vibrational state of So results in a non-radiative decay. However, the excitation
energy can also result in a radiative decay called photoluminescence. The direct Si—So
relaxation upon emission of photons is called fluorescence. Especially, systems with a high
spin-orbit coupling can undergo intersystem crossing (ISC) to the excited triplet state Ti. This
is typically the case for second and third row transition metals including the precious metals
Ru(II), Ir(IT), Pt(IT), and Pd(II), as the spin orbit coupling is proportional to the fourth power of
the atomic number.*>*> The isoenergetic S1—T transition is spin-forbidden due to the change
in multiplicity. After vibrational relaxation either a non-radiative deactivation, or a radiative
deactivation can occur (again including a spin-forbidden transition), which is called

phosphorescence. Based on the vibrational relaxation and the energy loss, the emission is red-
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shifted compared to the absorption wavelength. This wavelength shift is named Stokes shift.
The emission properties are typically independent of the excitation energy due to the fast

disposal of the excess energy upon vibrational relaxation into the vibrational ground state

(Kasha’s rule).*+%
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Figure 1: Perrin-Jablonski diagram showing all relevant phenomena involved in photoluminescence.

Characteristic lifetimes are taken from Valeur et al.®

The two photoluminescent processes fluorescence and phosphorescence can be distinguished
by their characteristic excited state lifetimes z. The excited state lifetime is defined as the time
it takes the fluorescence intensity (Ir) to reach 1/e of the original value after excitation. It is
thereby a measure for the time that an average molecule stays in the excited state before it
relaxes back to the ground state in a radiative way.*® Fluorescence exhibits lifetimes of
7=101-107s, whereas drastically longer lifetimes of r=10° — 10s are observed for
phosphorescence, due to the involved spin-forbidden multiplicity changes.* One intriguing
exception is given in molecules that show thermally activated delayed fluorescence (TADF)
due to a thermal back intersystem crossing (bISC). TADF is possible when the triplet state is
long-lived, the singlet-triplet gap is rather small, and the temperature is high enough to
overcome the singlet-triplet gap.*” Photoluminescent processes are also characterised by their
quantum yield ¢. The quantum yield is defined as the number ratio of emitted photons to
absorbed photons. It strongly depends on the rate of non-radiative decay that summarizes the
rate of IC, ISC, and quenching processes. Quenching processes can be based on a large variety

of molecular interactions between the fluorophore and a quencher molecule. Static quenching
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describes the formation of non-fluorescent complexes composed of the quencher and the
fluorophore in the ground state, as it is often observed in dye aggregates. In contrast, dynamic
quenching describes interactions between a quencher and the fluorophore in the excited state.
Dynamic quenching can be based on a large variety of processes including excited-state
reactions, energy transfer reactions such as Forster resonance energy transfer (FRET) or Dexter
electron transfer (DET), or exciplex formation.*’ In general, the emission behavior is strongly
sensitive to the surrounding medium. Physical parameters such as temperature or pressure, as
well as chemical parameters such as polarity, viscosity, pH, or the concentration of quencher
molecules play a crucial role.** This high sensitivity towards physical and chemical stimuli and
the easy read-out through fluorescence spectroscopy or even with the naked eye makes

photoluminescence an attractive read-out option for the design of molecular sensor materials.

2.3 3d Metal-based Photoluminescent Sensor Materials

The design of photoluminescent 3d transition metal complexes is rather challenging, as
especially complexes composed of open shell metal centers are mostly non-emissive. However,
several attempts were already reported to couple sensitivity provided by SCO, CISSS, or
stacking with photoluminescence to obtain molecular sensors based on 3d metal complexes. In
recent years, many photoluminescent sensors based on iron(Il) SCO complexes were
investigated. To this end, two main strategies have been used: Firstly, the doping of SCO
complexes with a fluorophore to obtain composite materials. Secondly, the combination in one
photoluminescent SCO compound by complexation of a SCO-active metal ion with a
photoluminescent ligand or the usage of photoluminescent counterions.*® The composite
approach allows a relatively simple synthetic strategy. However, successful coupling between
SCO and photoluminescence remains challenging due to the rather close spatial proximity and
the often-observed lack of interactions between the two compounds. Since the two compounds
are not electronically coupled, the correlation of an emission change with the SCO is mostly
based on the structural changes upon SCO, which cause a mechanical strain on the fluorophore.
Successful coupling was realized through grafting fluorophores onto SCO nanoparticles,*°
incorporating of fluorophores in Hofmann-type metal organic frameworks,’! bilayer thin films

52,53

of a SCO compound and a fluorophore, and through cocrystallization.>*

Molecular photoluminescent SCO materials are mostly based on intrinsically luminescent
ligands or counteranions. The proximity enables strong interactions between the two units.

However, introduction of metal centers with an open d shell character such as the typical SCO
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metal ions iron(II/IIT), often results in a complete quenching of the photoluminescence
independent of the spin state. Nevertheless, successful coupling has been reported in some

58-61

mononuclear iron(II) complexes,” >’ 1D/2D coordination polymers, or heterometallic

compounds.®? As iron(I) complexes are notorious for their fast non-radiative deactivation due

to low lying MC states,*%

it seems reasonable that in most reported SCO-luminescence
compounds the photoluminescent unit is not electronically coupled to the metal center. Instead,
the change in emission behavior is due to SCO-induced changes of the absorption, reflection,

or structure.®’

To obtain a photoluminescent switch with a sharp on-off/off-on character in solution, the usage
of iron(Il) SCO complexes is not a reasonable choice. The lack of cooperativity in solution
typically results in gradual SCO.% Moreover, limitations of the stability and solubility and
especially the small operative temperature range impede the usage of SCO complexes as sensor
materials in solution.®” Due to the environmental flexibility in solution, sensor materials in
solution are easily addressable with chemical stimuli. One approach including a chemically
driven spin change of the metal center is the coupling of CISSS behavior with
photoluminescence. However, similar to iron(II)/(III), nickel(IT) also exhibits an open d shell,
which in most cases leads to an emission quenching independent of the spin state. It is exactly
this open-shell character that renders porphyrins, which are the typical CISSS ligand class,

notorious for being non-emissive with excited state lifetimes in the ps regime.*%®
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Scheme 6: Schematic representation of the basic principles of a temperature-dependent (A) and pH-

dependent (B) photoluminescent CISSS sensor reported by Fabbrizzi et al.?*7°
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Only very few examples of photoluminescent sensor materials based on CISSS have been
reported so far. Fabbrizzi et al. reported on a fluorescent thermometer, consisting of a Ni(Il)
cyclam to which a naphthalene unit is covalently linked (see Scheme 6A). The temperature-
dependent emission change was attributed to the association/deassociation process of solvent
molecules on the nickel(Il) metal center.?® A pH-dependent emission tuning was observed by
grafting a potentially coordinative unit on the cyclam as shown in Scheme 6B.7° Weber et al.
reported in 2015 on a nickel(Il) complex composed of a Schiff base-like ligand system with a
fluorescent phenazine backbone. The nickel(II) complex exhibited an emission quenching in
the presence of pyridine, which was discussed in terms of axial coordination. These changes in

the emission intensity and lifetime were attributed to a favored non-radiative energy transfer.!”

Emission quenching, that is often observed with 3d transition metal complexes, can be avoided
by using metal centers with a closed d shell such as Zr(IV), Zn(II), or Cu(I)."**"! Particularly,
zinc(Il) complexes were studied as molecular sensor materials due to their interesting
supramolecular (de)stacking behavior, which indirectly alters the emission as a response to
environmental changes. Wang et al. reported on luminescent mechanochromic and
vapochromic properties of a zinc(I) complex based on a Schiff base ligand equipped with
dinitrile substituents.”? In a similar study from Di Bella et al. (in which the photoluminescent
behavior was not studied) this reversible grinding-vaporing behavior was attributed to phase
transitions between the J-stacked aggregate and the adduct bearing an axial ligand.* In recent
years, many derivatives of these Schiff base zinc(I) complexes were studied in solution for
their medium-dependent photoluminescent properties. In none of these studies, emission was
observed in the absence of potential Lewis bases, whereas a strong emission was observed upon
addition of Lewis bases. Di Bella ef al. studied this effect in detail, both experimentally and
computationally, and attributed the lack of emission in absence of donors to a stacking of the
complexes into dimers or oligomers.?”-**377>™ Upon addition of axial donors, destacking and
axial ligation results in a strong emission of the resulting mononuclear zinc(II) complexes (CN
5/6). Zhang et al. adressed the disassembly of zinc(Il) aggregates on purpose. They observed a

strong emission increase upon addition of Hg?* ions that induce metal-aromatic interactions.”

2.4 Photoluminescent Sensors Based on Micelles

The drastic sensitivity of fluorophores towards the physical and chemical properties of the
surrounding medium is often studied directly in titration series by a change of the medium or

concentration of quencher molecules. However, the strong medium-dependency can be
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investigated as well by an indirect medium change through encapsulation of the fluorophore
into nanocontainers. Nanocontainers are 3D structures such as coordination cages, zeolithes, or
micelles, that offer a nanoscale confinement. Hereby, medium properties such as polarity and
viscosity can differ strongly inside the nanoconfinement and outside in the surrounding
medium. Furthermore, the low degree of solvation/hydration and the increased guest

concentration can result into guest-host and guest-guest interactions including aggregation, that
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Figure 2: Simplified representations of the different strategies to obtain a photoluminescent self-
assembled sensor material based on micelles. Dependent on the system photoluminescent on-off/off-on

or ratiometric sensors can be designed.

In recent years, much focus was given to the usage of micelles, composed of surfactants or
block copolymers, as nanocontainers for self-assembled photoluminescent sensors. So far, these
systems have been studied with respect to the recognition and sensing of ions, metal ions,
explosives, bioanalytes/proteins, and pH changes.’®’8%? Different strategies were reported to
obtain an indirect photoluminescent on-off/off-on or ratiometric sensor material based on

micelles (see Figure 2A-F). One strategy is the usage of the surfactants/block copolymers to
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define the nanoconfinement, while the micelle is not directly involved in the sensing and
recognition process. The altered polarity inside the micelles can result in the formation of
fluorophore aggregates, that can be disassembled upon addition of an analyt resulting into an
emission change (see Figure 2A). This effect was utilized by Ghosh ef al. to create a fluorescent
micelle sensor, in which aggregated pyrene molecules respond to the pH-dependent
encapsulation of copper(Il) ions.®* A second approach without direct interactions between the
surfactant and the fluorophore is the coencapsulation of lipophilic receptors into the micelle,
which are not covalently linked to the fluorophore (see Figure 2B). Intramicellar electron or
energy transfer mechanisms can thereby result in an emission quenching upon binding of the
analyt to the receptor.”®** The surfactant can be equipped with a recognition unit as well and
thereby act as a receptor. In this context, interactions between the surfactant and an analyt can
alter the microenvironment of the encapsulated fluorophores, which can result in an emission
change (see Figure 2C).8>% Another well-investigated approach is based on encapsulation of
fluorophore-spacer-receptor systems (FSR) into micelles as shown in Figure 2D. In presence
of the analyt, direct interactions between the receptor and the analyt can alter the emission.
Again, the surfactant/blockcopolymer micelle is not directly involved in the sensing process.
Nevertheless, the micelle enables the stabilization of the mostly organic FSR systems in
aqueous medium, which is especially important for biological applications. Moreover,
encapsulation can strongly enhance the quantum yield as the rate of non-radiative pathways is

often reduced in micelles due to a decreased mobility and flexibility.”**’

As the micelle formation process strongly depends on the concentration of the surfactant and
the properties of the medium such as pH or polarity, sensor materials based on micelle
(de)formation can be designed (see Figure 2E/F).®8 The altered polarity and concentration inside
the micelles compared to the surrounding medium can result in aggregation leading to
aggregation-induced emission (AIE), emission shifts, or aggregation-caused quenching (ACQ).
As a result, micelle (de)formation can result in a drastic emission change.®® Several workgroups
utilized this effect to determine the critical micelle concentration (cmc) by measuring the
emission changes of the fluorophore pyrene.’®! Furthermore, a direct sensor material can be
designed, where interactions between the surfactant/block copolymer and the fluorophore result
into altered optical properties (see Figure 2F). These interactions can be based, for example, on
the coordination of potential coordination sites of the surfactant/copolymer micelle on the metal

center of a complex, resulting in coordination-induced emission changes.
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2.5 Jager-type Schiff Base-like Ligand System

Jiger-type Schiff base-like ligands were originally established by Jiger et al. in 1966°> and
investigated as bioinorganic model systems featuring interesting redox activities.”>** Weber et
al. further investigated the SCO behavior of a large number of complexes based on these Jager-
type ligand systems. The tetradentate ligands provide a [N2Oz] chelate that usually dictates a
square-planar coordination sphere. They are close congeners to the well-established Schiff base
systems such as salen (N,N'-bis(salicylidene)ethylenediamine)  or salophen (N,N'-
bis(salicylidene)phenylenediamine). In contrast to the latter systems, the keto-enamine/enol-
imine equilibrium is strongly shifted to the keto-enamine side in Jager-type ligands as shown
in Scheme 7.%° In the deprotonated form, the ligand forms neutral complexes with various
divalent metal ions such as iron(II),%!” zinc(II),%¢ copper(11),*°7 nickel(II),’**” and cobalt(II).”8
In addition, neutral complexes with one additional anionic ligand can be obtained upon
coordination of trivalent metal ions such as iron(IIl).>> The properties of the Schiff base-like
complexes can be easily varied through changing the substituents R/R’, altering the equatorial
backbone, or the usage of different kinds of axial ligands. Especially, the variation of the ligand

backbone allows the integration of additional properties resulting in multifunctional materials.
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Scheme 7: Equilibrium of the enol-imine (left) and keto-enamine (middle) tautomers of the Jager-type
Schiff base-like ligands. Conversion of the ligand with a metal acetate to obtain the respective neutral

complex (right).

Weber et al. reported on a wide variety of iron(II) mononuclear complexes and 1D coordination
polymers that showed various kinds of SCO behavior.>!>* For instance, introduction of the
tetrathiafulvalene (TTF) unit in the axial ligand or the backbone of the equatorial ligand results
in multifunctional redox-active SCO complexes.!?*!"!" Amphiphilic SCO complexes were
obtained by equipping the equatorial ligand with long alkyl chains of variable length. These
complexes were studied in detail to gain insight into the influence of the phase transition on the

102—

magnetic properties.'??1% The concatenation of photoluminescence and CISSS/SCO behavior
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was investigated in Ni(Il) and Fe(Il) complexes that are based on a phenazine backbone.
Remarkably, these complexes exhibit fluorescent sensor behavior towards external stimuli and
a successful coupling of the switching process with the photoluminescence behavior was
obtained.*’” A phosphorescent CISSS sensor could be designed upon covalently linking a
phosphorescent Ru(Il) unit to the equatorial ligand backbone leading to a dinuclear Ni(II)-
Ru(II) complex.’” Weber et al. previously showed that iron(IT) Schiff base-like complexes can
be nanostructured by encapsulation into polystyrene-block-poly(4-vinyl)pyridine (PS-5-P4VP)

block copolymer micelles, while conserving their interesting SCO behavior.'%>-197
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3 Synopsis

This thesis comprises three publications, which are all accepted articles in peer-reviewed
journals (Chapter 5, 6, and 7). The individual contributions to joint publications are pointed out

in Chapter 4.

The overall aim described in this work is the design of photoluminescent sensor materials, that
are based on 3d transition metal complexes composed of Schiff base-like ligands. Thereby, the
tetradentate ligand acts as the photoluminescent unit, whereas the metal center provides the
sensitive behavior towards external stimuli. In this work the focus is set on coordination-
induced changes of the optical properties studied in solution. The sensitivity towards potent
donors is due to vacant axial coordination sites of the square-planar coordination sphere, which
is dictated by the Schiff base-like ligand. In nickel(II) complexes with an electron configuration
of &8, this coordination can induce a coordination-induced spin state switching (CISSS) from
S=0to S =1 that can affect the emission properties. Even though, a spin change is not possible
for zinc(Il) complexes with a closed d shell, coordination-induced (de)stacking processes can

alter the emission properties as well.

The work in chapter 5 follows up previous results from Dr. Charles Lochenie, who investigated
the CISSS behavior of a phenazine-based nickel(IT) complex.! This work extends the principle
to a whole series of nickel(Il) complexes and aims at a broader investigation and deeper

understanding of the underlying processes.

CISSS
R
fluorescent %\”/R'
Ny N, ./O X R R
Ni 1 _COOEt |-Me
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N L 2 -COOMe | -Me
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[Ni(x)] 4 -COOEt |-CF3
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Scheme 1: Structure of the presented nickel(Il) complexes based on a Schiff base-like CISSS unit with

a fluorescent phenazine backbone.
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In this study, four derivatives of a nickel(Il) complex have been investigated for their optical
sensor behavior. The complexes derive from Schiff base-like ligands with a phenazine
backbone, which acts as the fluorescent unit. The CISSS unit has been equipped with different
substituents as shown in Scheme 1. [Ni(1-3)] differ only slightly in the nature of “R” (ester,
ketone). In contrast, [Ni(4)] features electron-withdrawing CF; substituents to increase the
Lewis acidity of the nickel(I) metal center. Crystal structures of [Ni(1)] and
[Ni(4)(H20)2]-H20-DMF could be obtained from a pyridine/water or DMF/water vapor-vapor
slow diffusion setup, respectively. Even though both complexes crystallized in the presence of
strong Lewis bases, only [Ni(4)] features an octahedral coordination sphere (CN 6), whereas
[Ni(1)] exhibits a square-planar coordination sphere (CN 4). This finding already hints at a
drastically increased Lewis acidity of the nickel(Il) metal center in the CF3 decorated [Ni(4)].
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Figure 1: (Absorbance-detected) CISSS. Absorbance spectra of [Ni(1)] (A) and [Ni(4)] (B) in a

chloroform/pyridine series at room temperature.

The sensitivity towards external chemical stimuli of [Ni(1-4)] was investigated by UV-vis
measurements of chloroform/pyridine titration series. These series revealed a drastic change of
the absorption behavior upon addition of the strong Lewis base pyridine to the non-coordinating
solvent chloroform (see Figure 1). The intense changes can be attributed to CISSS from a
square-planar (CN 4) to a square-pyramidal/octahedral (CN 5/6) coordination sphere.
Interestingly, the amount of pyridine (given by the molar excess of pyridine relative to the
nickel(Il) complex) to induce a CISSS, is very similar for [Ni(1-3)], but strongly differs for
[Ni(4)]. While for [Ni(1-3)] over 100 keq pyridine are needed to significantly bleach the
characteristic band of the CN 4 species, the CISSS is already completed at 30 keq pyridine for
[Ni(4)]. These differences in the Lewis acidity of the metal center are also reflected in a
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remarkable difference in the calculated Gibbs energies of AAcisssG(DFT) =37 kJ-mol’!

(experimental: AAcisssG(experimental) = 30 kJ-mol™).
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Figure 2: (Absorbance-detected) temperature-dependent CISSS. Absorbance spectra of [Ni(4)] in
acetone at different temperatures (A). Plot of the absorbance intensity vs T at the characteristic

absorbance maxima of the CN 4 (4 =418 nm) and the CN 5/6 species (1 =472 nm) (B).

The Lewis acid-base character of the CISSS does not only allow to alter the sensitivity range
by tuning the acidity of the metal center, but also by varying the basicity of the potential donor.
A donor concentration-dependent series with three different pyridine derivatives confirms this
effect as increasing the basicity of the axial donor results in a reduction of the required
equivalents to induce CISSS ([DMAP] << [Py] << [4-CN-Py] with DMAP: 4-
(dimethylamino)pyridine; Py: pyridine; 4-CN-Py: 4-cyanopyridine). Solvent series of [Ni(1)]
and [Ni(4)] reveal a clear “black-or-white” behavior, as either the characteristic absorption
spectra of the CN 4 or the CN 5/6 species is observed. The CISSS state nicely follows the
Gutmann’s donor number (DN) of the solvents, which is a measure for the basicity. While for
[Ni(1)] only the pyridine solution is CISSS-active, in [Ni(4)] more solutions show the
characteristic spectrum of the CN 5/6 species. The two borderline cases are acetone in CN 4
and MeOH, where the absorption spectrum of CNS5/6 was obtained. As the
coordination/decoordination is an entropically driven process, it is possible to design a
temperature-dependent CISSS sensor. In variable temperature UV-vis measurements of [Ni(1)]
and [Ni(4)] in DCM/pyridine solution mixtures, heating results in dissociation of the axial
ligand leading to a higher ratio of the CN 4 species in the spectra. Remarkably, cooling an
acetone solution of [Ni(4)] from 293 K to 193 K yields a temperature-sensor that covers the

whole CISSS process in this narrow temperature range as shown in Figure 2. The temperature-
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dependent CISSS behavior was studied as well by 'H and '°F NMR measurements of [Ni(1)]
in (Ds)pyridine and [Ni(4)] in (Ds)acetone. Heating of the solutions results in both cases in a
sharpening of the signals accompanied by a high-field shift of some signals due to a decreased

amount of paramagnetic CN 5/6 species.

Remarkably, the three complexes [Ni(1-3)] are fluorescent in the non-coordinating solvent
chloroform, showing quantum yields ¢ of 5 = 1% and excited state lifetimes 7 in the order of
1 ns. This finding is striking, as inclusion of an open shell 3d metal center typically results in
emission quenching due to low lying MC states. In this case, the emission is only slightly
reduced compared to the ligands H2(1-3), which feature quantum yields ¢ of 6 £ 1%. In
contrast, the CF3; decorated [Ni(4)] is non-emissive in all investigated solvents, even though
emission was observed for the ligand H2(4). According to DFT calculations, the HOMOs and
LUMOs of all complexes are predominantly phenazine centered with small contribution from
the [NiN20O2] core. The introduction of CF3 substituents results in stabilization of both donor
and acceptor MOs. DFT calculations show that the leading transitions of all complexes are
based on a charge shift between the chelate and the phenazine unit. However, a comparison of
the transition dipoles of [Ni(1-3)] and [Ni(4)] reveals that they point into opposite direction:
while for [Ni(1-3)] the charge is shifted from the [NiN2O:] core to the phenazine backbone, the
phenazine unit in [Ni(4)] acts as electron donor and the [NiN2O:] core as the acceptor. This
renders the transition MLCT-like for [Ni(1-3)] leading to a formal excited state of [Ni"!(1-3)"].
The transition, in contrast, is LMCT-like for [Ni(4)] with a formal excited state of [Ni'(4)"].
We associate the lack of emission of [Ni(4)] to the LMCT character that might result in

secondary MC states that decay in a non-radiative way.
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Figure 3: Fluorescence-detected CISSS (FD-CISSS). Absorbance (A) and steady-state emission spectra

(B) of a chloroform/pyridine series of [Ni(1)] at room temperature.
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In contrast to chloroform solutions, pyridine solutions of [Ni(1-3)] are non-emissive. The
effects of CISSS on the emission properties were studied in detail by steady-state emission
measurements of chloroform/pyridine titration series. A drastic emission quenching upon
increasing the pyridine content was observed for all three complexes [Ni(1-3)] (see Figure 3B
exemplary for [Ni(1)]). These three complexes are the first examples of fluorescent sensors
based on fluorescence-detected CISSS (FD-CISSS). Comparison of the fluorescence excitation
spectra of the CHCIs/pyridine mixtures confirms that the emission in all mixtures is based on
the native CN 4 species, which decreases upon addition of pyridine. This finding and the
successive changes of both the absorbance and emission spectra suggest that the (AD-)CISSS
and the FD-CISSS are based on the same origin, namely CISSS in the ground state that results

in static emission quenching.

However, the Stern-Volmer plot of [Ni(1)] is strongly bent upward, which indicates additional
dynamic quenching. This unexpected finding is further strengthened by comparing the
pyridine-dependent absorbance and emission dynamics. Hereby, a higher sensitivity of the FD-
CISSS in comparison to the (AD-)CISSS was revealed. This increased sensitivity can be nicely
seen in the optical spectra of [Ni(1)] in various 1/1 chloroform/solvent mixtures (mixtures were
used due to solubility issues). Although all solutions except the pyridine-containing mixture are

CISSS-silent in the absorption spectra, emission quenching occurs in most mixtures (see

Figure 4).
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Figure 4: Normalized absorbance spectra (A) and emission spectra (B) of [Ni(1)] in different 1/1 solvent
mixtures with CHCls.

Remarkably, both the emission intensity and the Stokes shift clearly correlate with the donor

number of the solvent. We attribute this effect to dynamic emission quenching via axial
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coordination in the singlet-excited state. The higher sensitivity towards coordination in the
excited state compared to the ground state originates from the higher acidity of the metal center
in the excited state. As discussed before, the leading optical transitions of [Ni(1-3)] are MLCT-
like with a charge shift from the [NiN»O:] core to the phenazine backbone. The thereby
increased Lewis acidity of the nickel(II) metal center in the excited state results in a favored

coordination and a strongly increased sensitivity of the FD-CISSS compared to the AD-CISSS.

To the best of our knowledge, [Ni(1-3)] are so far the only reported examples of emissive
nickel(I) complexes based on Schiff base-like ligand systems. A wide range of nickel(II)
complexes synthesized during my PhD projects were non-emissive, independently of the spin
state. In most cases, both the ligands and the zinc(Il) complexes are emissive, which hints
towards emission quenching based on the open shell character of the nickel(Il) metal center. To
overcome this metal-based quenching, zinc(II) complexes are promising candidates as their
closed shell character prevents quenching through low lying MC states. Chapter 6 deals with
such photoluminescent zinc(Il) complexes, where coordination-induced destacking results in a

drastic emission enhancement.

Three new zinc(Il) complexes [Zn(5-7)] having Schiff base-like ligands equipped with nitrile
substituents were investigated (Scheme 2). Five different crystal structures could be obtained
from various media. These crystal structures already indicate the tendency of [Zn(5-7)] to
overcome the coordinatively unsaturated square-planar coordination sphere by ligation of
one/two axial ligand(s) in the presence of potent donors. In the crystal structures of [Zn(5,6)],
the zinc(II) metal center is enclosed in a N>Os3 or N3O» square-pyramidal coordination sphere.
In contrast, increasing the Lewis acidity by inclusion of electron withdrawing CF3 substituents
in [Zn(7)] results into the coordination of two axial ligands leading to an octahedral

coordination sphere.
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Scheme 2: Structure of the presented zinc(II) complexes [Zn(5-7)] based on a Schiff base-like ligand

equipped with dinitrile substituents.

34



Synopsis

A solvent series of [Zn(5)] showed that the solvent only has a minor impact on the absorption
behavior. On the other hand, the emission properties drastically depend on the choice of the
solvent: that is, in non/weakly-coordinating media such as CHCIz and MeCN a close-to-zero
emission was observed, whereas in coordinating solvents such as EtOH, THF, or pyridine a
strong green emission was observed. Interestingly, the emission intensity scales with the
basicity/DN of the solvent, indicating that the emission is based on the coordinated species.
DFT and wave-function methods were applied to determine the underlying photophysical
processes. Both methods reveal that the HOMO as well as the LUMO are predominantly located
at the chelate ligand. The optical leading transitions are characterised as intraligand CT (ILCT)
transition from the chelate to the dinitrile backbone. In theory, the axial ligand X is not involved
in these transitions and the nature of X should therefore not significantly alter the optical

properties, which contradicts the experimental findings at least in the emission behavior.
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Figure 5: Absorbance (A) and steady-state emission spectra (B) of a chloroform/pyridine series of
[Zn(5)]. Photograph of the respective solutions under light irradiation (Aex = 365 nm).

The aptitude of [Zn(5-7)] as photoluminescent sensor materials was investigated in
CHCls/pyridine series. While only minor changes were observed in the absorbance spectra upon
addition of pyridine, the emission properties were strongly affected. A turn-on sensor emission
behavior was observed for all three complexes as shown exemplary for [Zn(5)] in Figure 5.
The increased acidity of CFz-equipped [Zn(7)] leads to a higher sensitivity towards donors
relative to [Zn(5,6)]. This finding is not only experimentally reflected by a saturation of the
absorption changes at lower pyridine equivalents, but also in DFT calculations considering the

reaction energies. Both experiments and calculations showed that [Zn(5-7)] and the close
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congener [Zn(sal)], which was studied in detail by Di Bella et al., behave in a similar manner
and show striking emission turn-on behavior upon coordination.> However, the pyridine
equivalents required to achieve these emission changes differ significantly. While the
coordination-induced changes of [Zn(sal)] already saturate at 2-10 eq of pyridine, a massive
excess of pyridine of >>10%eq is required to obtain these changes for [Zn(5-7)]. This
seemingly reduced Lewis acidity of [Zn(5-7)], though, is not reflected in the calculated Lewis
base affinity, as [Zn(5-7)] feature an even higher Lewis acidity compared to [Zn(sal)].

In literature, the lack of emission of [Zn(sal)] in non-coordinating solvents is attributed to
stacking into dimers or oligomers. The formation of these dimers consisting of [Zn202] cores
was experimentally and theoretically confirmed and the emission increase was attributed to the
coordination-induced destacking of the zinc(II) complexes.” It seems likely that similar stacking
processes are involved for [Zn(5-7)] as well. The stability of a similar dimer of [Zn(5)]2 based
on the [Zn202] stacking motif was determined by DFT calculations and similar stabilities were
obtained compared to [Zn(sal)]2. However, DFT calculations revealed an alternative stacking
motif for [Zn(5-7)] based on (ZnO), macrocycles, that features a drastically increased stability
(see Figure 6B). Indeed, DLS measurements confirm the presence of huge aggregates
(= 100 nm) in non-coordinating solvents that dissolve upon addition of pyridine. This formation

of strongly stabilized oligomers results in the quenched Lewis acidity of [Zn(5-7)].
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Figure 6: Dimer speciation of [Zn(sal)]. (left) and its DFT-optimized structures with pertinent metrics
(right) (A). Dimer speciation of the [Zn,O:] and the [ZnO], motif of [Zn(5-7)], (left) and its DFT-

optimized structures with pertinent metrics (right) (B).
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Chapter 7 deals with the encapsulation of [Zn(5)], that features coordination-induced emission,
into polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer (BCP) micelles to
obtain fluorescent self-assembled micelles as shown in Scheme 3. Three different block
copolymers with varying block ratios were used for this purpose, namely SssVa2!%’, Se5V3s'3!,
and SgsVis'>* (subscripts give the fraction of the respective block in wt%; superscript denotes
the number average molecular weight in kg mol™). In toluene, BCP micelles composed of a PS
shell and a P4VP block form through self-assembly. Weber et al. previously reported on the
ability of the pyridine substituents of the P4VP block to function as axial ligands for iron(II)
and zinc(I1T) metal complexes based on Schiff base-like ligands.> We encapsulated the zinc(II)
complex [Zn(5)] into these micelles, to investigate the effect on the optical properties. DLS and
TEM measurements confirm the formation of spherical micelles of all neat BCP and
[Zn(5)]@BCP compounds in toluene. The hydrodynamic diameter Dy varies only slightly in
between 150 to 170 nm. In contrast, the core diameter Dcore differs drastically and can be
correlated to the ratio of the P4VP block. Dcore values between approximately 30 nm for
SssVis!** and 60 nm for SssV42'>7 were obtained. Interestingly, encapsulation of [Zn(5)] does

not significantly alter neither Dy nor Deore.
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Scheme 3: Representation of the self-assembly of [Zn(5)] and BCP in toluene into fluorescent micelles

composed of [Zn(5)] @BCP.

All three self-assembled [Zn(5)]@BCP micelles feature a strong green emission in toluene.
The absorbance and emission spectra of the [Zn(5)]@BCP micelles clearly reflects the optical
behavior of [Zn(5)] in pyridine. This indicates that the zinc(II) complex is coordinated by the
pyridine substituents of the P4AVP block and therefore must be located within the micelle core.
Although the absorbance and emission wavelengths are very similar for all three [Zn(5)]@BCP
compounds, they differ strongly in their quantum yields and excited state lifetimes. Thereby,
an increase of the P4VP ratio results in an enhanced quantum yield, that is reflected as well in

increased excited state lifetimes determined from the biexponential decays. [Zn(5)]@SssV15'>4,
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for instance, features a quantum yield of 16% in toluene, while a drastically enhanced quantum
yield of 33% is obtained for [Zn(5)]@SssV42!®". Interestingly, all [Zn(5)]@BCP compounds
feature higher quantum yields and excited state lifetimes compared to neat [Zn(5)] in pyridine.
The prevention of non-radiative decays upon encapsulation can be nicely seen in temperature-
dependent excited state lifetime measurements of [Zn(5)]@BCP in toluene and [Zn(5)] in
pyridine, too. Here, increasing the temperature results in a drastic reduction of the excited state
lifetime of [Zn(5)] in pyridine, while the effect on the incorporated [Zn(5)] in the P4VP core

is much weaker, indicating the oppression of dynamic quenching processes.

In the next step, a photoluminescent sensor material was investigated that is based on medium-
dependent micelle formation. In contrast to the previous study, where the concentration of the
pyridine was changed directly in a chloroform/pyridine series, the overall pyridine
concentration is not altered in this approach. However, upon successively changing the medium
from chloroform to toluene, the induced micelle formation results in an increase of the effective
pyridine concentration due to a smaller effective volume. Simplified calculations of the
respective vinylpyridine equivalents in the molecularly dissolved and the micelle form indicate
a significant change of the effective concentration upon micelle formation. Nevertheless, the
calculations imply as well that the amount of potent pyridine units in the molecularly dissolved
form is still rather high and prevails the formation of an emission off-state in chloroform. For
this reason, the chloroform was acidified with HCl to induce protonation of the complex
resulting in the non-emissive ligand H2(5) in chloroform (see Scheme 4). The effects of the
micelle formation and the acidification on the optical properties was studied in CHCls/toluene
and acidified CHCls(acidic)/toluene series of [Zn(5)]@SssV42!'>’. DLS measurements confirm
that micelle formation occurs for all series in between 20 to 33 vol% toluene, regardless of the

presence of [Zn(5)] or hydrochloric acid.
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Scheme 4: Representation of the medium-dependent off-on sensor material based on the self-assembly

of [Zn(5)]@BCP into fluorescent micelles.
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As suspected, a non-negligible emission can be observed in the non-acidified CHCls/toluene
series even below 33 vol% toluene, where micelle formation occurs. Fluorescence excitation
spectra confirm that this emission is based on the coordinated [Zn(5)] species due to potent
pyridine donors of the P4VP block in the molecularly dissolved form of the BCP. Nevertheless,
an emission enhancement upon increasing the toluene ratio can be observed. This finding
reflects on the one hand the increased effective pyridine concentration inside the micelles, and

on the other hand the lower degree of dynamic quenching processes through encapsulation.
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Figure 7: Absorbance (A) and steady-state emission spectra (B) of the CHCls(acidic)/toluene
series of [Zn(5)]@SssV2">’. Photograph of the respective solutions under light irradiation
(/1ex =365 nm).

Absorbance and emission spectra of CHCIl3/CHCls(acidic) series of neat [Zn(5)] and
[Zn(5)]@SssV42'>7 confirm the successful formation of the ligand H2(5) through acidification
of the chloroform. Moreover, formation of the non-emissive ligand can be obtained as well in
toluene through addition of the organic acid AcOH, while maintaining the micelle form. In the
absorbance spectra of the CHCls(acidic)/toluene series of [Zn(5)]@SssV42"" drastic changes
can be observed as shown in Figure 7A. The characteristic main band of the ligand at
A =414 nm decreases upon increasing the toluene ratio, while a new band at approximetely
A =480 nm increases, which can be associated with the axially coordinated zinc(Il) complex
[Zn(5)]. These drastic changes take place from 33 vol% toluene on, where micelle formation
occurs. Remarkably, a close-to-zero emission was observed up to 20 vol% toluene, while
further increase of the toluene ratio results in a drastic emission enhancement (see Figure 7B

and photograph). Plotting the integrated emission intensity vs the toluene fraction reveals a

39



Synopsis

linear progression that, in agreement with DLS measurements, indicates that micelle formation
occurs at around 25 vol% toluene. These results confirm the successful design of a turn-on

emission sensor based on medium-dependent micelle formation.
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4 Individual Contributions to Joint Publications

The results presented in the thesis were obtained in collaboration with other researchers. In this
chapter, the respective contributions of each co-author to the manuscripts will be specified. The
corresponding author is stressed by an asterisk. The publication state (published, submitted, to

be submitted) is given below.

Chapter 5

This work was published in Journal of the American Chemical Society (J. Am. Chem. Soc.

2021, 743, 9, 3466-3480; DOI: 10.1021/jacs.0c12568) with the title:

“A Fluorescence-Detected Coordination-Induced Spin State Switch”

Hannah Kurz, Konstantin Schoétz, [lias Papadopoulos, Frank W. Heinemann, Harald Maid, Dirk
M. Guldi, Anna Koéhler, Gerald Horner, and Birgit Weber*

I synthesized the ligands and complexes, carried out most of the experiments, and wrote the
first draft of the manuscript. Konstantin Schotz measured the temperature-dependent UV—vis
and emission spectra in acetone and determined the PLQYs as well as the PL lifetimes using
TCSPC. Dr. Gerald Horner performed the DFT calculations, corrected the manuscript, and
contributed to the overall scientific discussion. Ilias Papadopoulos measured the temperature-
dependent UV-vis spectra in DCM/pyridine mixtures. Dr. Frank W. Heinemann measured and
solved the X-ray structures. Dr. Harald Maid measured the temperature-dependent NMR
spectra. Prof. Dr. Dirk M. Guldi and Prof. Dr. Anna Kd&hler gave scientific advice and corrected
the manuscript. Prof. Dr. Birgit Weber supervised the work, gave scientific advice, and

corrected the manuscript.

Chapter 6

This work was published in Chemistry — A European Journal (Chem. Eur. J. 2021, 27, 15159-
15171; DOI: 10.1002/chem.202102086) with the title:

“Quenched Lewis acidity: Studies on the Medium Dependent Fluorescence of Zinc(II)
Complexes”
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I synthesized the ligands and complexes, carried out most of the experiments, solved the crystal
structures, and wrote the first draft of the manuscript. Dr. Gerald Horner performed the
(KS/TD)-DFT calculations, measured the crystal structures, corrected the manuscript, and
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Abstract: The response of the spin state to in situ variation of the coordination number (CISSS)
is a promising and viable approach to smart sensor materials, yet it suffers to date from

insensitive detection. Herein, we present the synthetic access to a family of planar nickel(II)
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complexes, whose CISSS is sensitively followed by means of fluorescence detection. For this
purpose, nickel(Il) complexes with four phenazine-based Schiff base-like ligands were
synthesized and characterized through solution-phase spectroscopy (NMR and UV—vis), solid-
state structure analysis (single-crystal XRD), and extended theoretical modeling. All of them
reveal CISSS in solution through axial ligating a range of N- and O-donors. CISSS correlates
nicely with the basicity of the axial ligand and the substitution-dependent acidity of the
nickel(Il) coordination site. Remarkably, three out of the four nickel(Il) complexes are
fluorescent in noncoordinating solvents but are fluorescence-silent in the presence of axial
ligands such as pyridine. As these complexes are rare examples of fluorescent nickel(Il)
complexes, the photophysical properties with a coordination number of 4 were studied in detail,
including temperature-dependent lifetime and quantum yield determinations. Most importantly,
fluorescence quenching upon adding axial ligands allows a “black or white”, i.e. digital,
sensoring of spin state alternation. Our studies of fluorescence-detected CISSS (FD-CISSS)
revealed that absorption-based CISSS and FD-CISSS are super proportional with respect to the
pyridine concentration: FD-CISSS features a higher sensitivity. Overall, our findings indicate
a favored ligation of these nickel(IT) complexes in the excited state in comparison to the ground

state.

4.1 Introduction

Multifunctional, externally switchable molecular building blocks are interesting and promising
for their application as molecular sensors.'® The coordination chemistry community has
focused mostly on iron(Il) spin crossover (SCO) complexes in an octahedral ligand
environment. Spin crossover denotes a phenomenon that a spin transition from a high-spin (HS)
to a low-spin (LS) state and vice versa is induced by physical external stimuli such as a
temperature change, a pressure change, or light irradiation, while the coordination number is
maintained. Iron(IT) complexes are particularly interesting in this context, as the spin transition
is accompanied by a qualitative magnetic change from a diamagnetic LS state to a paramagnetic

HS state enabling “black-or-white”, i.e digital, recording.”®

Iron(Il) complexes based on Schiff base-like ligands are well-known for their versatile SCO
features.!°"'> One major drawback of iron(II) SCO complexes is their high air sensitivity, which
impedes their use as sensor materials. Notably, the broader access to SCO in the 3d alternatives
manganese(II/I11)!*!7 and cobalt(I)!® is limited by the specific ligand-field requirements in

octahedral coordination. However, nickel(II) offers ready access to spin state variation, termed
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a coordination-induced spin state switch (CISSS). In contrast to the more common SCO
mechanism, for CISSS the spin transition is triggered by a chemical impact, as the spin
transition appears upon (de)coordination of additional guest molecules. Thus, singlet—triplet
crossover which is usually synchronized to axial ligation (CN 4 — CN 5) is followed by a
second axial ligation (CN 5 — CN 6) (Scheme 1). Research on CISSS has focused mainly on
porphyrin-based nickel(II) complexes'®~2* for the following reasons. First, for nickel(II) (d®)
the switch from a square-planar to square-pyramidal/octahedral coordination sphere is
accompanied by a qualitative magnetic change from diamagnetic to paramagnetic. Second,
porphyrins serve as synthetically versatile and structurally rigid strong-field ligand platforms.
These are required to stabilize the diamagnetic square-planar over the paramagnetic tetrahedral

coordination sphere.?!-?*

FD-CISSS
+(2)D

"[NiL]* *[NiL(D)]*/[NiL(D),]*

h-v fi h-v
Y] )

h-v}ﬂ

. +(2)D st
[NiL] [NiL(D)]/°[NiL(D),]
-(2)D
D
750N
N— = © N ~0
L ey
"[NiL] ’[NiL(D)] °[NiL(D),]
square planar; CN 4 square-pyramidal; CN 5 octhahedral; CN 6
S=0 S=1 S=1
diamagnetic paramagnetic paramagnetic

Scheme 1. Representation of the coordination-induced spin state switch (CISSS) for nickel(II)
complexes (where D = donor; CN = coordination number).?

*The properties dependent on the coordination number and the readout of the magnetic status are realized
via a change of fluorescence. Here two different possibilities are differentiated: the CISSS in the ground

state and the CISSS in the exited state detected via fluorescence (FD-CISSS).

These physically and/or chemically induced spin transitions need to be coupled to a readout to
enable a functional molecular sensor material. An optical readout such as photoluminescence
is highly sought after, as it offers the advantage of easy detectability even at low concentrations.
The coupling of SCO/CISSS with photoluminescence has been demonstrated via two

26-29

approaches:** the synthesis of composite materials or a combination of both functionalities
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in one molecule by covalently linking a photoluminescent unit to a SCO/CISSS unit.!%27-30-33
The combination of both functionalities in one molecule offers the advantage of a (mostly)
concentration-independent sensor material. However, this approach turned out to be
challenging, as in most cases the insertion of open-shell 3d metals results in a complete

quenching of the photoluminescence independent of the coordination number.**3°

It is due to the rapid quenching within an open d shell that only a few examples of nickel(II)-
containing fluorophores have been reported so far. It is furthermore noted that in the vast
majority of such systems the coordination site for nickel(Il) and the fluorophore are
electronically uncoupled. Examples of luminescent nickel(I) complexes with electronic
coupling between nickel and the fluorophore are extremely rare.3®*”*8 In very recent work,
Yam et al. reported the first nickel(I[) C*N”N pincer complex, which shows metal-based
phosphorescence.®® To the best of our knowledge, metal-based fluorescence from nickel(II)
complexes has remained completely elusive; in particular, the well-studied nickel(II) porphyrin

systems are notorious for being nonfluorescent.

A single notable exception of a fluorescent nickel(Il) complex has been communicated in a
preliminary study by Weber et al. Therein, the fluorescence of a phenazine-based N>O»-
coordinated nickel(II) complex was detected (see Scheme 2; [Ni(1)]). Intriguingly, the emission
was quenched upon adding additional ligands.*® Overall, the quenching was tentatively
attributed to CISSS of the nickel(II) center. At that time, the nature of the emission was not
investigated in detail by experimental and/or computational methods and was rationalized as
ligand based. In this work, we greatly extend the experimental and theoretical fundament of this
switchable fluorescence and provide synthetic access to a family of nickel(I) complexes with
different substituent patterns, where most, but not all, of the complexes show this effect. The
effect of the metal center on the CISSS not only in the ground state but also in the exited state

and on the fluorescence properties will be discussed.

4.2 Results and Discussion

Synthesis

Nickel(II) complexes were synthesized in two steps as shown in Scheme 2. In the first step, 2,3-
diaminophenazine was converted in a condensation reaction with the respective keto-enol ether
to the Schiff base-like ligands H21—4. The identity and purity of the ligands was confirmed by
'H 3C NMR and IR spectroscopy, mass spectrometry, and elemental analysis ("H NMR spectra
are given in Figures S1, S4, S6, and S8 in the Supporting Information). While H21-3 give

46



A Fluorescence-Detected Coordination-Induced Spin State Switching

almost coinciding signal pattern in '"H NMR spectra, CF3-appended H24 clearly deviates, as the
NH signal is shifted to high field. In a second step, the ligands were converted with an excess
of Ni(OAc)2-4H>0 to the respective orange-red nickel(Il) complexes, with acetate as the source
of base equivalents. [Ni(1-3)] were obtained solvent free in good yields of >75% as orange
solids. Poorer yields of 55% prevailed for dark red [Ni(4)] due to its substantially enhanced
solubility; it is noted that elemental analysis also identifies [Ni(4)] as a solvent-free complex.
The identity and purity of the nickel(II) complexes were confirmed by 'H NMR and IR

spectroscopy, mass spectrometry, and elemental analysis.

0 R R

R 1 1
- " A
Ni
N/ NH, MeOH/EtOH/DMF N/ NH O MeOH/EtOH N/ N/ \lo
NS , NS ,
Hax %R INi(x)] KKKR
R R

X R R'

1 -COOEt |-Me
2 -COOMe | -Me
3 -COMe |-Me
4 -COOEt |-CF3

Scheme 2. Synthesis of the ligands H21—4 and the respective diamagnetic nickel(Il) complexes
[Ni(1-4)].

"H NMR spectra in CDCl; give narrow lines and unexceptional chemical shifts for all nickel(II)
complexes, supporting diamagnetic electronic singlet ground states and planar coordination
under these conditions (‘H NMR spectra are given in Figure S2, S5, S7, and S9 in the
Supporting Information). '3C NMR spectra and assignments of the signal of [Ni(1)] and [Ni(4)]
are shown in Figures S3 and S10 in the Supporting Information. In the '3C NMR spectra of
[Ni(4)] a splitting of the CF3 carbon signals is observed due to fluorine coupling.

Complex Structures: Single-Crystal XRD and DFT Modelling

Orange plate-like crystals of [Ni(4)(H20)2]-H20-DMF suitable for X-ray structure analyses
were obtained from a vapor-vapor slow diffusion setup of a dimethylformamide solution and
water. The crystallographic data were collected at 100 K and are summarized in Table S1 in the
Supporting Information. [Ni(4)(H20)2]-H20-DMF crystallizes in the monoclinic space group
P2i/c. The asymmetric unit contains one hexacoordinate [Ni(4)(H20):2] complex and two
additional solvent molecules: namely, water and dimethylformamide. Dimethylformamide and
one ethyl arm of one ester substituent of the equatorial ligand are strongly disordered. An

illustration of the molecular structure of [Ni(4)(H20):] is shown in Figure 1A (see Figure S11A
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in Supporting Information for a fully labeled asymmetric unit). Selected bond lengths and
angles are given in Table S2 in the Supporting Information. The nickel(II) center is enclosed in
a slightly distorted NoO4 coordination sphere, consisting of N>O of the equatorial ligand and
O; of two axial water ligands. The equatorial bond lengths are all close to 2.0 A, while the axial
bond lengths are slightly elongated at 2.1 A, which is consistent with a triplet ground state
electronic configuration, centered at nickel. The bond angles within the chelate cycle differ only
slightly from the expected values of 90 or 180°, which are needed for cis and trans angles in a
perfectly octahedral coordination sphere to support an unstrained coordination. A DFT structure
optimization of [Ni(4)(H20):] gives close agreement with experimental metrics (see Table S2,

in italics), supporting the triplet-state assignment. Similar metrics have been reported in the
21,22

topologically related case of axially N-ligated nickel porphyrins.

Figure 1. Representation of the molecular structure of [Ni(4)(H20):] (A) and [Ni(1)] (B). Hydrogen
atoms and additional solvent molecules are omitted for clarity. Ellipsoids are drawn at the 50%

probability level.

Figure 2 shows the crystal packing of [Ni(4)(H20)2]-H20-DMF along [100] (Figure 2A) and
[010] (Figure 2B). Details of the hydrogen bonds are given in Table S3 in the Supporting
Information. In contrast to other common phenazine systems,*>* [Ni(4)(H20)2]-H20-DMF
lacks stacking effects among the extended 7 planes. On one hand, the CF3 substituents feature
a higher steric demand in comparison to the CHs substituents.*! On the other hand, the axial
water ligands, which give first indication of the high acidity of the nickel(II) center, hinder a
stacking of the phenazines as well. Both aspects are supportive for the substantially enhanced

solubility of [Ni(4)] in many common solvents.
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Figure 2. Molecular packing of [Ni(4)(H20):]-H>O-DMF along [100] (A) and [010] (B). Hydrogen

atoms are omitted for clarity.

The expanded coordination sphere of [Ni(4)] is in stark contrast to the preference of [Ni(1)] for
planar coordination, irrespective of the crystallization medium. In previous work planar [Ni(1)]
prevailed in crystals obtained from a chloroform/ethanol diffusion setup.*® In this work, we now
obtained identical orange needlelike crystals of [Ni(1)] from a pyridine/water diffusion setup,
despite the presence of potent donors in high concentrations. For the sake of comparison,
complex metrics of [Ni(1)] from single-crystal XRD analysis and DFT optimization are given
in Table S2 in the Supporting Information. In brief, the asymmetric unit of [Ni(1)] consists of
one complex molecule, in which the nickel(Il) metal center is enclosed in a N>O» square-planar
coordination sphere (see Figure 1B and Figure S11B in the Supporting Information). 7—7x
interactions between the aromatic rings and metal-aromatic interactions between the nickel(II)
center and the chelate rings lead to the formation of columns along [100] (see Table S4 in the
Supporting Information). In comparison to [Ni(4)(H20)2]‘H20-DMF, [Ni(1)] shows low
solubility in many common solvents, which is likely due to these stacking effects.
Comprehensive metrical data of DFT optimized structures of [Ni(1—4)] are given in the Tables
S5—8 in the Supporting Information; variable coordination numbers and spin states were

considered.

The powder diffraction patterns of all measured complexes differ significantly, as the variation
of substituents results in a change in the molecular packing. PXRD patterns of bulk samples of
[Ni(1)] are in good agreement with the data calculated from the crystal structure (Figure S12;
in the Supporting Information). While this agreement indicates conserved molecular structure
and packing in samples of [Ni(1)], the calculated and recorded powder patterns of [Ni(4)] differ
significantly. This finding reflects the varied formulations of solvent-free bulk material gained
from EtOH and the single crystals gained from DMF/water, which consist of
[Ni(4)(H20):2]-H20°-DMF.
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Photophysics of the Planar Complexes and their Ligands

Steady-state UV-vis absorption and fluorescence spectra were recorded of the ligands H21—4
and the planar complexes [Ni(1—4)] in noncoordinating chloroform solutions (3.7 x 10" M;
T =293 K; spectra for ligands in Figure S13 in the Supporting Unit and complexes in Figure
3). All ligands are photoluminescent not only in chloroform but also in pyridine solution and
share in chloroform similar optical behavior, apart from an approximately 4-fold lower

emission intensity of H24 in comparison to H21-3.

Figures 3 gives the absorbance and emission spectra of all nickel(II) complexes in chloroform.
Intense absorption bands (&max > 10* cm™ M!; 410 nm < Amax < 445 nm) dominate the low-

wavelength visible region, in agreement with the orange-red color of the nickel(II) complexes.
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Figure 3. Steady-state UV-vis absorption spectra of [Ni(1-4)] in chloroform ((3.7 = 0.1) x 10 M) (A).
Steady-state emission spectra of [Ni(1—4)] in chloroform (3.7 x 10® M; Aexc = 385 nm) (B).

Table 1. Photophysical Data of the Complexes [Ni(1—4)].

ﬂaabs,max (nm) Emax (L mOl-l ﬁuem,max (1’11’1’1) PLQY (%) ﬂ«exc,max (nm)
cm™)
Ni(D)] | 415 39000 477 438 431
434 38000
[Ni(2)] 414 42000 476 3.6 430
433 39000
[Ni(3)] 419 44000 476 3.9¢ 430
430 45000
[Ni(4)] | 422 46000 b b b

“Calculated from the ratio of the measured emission intensities of all complexes relative to the measured

quantum yield of [Ni(1)]. *No emission could be observed upon irradiation with Aexc = 385 nm.
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The presence of two distinct maxima for [Ni(1-3)] (but not for [Ni(4)]) and significant tailing
toward the low-energy end indicate an overlay of several individual transitions. All complexes,

except for [Ni(4)], show emission. Pertinent photophysical data are summarized in Table 1.
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Figure 4. Normalized absorbance, excitation (Aem = 477 nm), and emission spectra (Aexc = 385 nm) of

[Ni(1)] in chloroform.

As an example, a comparison of excitation and emission spectra recorded for chloroform
solutions of [Ni(1)] (exc = 385 nm; 3.7 x 10 M) is shown in Figures 4 (see Figure S14 in the
Supporting Information for [Ni(2)] and [Ni(3)]). The emission is unstructured with a moderate
Stokes shift of ca. 2000 cm™!, which closely mimics the emission of the free ligands (see Figure
S13 in the Supporting Information). Excitation spectra (Aiem =477 nm) of the nickel(Il)
complexes identify a specific emissive state, which is kinetically isolated from nonemissive
states at both higher and lower energies. The nature of the optical transitions has been addressed
with methods of time-dependent DFT (TD-DFT), using the TPSSh functional. These settings
previously served to adequately mimic the optical spectra of planar nickel(II) complexes.***
Frontier orbital energies of [Ni(1—4)] and frontier orbital landscapes of [Ni(1)] and [Ni(4)] are
summarized in Figures S15—S17 in the Supporting Information. Irrespective of the substitution
pattern, the HOMO and LUMO are largely phenazine centered with a conserved HOMO-
LUMO gap; it is noted that the presence of CF3 in [Ni(4)] similarly stabilizes both donor and
acceptor MOs. Furthermore, the electron-withdrawing effect of the CF3 substituent is reflected
in the LUMO character, which now carries significant contributions of the [NiN>O2] core. This

subtle effect translates into opposite directions of the transition dipoles of relevant optical

transitions in [Ni(1-3)] and [Ni(4)], as shown in Figure 5.
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Figure 5. Computed line spectra and convoluted and broadened optical spectra of [Ni(1)] (A) and [Ni(4)]
(B). Graphical representations of the difference densities of selected diagnostic visible transitions in

[Ni(1)] (C) and [Ni(4)] (D). Color code: source, dark cyan; sink, red.

The lowest 70 vertical transitions have been computed, covering the entire UV-NIR range. The
obtained line spectra and convoluted and broadened TD-DFT spectra of [Ni(1)] and [Ni(4)] are
shown in Figure 5; the corresponding spectra of [Ni(2,3)] are given in Figures S18—S20 in the
Supporting Information. In fact, the predicted spectra match the experimental data very well
with respect to energy, (relative) intensity, and overall shape except for the experimentally
observed shoulder at 475 nm for [Ni(4)] that is not predicted by the theory. In particular, we
note that the double-peak structure of the intense band at 420 nm for [Ni(1-3)] is found also in
the calculations, whereas TD-DFT correctly predicts two nearly coinciding transitions in
[Ni(4)]. The difference densities of the two leading visible transitions of [Ni(1)] and [Ni(4)] are
shown in Figures 5C,D, respectively (see Figures S21 and S22 in the Supporting Information
for graphical representations of the single orbital contributions of the leading visible transitions
of [Ni(1)] and [Ni(4)]; see Table S9 and S10 in the Supporting Information for summaries of
the TD-DFT results for [Ni(1)] and [Ni(4)]). In [Ni(1)] (and [Ni(2,3)]) both transitions indicate
a charge-transfer from the [NiN2O;] core to the electron-accepting phenazine. Significant
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contributions of nickel(Il)-based d orbitals render the transitions MLCT-like. Evidently, the
direction of the charge shift is inverted in the leading transition of CF3-appended [Ni(4)]; quite
surprisingly, the electron source is largely phenazine centered, whereas [NiN2O;] acts as the
charge sink. Although the transitions are partially d-d like, the dominating pathway is assigned
as an LMCT. That is, the dominant vertical excited singlet states take on formal nickel(III) and
nickel(I) character in [Ni(1)] and [Ni(4)], respectively. As a matter of fact, the qualitative
difference in electronic structure extends to the relaxation of the excited states: while [Ni(1—3)]
all show significant emission in many different media, [Ni(4)] is nonemissive (see Figure 3B).
It is noted that the excited state obtained via metal to ligand CT can be best described as
nickel(IIT) coupled to a phenazine radical anion, [Ni'"'(1)*7], largely akin to the well-established
ruthenium polypyridine photosensitizers.** In contrast to nickel(Il), nickel(III) is a much
stronger Lewis acid and, thus, fast coordination of a Lewis base is very likely. As was seen later
in fluorescence quenching studies, axial ligation indeed is highly favored in excited [Ni(1)] (see
below). In contrast, excited [Ni(4)] is rather formulated as [Ni'(4)"'] with an oxidized phenazine
moiety. It is tempting to associate its lacking fluorescence with secondary electron relaxation
to yield a d-d excited singlet state, prone to rapid intersystem crossing to a nonemissive triplet
state. We expect deeper insights here from the application of advanced wave-functional

methods.®

The mere observation of luminescent nickel(II) complexes is remarkable, as there are only two
reported cases so far.*® Typically, low-lying d-d states of a nonclosed d electronic shell result
in a complete photoluminescence quenching due to effective deactivation paths. As a matter of
fact, the quantum yield of the photoluminescence of [Ni(1)] (5 = 1%) almost equals the one of
the ligand H21 (6 = 1%), pointing to only minor spin-orbit coupling effects. The relative
quantum yields of [Ni(2)] and [Ni(3)] which were determined from the measured emission
intensities at Aexe =405 nm are on the same order of magnitude (see Figure S23A for ® vs T
plot of H21 and [Ni(1)]; the 7 dependence of absorption was taken into account). Time-
correlated single-photon counting (TCSPC) gave a long fluorescence lifetime of 7= 1.0 ns for
[Ni(1)] at room temperature. Deactivation of competitive nonradiative relaxation paths leads to
further increased lifetimes at lower temperatures, reaching 7= 1.8 ns at 218 K (see Figure
S23B,C for VT-TCSPC detected monoexponentially fluorescence decays of [Ni(1)] and a
lifetime vs 7 plot for [Ni(1)]; Table S11 for 7-dependent lifetimes). The natural radiative rate
constant amounts to a mean value of (5.2 = 0.2) x 107 s}, which is equivalent to an intrinsic

lifetime of 19 £ 1 ns (see Figure S23D for a ki/kur vs T plot of [Ni(1)]).
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Coordination-Induced Spin State Switch (CISSS)

Planar nickel(Il) complexes of strong-field ligands can expand their coordination sphere
through ligation of additional axial donors, giving rise to diagnostic shifts in the UV-vis
spectra.?! Accordingly, the response of the optical spectra of dilute solutions of [Ni(1—4)]
toward the nature and the amount of external donors was recorded. Steady-state UV-vis
measurements were first performed in chloroform/pyridine mixtures of variable mixing ratios.
The corresponding absorption spectra of [Ni(1)] and [Ni(4)] are shown in Figure 6 (photographs
of the solutions of [Ni(1)] and [Ni(4)] upon irradiation are given in Figure S24 in the Supporting

Information; corresponding spectra of [Ni(2,3)] are given in Figure S25 in the Supporting

Information).
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Figure 6. Absorbance measurements of [Ni(1)] (A) and [Ni(4)] (B) in varying chloroform/pyridine ratios

at room temperature; [Ni(1/4)] = 1.0 x 10 M. The increments are given in the Supporting Information.

The coinciding response of [Ni(1—-3)] to the amount of pyridine points to a very mild influence
of the nature of the substituents on the chelate cycle (ester or ketone). The spectra of these
complexes remain unaffected by the presence of pyridine up to a threshold concentration, which
corresponds to a molar excess of pyridine relative to [Ni(1-3)] of approximately 30.000:1. Even
higher amounts of pyridine, that is, >100 kequiv, are necessary to significantly bleach the
diagnostic double-peak band of the planar species at 430 nm. Its subspectrum is then
successively replaced by two strong bands centered at 370 and 510 nm. The growth of a
subspectrum is safely associated with five- and/or six-coordinate nickel(Il) species and thus in
line with our preliminary results on [Ni(1)],>” a CISSS takes place. TD-DFT computed vertical
spectra of triplet-configured [Ni(1)py] and [Ni(1)(py)2] likewise feature intense transitions in

the UV and the visible regimes (see Figure S26 in the Supporting Information) at 360/480 nm
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and 360/500 nm, respectively; a distinction between CN 5 and CN 6 in the experimental spectra

on the basis of just the DFT results appears nonviable due to the spectral overlap.

If the substituents on the ligand can strongly influence the acidity of the metal center through
electron-withdrawing effects, the sensitivity of the complex toward CISSS is expected to
increase. Accordingly, fluorine-persubstituted tetraphenylporphyrin derivatives have been
found to produce highly electron deficient coordination platforms.*® This effect can be likewise
seen with [Ni(4)], carrying electron-withdrawing CF3 groups. The main absorption band of
[Ni(4)] in chloroform at 422 nm disappears completely upon addition of pyridine, to be replaced
by three intense absorbance bands at 375, 455, and 471 nm. Notably, these massive CISSS-
related changes take place upon addition of much smaller amounts of pyridine for [Ni(4)] than
are seen with [Ni(1-3)]. [Ni(4)] shows a threshold value for CISSS of only a few hundred

equivalents and saturates in the presence of ca. 6 kequiv: that is, [py]o = 60 mM.

A detailed look at the set of spectra allows insight into nickel speciation as a function of pyridine
concentration. For [Ni(4)], only a single set of isosbestic points can be observed at 396 and
443 nm, pointing to significant amounts of only two absorbing species. This observation is in
agreement with previous studies. It is generally assumed that five-coordinate nickel(IT) does
not accumulate due to unfavorable thermodynamics.?***-5° Nevertheless, when preorganized
ligands are used five-coordinate nickel(II) complexes can be obtained.?!! Alternatively, the
similarity between the computed spectra of CN 5 and CN 6 species [Ni(4)(py)] and [Ni(4)(py):]
in Figure S27 in the Supporting Information may be indicative of coinciding experimental
spectra. For [Ni(1)], however, two sets of isosbestic points can be observed in the visible region,
one at low pyridine concentrations and a second at high concentrations. The shift from the low-
concentration regime with Aisp = 463 nm to the high-concentration regime with Aisp = 445 nm is
at odds with the implications of only two absorbing species. This finding indicates the presence
of three different nickel(I) complexes upon addition of pyridine, most likely CN 4, CN 5, and
CN 6. The two bands at around 430 nm and 480 nm are thus convenient indicators on the
relative weights of the diamagnetic and paramagnetic states, respectively, and their associated

coordination complexes.

As the spectral changes are due to Lewis acid-base interactions, they also reflect the basicity of
the external donor. In order to investigate the influence of the basicity of the axial ligands,
chloroform solutions with a molar concentration of 1.0 x 10> M of [Ni(1)] and [Ni(4)] were
treated with variable amounts of the pyridine derivatives 4-cyanopyridine (4-CN-Py;

pKy =12.1), pyridine (Py; pKy = 8.83) and 4-dimethylaminopyridine (DMAP; pKy =7.91).
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Uncompensated dilution effects through nonadditive volumes inhibit the observation of
isosbestic points in these experiments. 4-CN-Py is sparingly soluble in chloroform, and
therefore, only up to 10 kequiv 4-CN-Py was added to the chloroform solutions: that is, [4-CN-
Py]max = 0.10 M.

[Ni(1)] A [Ni(4)]
0.6 414 nm 4-CN-Py —e— Py DMAP - 0.6 422 nm 4-CN-Py —e— Py DMAP
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Figure 7. Plot of the absorbance at characteristic wavelengths vs donor concentration for [Ni(1)] (A) and
[Ni(4)] (B) at =293 K (1.0 x 10> M). The observation wavelengths are given in the captions; crossing
points are highlighted for DMAP, indicating half-step concentrations [DMAP] .

Table 2. CISSS for [Ni(1)] and [Ni(4)] at 7=293 K.

pKy? donor [Ni(1)] [Ni(4)]
no.

Titration in Chloroform, [CN6]/[CN4] ~ 1.0
4-CN-Py 12.1 20 kequiv
Py 8.83 33 ca. 1000 kequiv 2 kequiv
DMAP 7.91 40 kequiv 200 equiv
Neat solvent, 1/1 Mixture with CHCI3
toluene 0.1 no CISSS / no CISSS no CISSS
chloroform 4 no CISSS / no CISSS no CISSS
MeCN 14 insoluble / no CISSS no CISSS
Acetone 17 insoluble / no CISSS no CISSS
MeOH 19 insoluble / no CISSS CISSS
EtOH 19 insoluble / no CISSS CISSS
DMF 27 no CISSS / no CISSS CISSS

“From ref 47.

In Figure 7 the effect of donor concentration on spectral evolution at selected wavelengths is
plotted as a function of donor concentration (given in molar equivalents of the external donor

relative to [Ni(1)]o or [Ni(4)]o).
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Wavelengths have been chosen so as to be diagnostic of the concentrations of CN 4 and CN 6:
A=414 nm ([Ni(1)] and 422 nm ([Ni(4)]) for CN 4 and 1=502 nm ([Ni(1)]) and 475 nm
(INi(4)]) for CN 5/6. Table 2 summarizes the donor amounts required to induce CISSS for 50%
of the nickel(Il) centers, denoted as critical concentration [Lax]i2. This point defines
[Ni(1/4)] = [Ni(1/4)(py)2]: that is, it is approximated as the crossing points in the plots of Figure
7. The absorbance spectra of all measurements are shown in Figure S28 in the Supporting

Information.

As required for an acid/base reaction, CISSS scales with the strength of the base. This fact can
be readily seen in the donor-concentration-dependent absorbance data of [Ni(4)] (Figure 7B).
Therein, the step concentration is reduced with an increasing strength of the base, giving
[DMAP]12 << [py]i2 << [4-CN-Py]i2. The variance in Brensted basicity of the pyridines of
ApKy = 4.19 translates into a variation of step concentrations by a factor of 100. As expected,
the weaker acidity of [Ni(1)] hinders CISSS. The step concentrations of [Ni(1)] are ca. 200—
500 times greater than those of [Ni(4)], pointing to significant differences in the
thermodynamics. In combination with the weakest base, 4-CN-Py axial ligation is not even

observed within the solubility limits.

At the step concentrations, [py]i.2, the formation constants of the six-coordinate species are
simply Keq = ([py]12)%. In other words, the equilibrium constants are directly extractable from
the plots in Figure 7. For DMAP, this treatment gives Keq = (2 mM)™? = 2.5 x 10° M2 and K¢q =
(0.4 M)?= 6.2 M for [Ni(4)] and [Ni(1)], respectively. Such a difference in Kq translates into
a remarkable difference of CISSS Gibbs energies: AAcisssG = 26 kJ mol™! (for parent pyridine
a slightly larger difference of AAcisssG = 30 KJ mol™! is calculated). DFT computation of the
pyridine ligation thermodynamics helps in the differential analysis of the three elementary steps
associated with the CISSS (eqs 1-3): that is, (i) singlet-triplet crossover in CN 4, (ii) axial
ligation in CN 4 — CN 5, and (iii) axial ligation in CN 5 — CN 6. It is found that the
implementation of CF3 in [Ni(4)] favors CISSS by an overall increase in the driving force
(AAcisssG(DFT)) of 37 kJ mol™!, which is well in line with the experiments. Interestingly, CF3

substitution not only enhances ligation due to increased acidity but also reduces the thermal

singlet/triplet gap.
'INi(D)] = *[Ni(1)] AstG (1)
*INi(1)] = °[Ni(1)(py)] Ay sG 2)
*INi()(py)] = *[Ni(1)(py)2] As6G 3)
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Molecules lacking significant Brensted basicity likewise coordinate to metal centers due to their
action as Lewis bases. [Ni(1)] lacks any CISSS in different neat solvents apart from pyridine,
as shown in Figure 8A. Due to the low solubility in most solvents and therefore the limited
solvent range, 1/1 solvent mixtures with chloroform were investigated, which also showed no
CISSS apart from the pyridine-containing mixture (see Figure 13A). In contrast, CISSS is
recorded for [Ni(4)] in some neat solvents such as methanol, ethanol, and DMF at 7= 293 K
(Figure 8B). Thereby, a clear “black-or-white” behavior was observed: i.e., we observed the
absorption spectrum of either CN 4 or CN 5/6. The trend is qualitatively referred to the donor
number (DN) of the solvents (see Table 2), which is a measure for the Lewis basicity of the
respective solvents.’? Acetone and methanol are the two borderline cases: acetone (DN 17) is

CISSS-silent at room temperature, whereas methanol (DN 19) is CISSS-active.
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Figure 8. Normalized absorbance spectra of [Ni(1)] (A) and [Ni(4)] (B) in different solvents (for the

respective donor numbers see Table 2).

Temperature Dependence of CISSS

The spin state switch from the singlet to the triplet state, as such, is driven by entropy and is
therefore favored at elevated temperature. In contrast, the ligand-association steps to five- and
six-coordinate triplet species are entropically disfavored and therefore require a low
temperature. Previous examples have shown that commonly the entropic requirements of ligand
association dominate, favoring high coordination numbers at low temperatures.?* Temperature
scans of diluted solutions of [Ni(1)] and [Ni(4)] in the presence of pyridine as a potential axial
donor have been followed by means of UV-vis and '"H NMR measurements. For the UV-vis T
scans with pyridine, a DCM/pyridine mixture was used in order to widen the liquid temperature

range. For [Ni(1)], a DCM/Py mixing ratio of 2/1 was used (see Figure 9A,B), whereas [Ni(4)]
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required a much higher mixing ratio of 2000/1 (see Figure 9C,D). Under these conditions, the
room-temperature spectra show significant contributions of both species, four-coordinate and
six-coordinate; the dominating species are ligated [Ni(1)(py)2] and native [Ni(4)], respectively.
The spectral evolution in both systems indicates ligand decoordination and coordination for
heating and cooling scans, respectively. Clean isosbestic points at 392 and 436 nm were
observed in the cooling scans of [Ni(1)] (see Figure 9A), whereas heating gives rise to a second

set of isosbestic points at 390 and 452 nm, akin to the aforementioned isothermal titrations (see

Figure 9B and Figure 6A).
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Figure 9. Temperature-dependent UV-vis spectra of [Ni(1)] upon cooling (A) and heating (B) and of
[Ni(4)] upon cooling (C) and heating (D).

As the wealth of data is in full accordance with the concentration-dependent and 7-dependent

series, the simultaneous presence of coordination numbers 4, 5, and 6 in the spectra can be

59



A Fluorescence-Detected Coordination-Induced Spin State Switching

safely concluded. It is noted that speciation of [Ni(1)] varies only moderately with temperature.
For instance, the transition CN 5 — CN 4 is far from complete at 35 °C, as the diagnostic band
at 414 nm only begins to increase at 35 °C. 7-dependent (de)coordination of pyridine is more
clearly traceable in 'H NMR measurements. The 'H NMR spectra of [Ni(1)] in (Ds)pyridine
show massive spectral evolution in the temperature range from 30 to 110 °C (Figure S29 in the
Supporting Information). Around room temperature, the spectral range of the 'H NMR spectra
and the line widths of some of the signals are clearly indicative of a paramagnetic species.
Accordingly, the Bohr magneton number of [Ni(1)] in (Ds)pyridine at room temperature was
determined to 2.81 (2.92 for [Ni(4)]). Upon heating, a sharpening of the signals and a high-field
shift is observed, indicating decoordination of pyridine. The speciation changes much more
rapidly and completely with temperature in the case of [Ni(4)]. Remarkably, the spectral
evolution indicates that almost the complete CISSS between CN 4 and CN 6 takes place in the
narrow temperature range of only 95 K (CN 4 still has some minor residual contribution at
about 485 nm, cf. Figure 8). When similar entropic effects are assumed, the deviation among
the complexes reflects the favorable enthalpic contributions in the case of [Ni(4)] as mentioned
previously. Similarly, to the isothermal titrations, only a single set of isosbestic points at
approximately 400 and 440 nm was observed in the heating and cooling measurements (see

Figure 9C,D).

The two frontier cases in Figure 8B, that is, [Ni(4)] in acetone and in MeOH, were likewise
investigated in more detail by temperature-dependent UV-vis and NMR measurements (see
Figures 10 and Figures S30, S33, and S34 in the Supporting Information). As shown in Figure
S30 in the Supporting Information, heating of the MeOH solutions fails to induce any
significant spectra evolution, which would be indicative for a ligand cleavage of the solvent
molecule(s) in the recorded temperature range. The absence of CISSS in acetone at room
temperature is somewhat surprising, because a DFT analysis of the CISSS thermodynamics
predicted a reasonable driving force in favor of CISSS. Indeed, acetone solutions of [Ni(4)],
which are CISSS-inactive at room temperature, undergo a massive absorption change upon
cooling (see Figure 10A). The spectral evolution in acetone fully matches the spectral changes
observed for [Ni(4)] in the presence of pyridine in both the isothermal titrations and the iso-
concentration 7 scans (see Figures 6B and 9C,D). At room temperature, just a 419 nm
maximum is discernible, which decreases upon cooling. In addition, new features at
approximately 382, 454, and 472 nm appear. To illustrate this effect, the absorbance intensities
at 418 nm (Amax of CN 4) and at 472 nm (Amax of CN 5/6) were plotted versus temperature in
Figure 10B.
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The plot of the 7-dependent association/dissociation equilibrium of [Ni(4)] in acetone and a
CHCls/pyridine (2000/1) mixture shows a similar progression for both solvents (see Figure S31

in the Supporting Information).
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Figure 10. Temperature-dependent absorbance spectra of [Ni(4)] in acetone (A). Plot of the absorbance
intensity vs T at 418 nm and 472 nm for [Ni(4)] (B).

Thermodynamic analyses of the underlying (de)coordination equilibrium in acetone afford
values of (-37.9 + 1.0) kJ mol! and (-158.0 £ 4.0)J K mol! for AcisssH and AcisssS,
respectively (see Figure S32 in the Supporting Information). The large negative entropy change
echoes previous CISSS studies and reflects the entropically demanding association steps.
CISSS upon cooling of an acetone solution is supported by temperature-dependent °F>3 and 'H
NMR studies in the range from 0 to 50 °C (see Figures S33 and S34 in the Supporting
Information). Thereby, drastic broadenings and low-field shifts were observed upon cooling for
both NMR nuclei due to CISSS. The method-dependent concentration ranges and the stronger
sensitivity of NMR toward paramagnetism in comparison to UV-vis result in slightly different

switching temperatures while the trend is retained.
Fluorescence-Detected CISSS

Static fluorescence quenching through CISSS had been communicated by Weber et al. to
rationalize the lack of emission in pyridine-containing chloroform solutions of [Ni(1)]. As
[Ni(1)] is the rare example of photoluminescent nickel(Il) complexes, we will herein discuss
the emission behavior in more detail. Additional results for [Ni(1)] and [Ni(2,3)] identify all
these complexes to be potent fluorescence sensors, active in the static and dynamic quenching

by Lewis bases. Importantly, these complexes constitute the first examples of fluorescence-
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detected CISSS, FD-CISSS, as we will illustrate in the following. To rule out inner filter effects,
low concentrations of the ligand and complex solutions were chosen for the fluorescence
measurements.>*> To allow for a quantitative comparison iso-concentrated solutions (3.7 x 10°
® M) were used. The emission intensity was corrected against the absorbance intensity at the
excitation wavelength. The observation that H21—4 are emissive, albeit with different bands, in
chloroform and pyridine rules out ligand-based quenching in pyridine due to intermolecular

interactions (see Figure S13 in the Supporting Information).

The phenomenon of a fluorescence-detected CISSS can be realized across the series of
nickel(Il) complexes [Ni(1-3)], as is shown in fluorescence titration experiments with pyridine
(Figure 11C,D and Figure S35B in the Supporting Information for [Ni(1)]). Upon pyridine
addition, the single-band emission at 477/478 nm (see Table 1) drastically deintensifies,
reaching close to zero emission in pure pyridine solution. The intensity loss is accompanied by
a slight red shift of the emission, giving a residual peak at about 580 nm, due to minor
contamination with the free ligand (absent for [Ni(1)], see Figure S35B, SI). As shown in Figure
11E/F (see Figure S35C in the Supporting Information for [Ni(1)]), for all solutions the same
fluorescence excitation spectrum is recorded, irrespective of the pyridine concentration, giving
just one sharp feature at 430/431 nm. Accordingly, fluorescence is solely derived from the

residual fraction of four-coordinate native [Ni(1-3)].

Absorption spectra of [Ni(2)] and [Ni(3)] (Figure 11 A,B) fully echo the observations made
with [Ni(1)] (Figure 6 and S35A in the Supporting Information). Consistent with a pyridine-
induced CISSS the major visible envelope of CN4 nickel(II) is replaced by a red-shifted band
of conserved intensity. As emission is solely due to the diamagnetic four-coordinate species,
both the UV-vis spectra and the steady-state emission spectra are expected to scale with the
concentration of native four-coordinate [Ni(1—3)] and, in turn, with the pyridine concentration.
A comparison of the pyridine-dependent quenching with the pyridine-dependent dynamics of
the absorption spectra indeed is suggestive of a common molecular origin of both effects. As is
shown in Figure 12A, however, FD-CISSS of [Ni(1)] is more sensitive to the pyridine
concentration in comparison to CISSS; the fraction of [Ni(1)] in CN4 is defined as ccna/co =
(A(A) — A(A)w)/(A(A)o — A(A)x) (With A(A). = absorbance of pure CN6 at A, A(A)o = absorbance
of pure CN4 at A, and 4(A) = absorbance at A =414 nm/433 nm).
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Figure 11. FD-CISSS of [Ni(2)] and [Ni(3)] in various chloroform/pyridine mixtures (3.7 x 10 M):

absorption spectra of [Ni(2)] (A) and [Ni(3)] (B); emission spectra of [Ni(2)] (Aexc

387 nm; C) and

[Ni(3)] (Aexe = 389 nm; D); fluorescence excitation spectra of [Ni(2)] (dem = Aexemax; E) and [Ni(3)]

(ﬂfcm :/ﬁtcxc,max; F)
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Figure 12. CISSS in absorption and emission. Pyridine-dependent CN4 molar fraction (red) and
normalized integrated emission intensity (blue) of [Ni(1)] (A). Plot of the normalized integrated
emission intensity vs the CN4 molar fraction of [Ni(1)] (B). Fraktioncens = cona/co = (A(A) — A(A)w)/ (A(A)o
— A(A)).

A plot of the normalized integrated emission intensity versus the CN4 fraction is strongly bent
upward and distinctly deviates from a 1/1 proportionality (Figure 12B). This finding denies that
emission quenching is fully derived from static pathways in terms of the thermal depletion of
CN4 species. In contrast, we suggest that quenching is partially derived from interactions of
excited [Ni(1)] with potent axial ligands. The mere importance of this additional dynamic
quenching pathway is seen in the high efficiency at rather low quencher concentrations. In
keeping with this hypothesis, the Stern-Volmer plot of emission quenching of [Ni(1)] by
pyridine, which is shown in Figure S36A in the Supporting Information, is likewise strongly

bent upward.

In contrast, donors such as acetone and DMF (Figure 13) are found to selectively quench
fluorescence via dynamic pathways. Accordingly, the finding that excited [Ni(1)] is quenched
via axial ligand coordination is not limited to the chloroform/pyridine prototype. Rather, it is
broadly applicable to different donor types. This conclusion stems from the comparison of the
absorbance and emission spectra recorded of [Ni(1)] in various coordinating and
noncoordinating solvents (Figure 13; 1/1 chloroform/solvent mixtures for solubility reasons).
Except the mixture consisting of chloroform/pyridine, all mixtures feature identical absorption
spectra attributable to CN 4 (see Figure 13A). That is, different from [Ni(4)], CISSS requires
very potent donors in the case of [Ni(1)]. However, the lack of CISSS does not interfere with
fluorescence quenching: the emission of [Ni(1)] is nearly quantitatively quenched not only in

the presence of CISSS-active pyridine but also in the presence of CISSS-inactive acetonitrile,
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acetone, methanol, ethanol, and DMF. In contrast, with the noncoordinating base triethylamine

no quenching was observed.*

E [eV] E [eV]
3.5 3 25 2 3 27 24 2.1 1.8
T T T R T T T T Nli(1 )]
1.0tA [Ni(1)] ] ;B [
3 CHCl, _ oo Aoy = 387 M
§ 0.8 + Toluene | ‘é CHCI,
5 +MeCN | § 7.50x10%F + Toluene]
2 06 + Acetone | £ + MeCN
5 +MeOH | § 5.00x10% - + Acetone]
(_EU + DMF uEJ + EtOH
5 02l + Pyridine | 2.50x10% - +DMF 1
z + Pyridine
0.0 : : 0.00 ;
400 500 600 700 400 500 600 700
A [nm] Alnm]

Figure 13. Normalized absorbance spectra of [Ni(1)] in different 1/1 solvent mixtures with CHCIs (A).
Respective donor numbers (DN): toluene DN, 0.1; CHCIs DN, 4; MeCN DN, 14; acetone DN, 17,
MeOH DN, 19; EtOH DN, 19; DMF DN, 27; pyridine DN, 33. Emission spectra of these [Ni(1)]

solutions (B).

Both the emission intensity at Amax and the Stokes shift follow the donor number of the
respective solvent (see Figure S36B in the Supporting Information). The increase in Stoke shifts
with solvent donor number points to enhanced stabilization of a polar excited state by a polar
medium. As the relative intensity of the emission scales inversely with the Lewis basicity of
the solvent (given as donor number in terms of Gutmann’s definition, DN), we assign the
quenching to be due to Lewis acid-base interactions in the singlet excited state. Dynamic
emission quenching via bimolecular diffusive pathways is by no means exceptional for organic
fluorescent dyes.”> Our observation of dynamic quenching of fluorescence in nickel(Il)
complexes via axial coordination (Scheme 3), however, deserves some additional comments:
most importantly, quenching through Lewis bases of excited [Ni(1)] must have occurred in the
excited singlet state! This observation is in stark contrast with what is known for the related
nickel(Il) porphyrin systems. This contrasting behavior of [Ni(1)] (and [Ni(2,3)], see below)
renders spin-state changes recordable via fluorescence methods in terms of fluorescence-

detected CISSS, FD-CISSS.

Previous experimental and theoretical studies on nickel(Il) porphyrins have discussed the
ability for ligation of singlet-based 'Bi, states’® but did not provide any evidence for its

involvement in the ligation process. In particular, a thorough investigation of the excited-state
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dynamics of nickel(II) porphyrins revealed ultrafast intersystem crossing in the 10-15 ps range

from the singlet to the triplet excited state, rendering any axial ligation entirely triplet-based.>”%°
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Scheme 3. FD-CISSS as complementary static and dynamic fluorescence quenching pathways in planar
nickel(II) complexes through ground-state CISSS (bottom line) and CISSS in the singlet excited state

(upper line).

This value should be compared to the singlet excited state lifetime of ca. 1.0 ns recorded for
[Ni(1)]. Obviously, the lifetime of the excited singlet state in [Ni(1)] is much longer than in the
respective nickel(Il) porphyrins, rendering emission kinetically competitive with intersystem
crossing. Indeed, TCSPC results of [Ni(1)] in acetone/chloroform and
dimethylformamide/chloroform 1/1 mixtures both yield distinctly faster fluorescence decays at
room temperature; i.e., lifetimes amount to 0.27 and 0.07 ns in acetone/chloroform and
DMF/chloroform, respectively (see Figure S37 in the Supporting Information). With a view to
these striking divergences in behavior, our finding of a dynamic emission quenching via axial

ligation is as exciting a finding as the mere observation of emissive nickel(I[) complexes is.

4.3 Conclusion

Smart molecular sensor materials are highly sought after especially for the applications as
biosensors. An applicable sensor should feature, on one hand, a high sensitivity toward specific
molecules and, on the other hand, an easy and directly detectable readout such as a change in
the photoluminescence behavior. In this study, we report on three rare examples of nickel(II)
complexes that are emissive with a coordination number of 4 and, most importantly,
nonemissive upon CISSS. To this end, the optical properties of [Ni(1)] are discussed in detail
on basis of a (temperature-dependent) solvent scan of the steady-state UV-vis absorption and
emission. In order to address the nature of the emissive state(s), temperature-dependent

lifetimes and quantum yields are reported for [Ni(1)]. The experimental work is supplemented
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by (TD-)DFT modeling of the nickel(Il) speciation with respect to coordination number,
geometry, spin state, and UV-vis spectra. FD-CISSS has been proven to tolerate lateral
substitution of the ligand backbone through the synthesis and in-depth spectroscopic analysis
of the new [Ni(2)] and [Ni(3)]. In parallel, the electron-withdrawing CF3 substituents in [Ni(4)]
enhance the CISSS sensitivity. This method of enhanced CISSS has been demonstrated by
Tuczek et al. with a salpn-based Schiff base ligand system.®! As a matter of fact, an enhanced
sensitivity goes hand in hand with a quenched emission, irrespective of the coordination
number. A likely rationale is based on the character of the dominant absorption. This is best
described as LMCT for [Ni(4)] but as MLCT for [Ni(1-3)]. The finding of long-lived MLCT
states of nickel(Il) complexes promises applications in base-metal light energy conversion
processes. Most importantly, the fluorescence of [Ni(1-3)] is quenched in noncoordinating
solvents upon addition of axial ligands, allowing an easy readout of the CISSS through
fluorescence spectroscopy (FD-CISSS). Thereby, FD-CISSS is found to be active at lower
pyridine concentrations in comparison to CISSS, which indicates greatly favored coordination
of axial ligands in the singlet excited state in comparison to the ground state. Accordingly,
efficient quenching in FD-CISSS is observed in a number of CISSS-inactive media, which
follows nicely the donor number of the solvent. In summary, our study provides a detailed
insight into the radiative nature of phenazine-based nickel(Il) complexes and their CISSS.
These findings might help in the design of new nickel(Il)-based molecular sensors based on

fluorescence-detected CISSS.

4.4 Notes and References

Associated Content

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/jacs.0c12568.

Experimental section, 'H and '*C NMR spectra X-ray crystal structure determinations, metrics
of the optimized complexes based on DFT powder X-ray diffraction patterns, optical spectra of
the ligands and [Ni(2)] and [Ni(3)], computed frontier orbital energies and landscapes,
computed line spectra and difference density plots, photophysical measurements of H21 and
[Ni(1)], photographs of [Ni(1)] and [Ni(4)] chloroform/pyridine solutions, absorbance
measurements of [Ni(2)] and [Ni(3)] chloroform/pyridine solutions, computed line spectra of
[Ni(1)] and [Ni(4)] in CN 5 and 6, absorbance measurements of [Ni(1)] and [Ni(4)] with various
axial ligands, temperature-dependent 'H NMR spectra of [Ni(1)] in (D5)pyridine, temperature-
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dependent absorbance spectra of [Ni(4)] in MeOH, analysis of the association/dissociation
equilibrium of [Ni(4)], temperature-dependent '°F and 'H NMR spectra of [Ni(4)] in
(D6)acetone, optical spectra and analysis of the data of [Ni(1)] in chloroform/pyridine solutions
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Optical spectra and analysis of the data of [Ni(1)] in chloroform/pyridine solutions

Experimental Section
Synthesis

Ethoxymethylene-ethylacetoacetate, methoxymethyleneacetylacetone, methoxymethylene-
methylacetoacetate, Hz21, and [Ni(1)] were synthesized to a similar procedure as described in
literature.' 2,3-Diaminophenanzine (90%, Sigma Aldrich), ethyl-2-(ethoxymethylen)-4,4,4-
trifluoro-3-oxobutyrat (>96%, TCI), and nickel(II) acetate tetrahydrate (99%, Fluka) were used
without further purification. Ethanol, methanol, and dimethylformamide was of analytical grade
and used without further purification. Oxygen was removed in the TCSPC and quantum yield
experiments by degassing with Argon 5.0 for 10 min. In the steady-state measurements oxygen
was not removed. Room-temperature 'H NMR spectra were recorded with a 500 MHz Avance
IIT HD NMR spectrometer from Bruker. The Bohr magneton numbers were determined upon
measurement on a 400 MHz Varian INOVA NMR with toluene as reference. Temperature-
dependent 'H and '°F NMR spectra were recorded with a 500 MHz Avance NEO from Bruker
operating at 500.34 MHz equipped with a triple resonance probehead (PATBO500S1BB-H/F-
D-05ZFB) double tuned for H/F. *C and 2D NMR spectra were recorded on a 600 MHz
Avance NEO from Bruker operating at 600.7 MHz equipped with a cryoprobe (CPDCH600S3
C/H-D-05Z). CHN analyses were measured with an Unicube from Elementar Analysen
Systeme. The samples were prepared in a tin boat, sulfanilamide was used as standard and the
samples measured at least twice. Mass spectra were recorded with a Finnigan MAT 8500 with
a data system MASPEC II. IR spectra were recorded with a Perkin Elmer Spectrum 100 FT-IR

spectrometer.

X-ray Crystal Structure Determinations. The single crystal X-ray structure determinations
of [Ni(1)] and [Ni(4)(H20)2]-H20-DMF were performed at 100 K using MoKa radiation (4 =
0.71073 A). Intensity data were collected on a Bruker Kappa PHOTON 2 [uS Duo
diffractometer equipped with QUAZAR focusing Montel optics. Data were corrected for
Lorentz and polarization effects semi-empirical absorption corrections were performed on the
basis of multiple scans using SADABS.* The structures were solved by direct methods using
SHELX XT 2014/5° and refined on F? by full-matrix least-squares techniques (SHELXL
2018/3). All non-hydrogen atoms were refined with anisotropic displacement parameters. The
hydrogen atoms of [Ni(1)] were placed in positions of optimized geometry; their isotropic

displacement parameters were tied to those of their corresponding carrier atoms by a factor of
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1.2 or 1.5. In [Ni(4)(H20)2]-H20-DMF one of the terminal methyl groups of the complex was
disordered. Two orientations were refined and resulted in site occupancies of 76(4) and 24(4)
% for the atoms C19 and C19A. The compound crystallized with one molecule of water and
one molecule of DMF, the latter one being disordered. Two different orientations were refined
and resulted in site occupancies of 70.4(5) and 29.6(5)% for the atoms O10, N5, C27 — C29 and
O10A, N5SA, C27A — C29A, respectively. Similarity restraints were applied to the anisotropic
displacement parameters of the disordered atoms. There was one significant residual density
maximum in the region of the disordered dimethylformamide solvent molecule which might
indicate further disorder. However, no reasonable orientation or position of this solvent
molecule other than the two refined could be resolved. The positions of the oxygen bound
hydrogen atoms were derived from a difference Fourier synthesis. These hydrogen atoms were
subsequently treated with fixed distance restraints. All other hydrogen atoms were placed in
positions of optimized geometry. The isotropic displacement parameters of all hydrogen atoms
were tied to those of their corresponding carrier atoms by a factor of 1.2 or 1.5. ORTEP-III*"7

was used for the structure representation, Mercury-3.108 to illustrate molecule packing.

X-ray Powder Diffraction. Powder diffractograms were recorded with a STOE StadiP
diffractometer using Cu Kol radiation with a Ge monochromator, and a Mythen 1K

Stripdetector in transmission geometry.

Optical measurements. Room temperature absorbance spectra were obtained using an Agilent
UV-vis spectrophotometer Cary 60 (Agilent Technologies, USA) operating in a spectral range
of 190-1100 nm. Temperature dependent steady-state absorption measurements were
performed with a Varian Cary 5000 double-beam UV-vis-NIR spectrometer, using a FK2
thermostat from Haake for high temperature and an Optistat DN2 cryostat from Oxford
Instruments for low temperature measurements, respectively. Steady-state room temperature
PL measurements were performed on a FP-8600 fluorescence spectrometer (JASCO) equipped
with a Xe lamp as excitation source. The absorbance and emission spectra were measured at
298 K in quartz cells with 1 cm lightpath (Hellma, Germany). The temperature dependent PL
and absorption spectra were measured in a home-built setup. For transmission measurements,
a tungsten halogen lamp (LOT Oriel) served as a white light source. For PL measurements, the
sample was excited using a 405 nm diode laser (Coherent COMPASS 405-50 CW). The sample
was placed in an electrically heatable continuous flow cryostat (Oxford Instruments). The signal
(either the PL or the transmitted light) was collected into a spectrograph (Andor Technology
Shamrock SR3031) coupled to a CCD camera (Andor iDus DU420a-OE). All PL spectra were
corrected for the efficiency of the setup, self-absorption effects and changing optical density at
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the excitation wavelength. Time-resolved PL was measured using a commercial TCSPC setup
(Pico Harp 300 PicoQuant), using a 405 nm diode laser for excitation (PicoQuant LDH-P-C-
405 controlled by the PDL 800-D PicoQuant laser driver). PLQE at room temperature was
measured following the approach by de Mello et al.’ using an integrating sphere and a 405 nm
diode laser (PicoQuant LDH-P-C-405 controlled by the PDL 800-D PicoQuant laser driver).
All spectra were conducted in quartz cells with 1 cm lightpath (Hellma, Germany).

H:1. 2,3-Diaminophenazine (1.00 g, 4.76 mmol, 1 eq), and ethoxymethylene-ethylacetoacetate
(2.21 g, 11.89 mmol, 2.5 eq) were dissolved in 50 mL ethanol. The solution was heated to
reflux for 1 h. After cooling to room temperature the orange solid was filtered and recrystallized
in 40 mL ethanol. The orange precipitate was filtered off and washed with ethanol. Yield: 1.03 g
(44%). '"H NMR (500 MHz, CDCl3, 25°C): 6 = 13.47, 13.59 (ee, zz) (d, *J(NH-NCH) =
12.0 Hz, 2 H, -NH); 8.70, 8.66 (ee, zz) (d, *J (NH-NCH) = 12.0 Hz, 2 H, NC-H); 8.23, 8.20
(ee,zz) (m, 2 H, Ha); 8.06, 8.04 (ee, zz) (s, 2 H, Ha:); 7.86, 7.82 (ee, zz) (m, 2 H, Ha); 4.40,
4.32 (ee, zz) (q, *J(CH,~CH3) = 7.0 Hz,4 H, -CH,); 2.66. 2.62 (ee, zz) (s, 6 H, -CH3); 1.44,
1.39 (ee, zz) (t, *J(CH>~CH3) = 7.0 Hz, 6 H, —-CH3) ppm. *C NMR (500 MHz, CDCl3, 25°C,
jmod): 0 = 201.66, 166.15, 152.07, 143.72, 142.00, 135.91, 131.09, 129.52, 116.30, 106.78,
60.61, 31.43, 14.70 ppm. MS (DEI-(+), 70 eV): m/z = 490 (M", 7%). Ca6H26N4Os
(490.52 g/mol); C 63.12 (calc. 63.66); H 5.84 (5.34); N 11.50 (11.42)%. IR: 0 = 3250 (s, N—
H), 1708 (s, C=0), 1625 (s, C=0) cm".

[Ni(1)]. H21 (0.50 g, 1.02 mmol, 1 eq) and nickel(Il) acetate tetrahydrate (0.30 g, 1.22 mmol,
1.2 eq) were dissolved in 50 mL ethanol. The solution was heated under reflux for 1 h. After
cooling to room temperature the orange precipitate was filtered and washed with ethanol. Yield:
0.43 g (77%). 'H NMR (500 MHz, CDCls, 25°C): 6 = 8.67 (s, 2 H, NC-H); 8.22 (s, 2 H, Ha/);
8.15 (m, 2 H, Ha); 7.81 (m, 2 H, Har); 4.32 (q, >*J(CH>—CH3) = 7.0 Hz, 4 H, -CHz); 2.63 (s, 6
H, —CH3); 1.41 (t, *J(CH,—CH3) = 7.0 Hz, 6 H, CH3) ppm. *C NMR (600 MHz, CDCls, 25°C):
0 =191.73, 166.48, 153.77, 147.63, 143.21, 141.64, 130.47, 129.34, 110.90, 106.83, 60.64,
28.53, 14.82ppm. MS (DEI-(+), 70eV): m/z = 546 (M', 100%). CisH24N4NiOs
(547.19 g/mol); C 57.34 (calc. 57.07); H 4.47 (4.42); N 9.93 (10.24)%. IR: 9 = 1707 (s, C=0),
1685 (s, C=0) cm™'.

H22. 2.3-Diaminophenazine (1.00g, 4.76 mmol, 1eq), and methoxymethylene-
methylacetoacetate (1.88 g, 11.89 mmol, 2.5 eq) were dissolved in 150 mL methanol. The
solution was heated to reflux for 1 h. After cooling to room temperature the yellow precipitate

was filtered off, and washed with methanol. Yield: 0.92 g (41%). '"H NMR (500 MHz, CDCl;,
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25°C): 6 = 13.26 (d, 3J(ONH-NCH) = 12.0 Hz, 2 H, -NH); 8.69 (d, 3J(NH-NCH) = 12.0 Hz, 2
H, NC-H); 8.20 (m, 2 H, Ha,); 8.08 (s, 2 H, Ha,); 7.87 (m, 2 H, Ha/); 3.85 (s, 6 H, -CH3); 2.66
(s, 6 H, -CHz) ppm. 3C NMR (500 MHz, CDCls, 25°C, jmod): 6 = 201.61, 166.52, 152.22,
143.78, 141.98, 135.77, 131.12, 129.56, 116.29, 106.46, 51.72, 31.36 ppm. MS (DEI-(+),
70 eV): m/z =462 (M, 23%). C2aH2:N4Og (462.46 g/mol); C 62.41 (calc. 62.33); H 4.69 (4.80);
N 12.90 (12.12)%. IR: & = 3176 (s, N-H), 1718 (s, C=0), 1633 (s, C=0) cm’".

[Ni(2)]. H22 (0.30 g, 0.65 mmol, 1 eq) and nickel(Il) acetate tetrahydrate (0.19 g, 0.78 mmol,
1.2 eq) were dissolved in 100 mL methanol. The solution was heated under reflux for 1 h. After
cooling to room temperature the orange precipitate was filtered and washed with methanol. The
orange solid was recrystallized from methanol. Yield: 0.33 g (98%). 'H NMR (500 MHz,
CDCl3, 25°C): 6 = 8.68 (s, 2 H, NC-H); 8.24 (s, 2 H, Har); 8.14 (m, 2 H, Ha); 7.81 (m, 2 H,
Har); 3.84 (s, 6 H, -CH3); 2.63 (s, 6 H, ~CH3) ppm. *C NMR (500 MHz, CDCls, 25°C, jmod):
0 = 191.83, 166.80, 153.86, 147.58, 143.31, 141.68, 130.58, 129.39, 111.00, 106.46, 51.75,
28.44 ppm. MS (DEI-(+), 70 eV): m/z =518 (M", 100%); 503 (M"-CH3, 25%). C24H20N4NiOg
(519.14 g/mol); C 54.19 (calc. 55.53); H4.12 (3.88); N 11.19 (10.79)%. IR: © = 1721 (s, C=0),
1694 (s, C=0) cm™'.

H23. 2,3-Diaminophenazine (1.00 g, 4.76 mmol, 1 eq), and methoxymethylene-acetylacetone
(1.69 g, 11.89 mmol, 2.5 eq) were dissolved in 100 mL methanol. The solution was heated to
reflux for 1 h. After cooling to room temperature the brown precipitate was filtered off, and
washed with methanol. Yield: 0.69 g (34%). 'H NMR (500 MHz, CDCl3, 25°C): 6 = 13.30 (d,
3J(NH-NCH) = 12.0 Hz, 2 H, -NH); 8.39 (d, *J(NH-NCH) = 12.0 Hz, 2 H, NC-H); 8.21 (m,
2 H, Har); 8.04 (s, 2 H, Har); 7.89 (m, 2 H, Har); 2.65 (s, 6 H, -CH3); 2.47 (s, 6 H, —-CH3) ppm.
3C NMR (500 MHz, CDCls, 25°C, jmod): § = 202.59, 195.01, 151.67, 143.77, 141.94, 135.99,
131.32,129.52,116.72, 116.24,32.26, 27.56 ppm. MS (DEI-(+), 70 €V): m/z=430 (M", 18%).
C24H22N404 (430.46 g/mol); C 65.10 (calc. 66.97); H 5.05 (5.15); N 13.91 (13.02)%. IR: 0 =
3169 (s, N-H), 1622 (s, C=0), 1586 (s, C=0) cm™..

[Ni(3)]. H23 (0.20 g, 0.46 mmol, 1 eq) and nickel(Il) acetate tetrahydrate (0.14 g, 0.56 mmol,
1.2 eq) were dissolved in 20 mL methanol. The solution was heated under reflux for 1.5 h. After
cooling to room temperature the orange precipitate was filtered and washed with methanol.
Yield: 0.20 g (89%). 'H NMR (500 MHz, CDCl3, 25°C): 6 = 8.49 (s, 2 H, NC-H); 8.19 (s, 2 H,
Har); 8.18 (m, 2 H, Har); 7.84 (m, 2 H, Ha); 2.63 (s, 6 H, -CH3); 2.52 (s, 6 H, -CH3) ppm. °C
NMR (500 MHz, CDCls, 25°C, jmod): 6 = 195.17, 192.85, 153.03, 147.63, 143.38, 141.65,
130.83, 129.38, 116.83, 110.58, 29.50, 29.01 ppm. MS (DEI-(+), 70 €V): m/z=486 (M", 34%).
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C24H20N4NiOy4 (487.14 g/mol); C 58.99 (calc. 59.17); H 4.42 (4.14); N 12.60 (11.50)%. IR: §
= 1652 (s, C=0), 1580 (s, C=0) cm’".

H24. 2,3-Diaminophenazine (0.50 g, 2.38 mmol, 1 eq), and ethyl-2-(ethoxymethylen)-4,4,4-
trifluoro-3-oxobutyrat (1.71 g, 7.13 mmol, 3 eq) were dissolved in 50 mL dimethylformamide.
The solution was heated to 75°C for 2 h. After cooling to room temperature 25 mL distilled
water was added dropwise. The brown precipitate was filtered off, and washed with H>O. Yield:
0.69 g (48 %). 'H NMR (500 MHz, CDCl3, 25°C): § = 12.30, 11.92, 11.78 (ee, ez, zz) (d,
3J(NH-NCH) = 12.5 Hz, 2 H, -NH); 8.76, 8.59, 8.58 (ee, ez, zz) (d, >J(NH-NCH) = 12.5 Hz,
2 H, NC-H); 8.23 (m, 2 H, Har); 8.22, 8.14, 8.13 (ee, ez, zz) (s, 2 H, Har); 7.91 (m, 2 H, Ha,);
4.38 (m, 4 H, -CH>); 1.40 (m, 6 H, -CH3) ppm. '*C NMR (500 MHz, CDCls, 25°C, jmod): 6 =
167.65, 164.15, 165.90/156.58/154.87/154.60 (ee, ez, ze, zz; fluorine coupling),
144.34/144.32/144.17/144.12 (ee, ez, ze, zz; fluorine coupling), 142.17/141.95/141.89/141.67
(ee, ez, ze, zz; fluorine coupling), 134.47/134.24, 131.93/131.84/131.73/131.65 (ee, ez, ze, zz;
fluorine coupling), 129.78/129.72, 119.68/119.56/118.22/117.87 (ee, ez, ze, zz; fluorine
coupling), 103.80/103.70/103.51/103.13 (ee, ez, =ze, zz, fluorine coupling),
62.10/61.89/61.74/61.69 (ee, ez, ze, zz; fluorine coupling), 14.24/14.21/13.97/13.90 (ee, ez, ze,
zz; fluorine coupling) ppm. MS (DEI-(+), 70 eV): m/z = 598 (M", 17%). Ca6H20FsN4Os
(598.46 g/mol); C 52.05 (calc. 52.18); H 3.63 (3.37); N 9.59 (9.36)%. IR: ¥ = 3394 (s, N-H),
1697 (s, C=0), 1639 (s, C=0), 1137 (s, C-F) cm™.

[Ni(4)]. H24 (0.30 g, 0.50 mmol, 1 eq) and nickel(Il) acetate tetrahydrate (0.15 g, 0.60 mmol,
1.2 eq) were dissolved in 20 mL ethanol. The solution was heated under reflux for 1.5 h. After
three days at -20°C the dark-red crystalline precipitate was filtered and washed with ethanol.
Yield: 0.18 g (55%). "H NMR (500 MHz, CDCl3, 25°C): 6 = 8.69 (s, 2 H, NC-H); 8.38 (s, 2 H,
Har); 8.20 (m, 2 H, Har); 7.88 (m, 2 H, Har); 4.38 (q, *J(CH>—CH3) = 7.0 Hz, 4 H, -CH,); 1.40
(t, >J(CH2—CH3) = 7.0 Hz, 6 H, —-CH3) ppm. '*C NMR (600 MHz, CDCls, 25°C): 6 = 169.49,
164.47, 157.09, 145.39, 144.03, 141.53, 131.64, 129.65, 116.64, 113.06, 106.77, 62.05,
14.17 ppm. F NMR (500 MHz, CDCI3, 25°C): 6 = -68.00 ppm. MS (DEI-(+), 70 eV): m/z =
654 (M", 100%). C26H13FsN4NiOs (655.14 g/mol); C 47.00 (calc. 47.67); H 2.76 (2.77); N 8.54
(8.55)%. IR: # = 1722 (s, C=0), 1703 (s, C=0), 1156 (s, C-F) cm™".

Computational Details

Electronic structure calculations on the complexes have been performed through density-
functional theory (DFT) methods using the ORCA program package.'® For all optimizations

triple-E-valence TZVP!! basis sets were used with the generalized gradient approximated
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functional BP86.!2 Optimized complexes were verified as stationary points through the absence
of imaginary modes in numerical frequency calculations. Molecular orbitals and electronic
properties were extracted from single-point calculations in the optimized positions with the
global hybrid functional TPSSh'® and triple-E-valence TZVP basis sets. Grimme’s third
generation D3 correction of dispersion was used;'*!> medium effects were approximated in a
dielectric continuum approach (COSMO), parameterized for MeCN.!¢ Coordinates of the
computed structures are assembled in the SI file COORDINATES, frontier orbital landscapes
are shown in Figures S15-S20. For each complex the 70-80 lowest optical electronic transitions
were assessed with ORCA implemented TD-DFT methods within the Tamm-Dancoff

approximation.

79



A Fluorescence-Detected Coordination-Induced Spin State Switching

'H and *C NMR spectra
zgh& g NOAMODOMOANNTTOOOOTONMOWOMOMOON ™ NOOQWITMN—O O N T O~
ela ko] — MNOOONNNANNNNTOOQMQVQO NFMOMMNM® QEW <O
e - e e e L L e L e N e e e A i i i i AN Creeee
NS | Ay RANGE A S LIS T
|
e,f cDClI H |
, |
COOEt 3 '
|/ ‘
{ d = h | i r {

&H& EtOH

H,1
COOEt o
b
d EtOH '
cla
g I,
il A ; 1A __
T 5 gxe : i 2
140 125 10 95 85 75 65 55 45 35 25 15
ppm
Figure S1: "H NMR spectrum of Hz1 in CDCl; measured at room temperature.
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Figure S2: '"H NMR spectrum of [Ni(1)] in CDCl; measured at room temperature.
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Figure S3: 3C NMR spectrum of [Ni(1)] in CDCl; measured at room temperature.
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Figure S4: "H NMR spectrum of Hz2 in CDCls measured at room temperature.
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Figure S6: "H NMR spectrum of H23 in CDCl; measured at room temperature.
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Figure S7: '"H NMR spectrum of [Ni(3)] in CDCl; measured at room temperature.
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Figure S8: "H NMR spectrum of Hz4 in CDCl; measured at room temperature.
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Figure S9: '"H NMR spectrum of [Ni(4)] in CDCl; measured at room temperature.
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Figure S10: 3C NMR spectrum of [Ni(4)] in CDCl; measured at room temperature.
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X-Ray crystal structure determinations

Crystallographic information: CCDC-2042264 (for [Ni(4)(H20)2]-H20-DMF) and 2042261
(for [Ni(1)]) contain the supplementary crystallographic data for this paper. The data can be
obtained free of charge from The Cambridge Crystallographic Data Center via

www.ccdc.cam.ac.uk/structures.

Crystallographic data, data collection, and structure refinement details are given in Table S1.

Table S1: Crystallographic data of [Ni(4)(H20):]-H2O-DMF and[Ni(1)].

compound (unit cell) [Ni(4)(H20)2]-H20-DMF | [Ni(1)]

CCDC 2042264 2042261

description orange plate orange needle

sum formula C26 H22 Fs N4 N1 Og - C26 H24 N4 N1 Og
H,O-C3H;N O

M/ g-mol’! 782.30 547.20

crystal system monoclinic triclinic

space group P2i/c pl

al A 16.9955(10) 4.0771(5)

b/ A 13.5987(8) 12.8739(17)

c/ A 15.7979(9) 22.826(3)

o/ ° 90 101.899(4)

bl ° 111.157(2) 91.667(5)

y/ ° 90 93.798(5)

Vi A3 3405.1(3) 1168.7(3)

Z 4 2

pl g-em™ 1.526 1.555

w/ mm’! 0.664 0.883

crystal size/ mm 0.24x 0.17 x 0.04 0.22 x 0.06 x 0.02

T/ K 100 100

2 (MoKa)/ A 0.71073 0.71073

O-range/ ° 2.0-28.3 1.8-27.1

reflns. collected 144517 32699

indep. reflns. (Rint) 8429 (0.064) 5137 (0.110)

parameters 541 338

RI 0.0624 0.0673

wR2 0.1658 0.1226

GooF 1.091 1.153
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Figure S11: Thermal ellipsoid representation of the molecular structures with the applied numbering
scheme of [Ni(4)(H,0):]-H,O-DMF (A) and [Ni(1)] (B). Hydrogen atoms and additional solvent

molecules are omitted for clarity. Ellipsoids are drawn at 50% probability.

Table S2: Selected bond lengths [A] and bond angles [°] of [Ni(1)] and [Ni(4)(H20).]-H,O-DMF; data

in italics from DFT optimized structures.?

[Ni(D)] °
Bond length Bond angles
Nil-NI1 1.833(3) (1.846) O1-Nil-02 85.61(12) (84.45)
Nil-N2 1.835(3) (1.846) NI1-Nil-N2 86.79(14) (86.87)
Nil-Ol1 1.842(3) (1.862) O1-Nil-N1 94.02(13) (94.34)
Nil-02 1.848(3) (1.861) 0O2-Nil-N2 93.62(13) (94.33)
02-Nil-NI1 178.43(15) (178.79)
O1-Nil-N2 178.27(15) (178.73)
[Ni(4)(H20):2]-H20-DMF
Bond length Bond angles
Nil-NI1 1.989(3) (1.982) O1-Nil-02 95.96(9) (94.97)
Nil-N2 1.995(3) (1.984) NI1-Nil-N2 83.62(10) (83.47)
Nil-Ol 2.023(2) (2.025) O1-Nil-N1 90.71(10) (90.86)
Nil-02 2.026(2) (2.029) 02-Nil-N2 89.62(10) (90.69)
Nil-07 2.102(2) (2.149) O1-Nil-N2 173.94(10) (174.12)
Nil-08 2.079(3) (2.145) 02-Nil-N1 172.95(10) (174.32)
0O7-Nil-08 177.19(10) (174.83)

2 BP86-D3/TZVP/COSMO(MeCN); S =0 and S =1 for [Ni(1)] and [Ni(4)(H>0):], respectively.

b crystal structure from Ref. *°

Table S3: Hydrogen bonds and angles of [Ni(4)(H20).]-H.O-DMF.

Donor Acceptor D-H [A] H--A[A] D--A[A] D-H--A[°]
O7-H7aa] | N4 0.81(3) 1.98(3) 2.792(4) 176(5)
O7-H7B [b] | O9 0.79(3) 1.98(3) 2.762(4) 168(5)
O8-H8A [c] | N3 0.81(3) 2.02(3) 2.822(3) 174(5)
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O3_HSB 010 0.79(3) 1.93(3) 2.723(5) 172(5)
O3-HSB O10A 0.79(3) 2.15(5) 2.7402) 132(5)
09-H9A 05 0.90(3) 1.88(3) 2.774(4) 172(5)
09-H9A F5 0.90(3) 2.61(5) 3.123(4) 117(4)
09-H9B [d] | O3 0.83(3) 2.10(3) 2.873(4) 155(5)

[a] -x+1,y+1/2,-z+3/2; [b] -x+1, y-1/2, -z+3/2; [¢] -x+1, -y+1, -z+1; [d] X, y+1, 2z

Table S4: Selected distances [A] and angles [°] of the 7— 7 and M— r interactions of [Ni(1)]. Cg(I) is the
centroid of the ring number I, « is the dihedral angle between the rings, § is the angle between the vector

Cg(D)-Cg(J) and the normal to ring I, y is the angle between the vector Cg(1)-Cg(J) and the normal to

ring J.
Cg(D Ce(l) CeCg[A] |a[] P[] v [°]
Nil-N1-C1- Nil-N1-C1-C2-N2 | 4.077(2) 0.03(16) 35.7 35.7
C2-N2 (a)(b)
Nil-N1-C1- Nil-O1-C15-C14— | 3.7345(19) | 2.53(15) 29.3 30.2
C2-N2 C13-NI (b)
Nil-N1-C1- Nil-02-C22-C21- | 3.647(2) 2.66(15) 26.7 24.9
C2-N2 C20-N2 (a)
Nil-01-C15- Nil-O1-C15-C14— | 4.0771(19) | 0.00(13) 38.2 38.2
C14—C13-N1 C13-N1 (a)(b)
Nil-01-C15- Nil-02-C22-C21- | 3.4314(19) | 2.80(14) 18.5 20.4
C14—C13-N1 C20-N2 (a)
Nil-02-C22- Nil-02-C22-C21- | 4.077(2) 0.00(14) 36.9 36.9
C21-C20-N2 C20-N2 (a)(b)
N3-C4-Cl11- N3-C4-C11-N4— 4.077(2) 0.00(18) 32.8 32.8
N4-C10-C5 C10-C5 (a)(b)
C1-C2-C3—(C4- | C1-C2-C3-C4- 4.077(2) 0.00(18) 33.3 333
Cl11-C12 C11-C12 (a)(b)
C5-C6—C7-C8— | C5-C6—C7-C8-C9- | 4.077(3) 0.0(2) 32.6 32.6
C9-CI10 C10 (a)(b)
Nil-O1-C15- Nil (a) 3.298 - 12.84 -
C14—C13-N1
Nil-02-C22- Nil (b) 3.320 - 11.48 -
C21-C20-N2

a=-1+X,Y,Z;b=1+X,Y, Z

Metrics of the optimized complexes based on DFT

Table S5: Metrics of optimized complexes [Ni(1)(py)a] in the singlet and triplet state.

§=0 S=1 S=1 S=1

n=0 n=0 n=1 n=2
Ni—Neg 1.846 1.927 1.970 1.992
Ni—Neq 1.846 1.927 1.971 1.992
Ni-O 1.862 1.948 2.000 2.046
Ni—O 1.861 1.948 1.999 2.047
Ni—Nax -- -- 2.008 2.109
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Ni—Nax - -- -- 2.115
Neg—Ni—O 178.8 177.6 164.4 172.3
Neg—Ni—O 178.7 177.4 164.4 172.4
O-Ni-O 84.4 90.4 90.7 97.9

Nax—Ni—Nax -- - -- 176.3

Table S6: Metrics of optimized complex [Ni(2)] in the singlet state.

[Ni(2)]

Ni-Neq 1.846
Ni-Neg 1.846
Ni-O 1.862
Ni-O 1.861
Neg-Ni-O 178.7
Neg-Ni-O 178.7
O-Ni-O 84.5

Table S7: Metrics of optimized complexes [Ni(3)(py)a] in the singlet and triplet state.

S=0 S=1 S=1 S=1

n=0 n=0 n=1 n=2
Ni-Neg 1.844 1.928 1.968 1.988
Ni-Neg 1.845 1.921 1.968 1.993
Ni-O 1.861 1.935 1.999 2.046
Ni-O 1.859 1.950 1.996 2.051
Ni-Nax -- -- 2.005 2.112
Ni-Nax -- - -- 2.108
Neg-Ni-O 178.7 173.7 164.2 171.7
Neg-Ni-O 178.6 172.9 163.4 171.6
O-Ni-O 84.6 91.6 90.9 99.3
Nax-Ni-Nax - -- - 176.1

Table S8: Metrics of optimized complexes [Ni(4)(py)a] in the singlet and triplet state.

S=0 S=1 S=1 S=1

n=0 n=0 n=1 n=2
Ni-Neg 1.848 1.932 1.974 1.995
Ni-Neg 1.849 1.932 1.974 1.996
Ni-O 1.862 1.949 2.008 2.061
Ni-O 1.861 1.952 2.004 2.064
Ni-Nax -- -- 2.007 2.108
Ni-Nax -- - -- 2.101
Neg-Ni-O 178.7 177.7 164.1 171.7
Neg-Ni-O 178.4 177.7 165.0 171.7
O-Ni-O 84.4 89.8 90.6 98.8
Nax-Ni-Nax - -- - 175.6
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Powder X-ray diffraction patterns

[Ni(1)]

Moo ) Nt cale
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[Ni(4)]

A h L [NiA(4)] calc
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20 [7]

Figure S12: PXRD pattern of [Ni(1—4)] the range of 5-30° 20 at room temperature and the calculated
PXRD pattern of the single crystal of [Ni(1)] and [Ni(4)(H.0):]-H,O-DMF measured at 100 K.
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Optical spectra of the ligands
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Figure S13: Absorbance and emission spectra of the ligands H,1—4 in CHCl; and pyridine (A, C, E, G).
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Excitation spectra of the ligands H,1—4 in CHCI; and pyridine (B, D, F, H).
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Figure S14: Normalized absorbance, excitation (Aem = 477 nm), and emission spectra (Aexc = 385 nm) of

[Ni(2)] in chloroform (A) and [Ni(3)] in chloroform (B).

Computed frontier orbital energies and landscapes
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Figure S15: Frontier orbital energies of [Ni(1-4)]; TPSSh-D3/TZVP/COSMO(MeCN) level of theory.
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[Ni(1)]
E/eV

Figure S16: Frontier orbital landscape of [Ni(1)]; TPSSh-D3/TZVP/COSMO(MeCN) level of theory.

[Ni(4)]

Figure S17: Frontier orbital landscape of [Ni(4)]; TPSSh-D3/TZVP/COSMO(MeCN) level of theory.
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Computed line spectra and difference density plots
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Figure S18: Computed line spectra of [Ni(2)] (black) and |[Ni(3)] (red); TPSSh-
D3/TZVP/COSMO(MeCN).

ool

Figure S19: Computed difference density plot of the leading Vis-transitions, T15/20/28 in [Ni(2)]; from
left: Ais =473 nm; fosc = 0.09; A0 =439 nm; fosc = 0.27; A2s =413 nm; fosc = 0.43 ; dark cyan: source;

red: sink.
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Figure S20: Computed difference density plot of the leading Vis-transitions, T14/20/23/33 in [Ni(3)];

from left: 414 =474 nm; foe = 0.09; A2 =443 nmy; foc = 0.25; Aoz = 463 nm; fosc = 0.12; A33 =411 nm;
fose = 0.28; dark cyan: source; red: sink.
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Figure S21: Graphical representations of the single orbital contributions of the leading Vis transition of

[Ni(D)].

Table S9: Summary of TD-DFT results obtained for [Ni(1)]; transitions with vanishing probability
(fosc < 0.001) have been omitted; mixed character applies to transitions with maximum orbital-transition

coefficients < 10%.

T v [cm™] A[nm] | fose Character of the transition

5 14975.8 667.7 0.002 | H— L (89%)

14 21148.4 472.8 0.082 | H-1 - L (47%)

15 21331.9 468.8 0.022 | H-2 — L+1/L+2 (35% / 33%)
19 23332.8 428.6 0.004 | H-5 — L (97%)

20 22786.7 438.9 0.268 | mixed, see Figure S21

21 24147.5 414.1 0.017 | H-3 — L (86%)

23 25391.7 393.8 0.001 | mixed
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28 24180.7 413.6 0.436 | H-4 —> L (62%)

30 26135.3 382.6 0.006 | H-1/H—4 —> L+1 (37% / 23%)

32 27158.2 368.2 0.008 | H —» L+3 (66%)

33 25335.5 394.7 0.016 | H-3 — L+1/L+2 (36% / 33%)

38 28459.4 351.4 0.077 | H=6 > L (38%) // H-1 - L+2 (30%)
39 25659.6 389.7 0.003 | H-7 > L (90%)

42 29123 343.4 0.131 | H-3 — L+1/L+2 (33% / 29%)
43 29100.5 343.6 0.071 | H-6 > L (41%)
44 28557 350.2 0.010 | H-2 - L+3 (76%)

45 29108.6 343.5 0.005 | H-8 — L (78%)

48 29969.6 333.7 0.026 | H-4 — L+1/L+2 (45% / 45%)
49 30720.5 325.5 0.192 | H-9 > L (42%)

53 30980.2 322.8 0.038 | H-10 —» L (57%)

57 31426.3 318.2 0.051 | H-11 - L (80%)

59 32533.2 307.4 0.071 | mixed

E/eV [Ni(4)]

A

N
N R,
LMCT 3
Q?\ ot ILCT aE—

n-*
H-2 > L+1 H-2 > L+2
H-1—>L o [
(22 %) (20 %) (30 %)
> L“

Figure S22: Graphical representations of the single orbital contributions of the leading Vis transition of

[Ni(4)].

Table S10: Summary of TD-DFT results obtained for [Ni(4)]; transitions with vanishing probability (fosc
< 0.001) have been omitted; mixed character applies to transitions with maximum orbital-transition

coefficients < 10%.

T v [em™] A [nm] fosc Character of the transition

12 20086.2 497.9 0.004 | H— L+1 (76%)

17 23058.4 433.7 0.002 | H-5/H-1 — L+2 (46% / 47%)
18 22313 448.2 0.001 | H-4 - L (99%)
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20 22776.1 439.1 0.0I1 | H-2 - L (80%)

26 24151 414.1 0.002 | H-5/H-1 > L+2 (44% / 32%)
28 24157.8 413.9 0.231 | mixed, see Figure S22
29 24538.7 407.5 0.253 | H-2 - L+2 (40%)

31 25092.7 398.5 0.012 | mixed

32 25953 385.3 0.009 | mixed

34 25264.7 395.8 0.443 | H-2 - L+1 (60%)
36 26847.6 372.5 0.041 | H-1 > L+1 (43%)
37 24690.3 405 0.102 | H-5 > L (89%)

45 26947.8 371.1 0.001 | H-3 5> L+3 (91%)
47 29155.5 343 0.036 | H-5 - L+1 (43%)
49 29460 339.4 0.062 | H-7 - L+1 (66%)

51 29861.4 334.9 0.042 | H-6 — L (46%)

52 28506.1 350.8 0.017 | H-8 — L (83%)

53 30614.8 326.6 0.004 | H-9 > L (46%)

57 30914 3235 0.032 | H-2 - L+3 (84%)

Photophysical measurements of H21 and [Ni(1)]
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Figure S23: Plot of the extrapolated photoluminescence quantum yield vs T of the ligand H»1 and [Ni(1)]
in chloroform (A). VT-TCSPC detected fluorescence decays of [Ni(1)] in chloroform (B). Lifetime vs
T plot of [Ni(1)] in chloroform (C). Plot of the radiative and non-radiative rate constants of [Ni(1)] in
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The temperature-dependent PL quantum yields of H21 and [Ni(1)] were estimated by
multiplying the temperature dependent PL intensities, normalized to the value at room
temperature, with the measured PLQYs at room temperature, that is, ¢(7) = @(RT)
{Ilin(T) / in(RT)}. Data was corrected for temperature-dependent changes in absorption at the
excitation wavelength. As PL intensity, we considered the spectral integral of the PL signal, in:.
The quantum yields were determined as ¢(Hz21) = 6.2% (at room temperature, Aexc = 405 nm)
and ¢([Ni(1)]) = 4.8% (at room temperature, Aexc =405 nm). The quantum yields of [Ni(2)] and
[Ni(3)], which were determined from the measured emission intensities at Aexc =405 nm

relative to the measured PLQY of [Ni(1)], are in the same order of magnitude compared to
[Ni(1)].

The PL decays were recorded via time-correlated single photon counting (TCSPC), showing a
mono-exponentially decay at all temperatures. From these measurements, the radiative rate

constants 4 and the non-radiative rate constants &y were calculated according to
k= ¢/,

For = (1-9)/1.

Table S11: Lifetime 7 determined from lifetime measurements of [Ni(1)] at different temperatures.

T[K] |298 288 278 268 258 248 238 228 218
r[ns] |0.975 |1.096 |1.216 |1320 |1.429 |1.523 |1.628 |1.724 | 1.836
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Coordination Induced Spin State Switch (CISSS)

Equimolar stock solutions (1.0 x 10> M) of [Ni(1—4)] were prepared in the non-coordinating
solvent chloroform and the coordinating solvent pyridine. In a second step, binary mixtures of
varying chloroform/pyridine ratio but iso-concentrated in the respective nickel(II) complex

were obtained through mixing defined volumes of the stock solutions.

Photographs of [Ni(1)] and [Ni(4)] chloroform/pyridine solutions
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Figure S24: Photographs of the chloroform/pyridine measurements series of [Ni(1)] (left) and [Ni(4)]

(right) at room light (top) and upon irradiation with 365 nm (bottom).

Absorbance measurements of [Ni(2)] and [Ni(3)] chloroform/pyridine solutions
Increments for the titration experiments:
[Ni(4)]: 0.2 keq, 0.4 kep, 0.8 keq, 1.5 keq, 3.1 keq, 6.2 keq, 30.2 keq

[Ni(1-3)]: 30 keq, 59 keq, 113 keq, 162 keq, 248 keq, 321 keq, 413 keq, 619 keq, 826 keq,
1239 keq
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Figure S25: Absorbance measurements of [Ni(2)] (left) and |[Ni(3)] (right) in varying

chloroform/pyridine ratios.
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Computed line spectra of [Ni(1)] and [Ni(4)] in CN 5 and 6
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Figure S26: Computed line spectra of [Ni(1)(py)] (black) and [Ni(1)(py):] (red); TPSSh-
D3/TZVP/COSMO(MeCN).
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Figure S27: Computed line spectra of [Ni(4)(py)] (black) and [Ni(4)(py)2] (red); TPSSh-
D3/TZVP/COSMO(MeCN).
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Absorbance measurements of [Ni(1)] and [Ni(4)] with various axial ligands
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Figure S28: Absorbance measurements of [Ni(1)] (A, C, E) and [Ni(4)] (B, D, F) in chloroform upon
addition of different axial ligands (4-cyanopyridine =4-CN-Py (A, B); pyridine =Py (C, D); 4-

dimethylaminopyridine = DMAP (E, F)).
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Temperature-dependent '"H NMR spectra of [Ni(1)] in (Ds)pyridine
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Figure S29 'H NMR spectra of [Ni(1)] in (Ds)pyridine measured at different temperatures.
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Figure S30: Temperature-dependent absorbance spectra of [Ni(4)] in MeOH.
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Analysis of the association/dissociation equilibrium of [Ni(4)]
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Figure S31: Association/dissociation equilibrium of [Ni(4)] in acetone (black) and pyridine (1:2000 with
CHCl;; red); dashed red lines reflect the uncertainty in the high-temperature extrapolation.
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Figure S32: Thermodynamic analysis of the association/dissociation equilibrium of [Ni(4)] in acetone
(data from Fig. 10 in the manuscript); (left) temperature dependent fraction of native [Ni(4)] (line:

Boltzmann fit); van’t Hoff analysis.
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Temperature-dependent °F and 'H NMR spectra of [Ni(4)] in (D¢)acetone
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Figure S33: ’F NMR spectra of [Ni(4)] in (Ds)acetone measured at different temperatures.
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Figure S34: "H NMR spectra of [Ni(4)] in (Dg)acetone measured at different temperatures.
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Optical spectra and analysis of the data of [Ni(1)] in chloroform/pyridine solutions
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Figure S35: FD-CISSS of [Ni(1)] in various chloroform/pyridine mixtures (3.7 x 10 M); Absorption

spectra (A); Emission spectra (Aexe = 387) (B). Fluorescence excitation spectra (Aem = Aexcmax) (C).
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Figure S36: Stern-Vollmer plot of fluorescence quenching of [Ni(1)] (A). Plot of the Stokes shift and

10 15
Donor Number

20

Emission Intensity at 4,

the emission intensity of Amax vS. the donor number of the additional solvent in the CHCls:solvent 1:1

mixtures of [Ni(1)] (B).
104



A Fluorescence-Detected Coordination-Induced Spin State Switching
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Figure S37: TCSPC detected fluorescence decays of [Ni(1)] in chloroform, a CHCls/acetone 1:1
mixture, and a CHCl;/DMF 1:1 mixture.
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Abstract: Three new zinc(Il) coordination units [Zn(1-3)] based on planar-directing
tetradentate Schiff base-like ligands H2(1-3) were synthesized. Their solid-state structures were
investigated by single crystal X-ray diffraction, showing the tendency to overcome the square-
planar coordination sphere by axial ligation. Affinity in solution towards axial ligation has been
tested by extended spectroscopic studies, both in the absorption and emission mode. The
electronic spectrum of the pyridine complex [Zn(1)(py)] has been characterized by MC-PDFT
to validate the results of extended TD-DFT studies. Green emission of non-emissive solutions
of [Zn(1-3)] in chloroform could be switched on in the presence of potent Lewis bases. While
interpretation in terms of an equilibrium of stacked/non-fluorescent and destacked/fluorescent
species is in line with precedents from literature, the sensitivity of [Zn(1-3)] was greatly
reduced. Results of a computation-based structure search allow to trace the hidden Lewis acidity

of [Zn(1-3)] to a new stacking motif, resulting in a strongly enhanced stability of the dimers.
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5.1 Introduction

Switchable materials are of great interest for applications as molecular sensor materials.' These
materials need to combine a high sensitivity toward external physical or chemical stimuli with
an easily detectable change of discrete properties such as photoluminescence. For this purpose,
metal complexes with photoluminescent ligands are an interesting class of materials, as they
can combine an easily tunable photoluminescence based on the ligand with a switching
behavior based on the metal center. Various switching processes are possible that depend on
the metal center and its electronic configuration. One possibility is the switching based on
externally induced spin transitions. Two well-known phenomena are spin crossover, which is
mostly investigated for iron(I) complexes,> and coordination-induced spin state switching
that can be observed with nickel(II) complexes.*> In recent years, many workgroups focused
on combining one of these two switching mechanisms with a photoluminescent ligand to obtain
emissive sensor materials.®® However, electronic coupling of metal and ligand often results in
predominant non-radiative excited-state decay into low-lying d-d states, independent of the spin

state.”!!

Due to these drawbacks, recently much emphasis was put on metal centers with closed d° or d'°
shells such as Zr(IV), Cu(l), or Zn(II). As the d orbitals of the metal center are not directly
electronically involved in the photophysical processes, the emission is not quenched and a wide
range of photoluminescent complexes has been reported.!*!?"!5 Especially, zinc(II) complexes
are interesting for the application as molecular sensor materials, as their emission is often
medium dependent. In the last decade many zinc(II) complexes have been reported that show

aggregation-induced emission enhancement (AIEE).!%!7

Interestingly, the opposite case — an emission quenching due to stacking — has been observed
as well with zinc(I) complexes. Many studies focus on zinc(Il) complexes based on a Schiff
base tetradentate ligand equipped with nitrile substituents.!®>* Coordination of additional
ligands resulted in a strong increase of the emission intensity. Experimental and computational
studies suggested that the zinc(II) complexes stack into dimers or oligomers in solvents that do
not support axial coordination.”’** The high emission intensity increase in coordinating
solvents was assigned to de-stacking of the zinc(II) complexes.'®?! This effect was used
previously for bioimaging and biosensing in living cells.?%**?* Furthermore, derivatives of this
zinc(Il) complex type were investigated for their mechanochromic luminescence behavior, and
as emitters for optical temperature sensing via thermally activated delayed fluorescence

(TADF).2628
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Herein, we present a concerted experiment-theory approach to investigate the influence of the
molecular structure on the fluorescence of zinc(Il) complexes. A family of neutral complexes
of Schiff base-like ligands with appended nitrile groups [Zn(L)X] (for the nature of L, see
Scheme 1; X = H>0, EtOH, THF, py) was synthesized. Please note that the simplified notation
[Zn(1-3)] is used whenever the nature of the axial ligand cannot be specified. In agreement
with the established stacking/destacking hypothesis put forward by Di Bella and others for
analogue Schiff-base derived complexes,??® turn-on emission behavior is observed in
spectroscopic titrations with Lewis bases, but requires much higher base loads. The seemingly
weakened Lewis base affinity of [Zn(L)X] was found to be due to quenched Lewis-acidity
based on the formation of highly stable dimers in solvents that do not support axial coordination.
Results from (time-dependent) density functional theory are benchmarked through complete
active space self-consistent field methods. CASSCF, followed by the multi-configurational
pair-density functional theory correction (MC-PDFT) accurately captures correlation effects for

the relevant states involved in the diagnostic ILCT process.
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Scheme 1: Synthetic pathway toward the reported zinc(Il) coordination units [Zn(1-3)].

5.2 Results and Discussion

Complex syntheses and characterization

The zinc(Il) coordination units [Zn(1)] and [Zn(2)] were synthesized in two steps as shown in
Scheme 1; [Zn(3)] was synthesized in a one-pot reaction as the synthesis of the free ligand
H2(3) failed. In the case of Hz2(1) and H2(2) the free Schiff base-like ligands were obtained
directly through reaction of diaminomaleonitrile with the respective keto-enol ether in the
presence of p-toluenesulfonic acid (p-TSA); Hz(2) has been reported previously.?’ Ha(1) was
received from MeOH as an orange solid in 44% yield. The identity and purity of the ligands
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was confirmed by 'H NMR spectroscopy, mass spectrometry, and elemental analysis. It is noted
that resonances of the NH hydrogen atom could not be observed spectroscopically, neither in
IR nor 'H NMR. This finding indicates fast exchange in solution and strong involvement of the

NH hydrogen atoms in a hydrogen bond network in the solid.

From the ligands the respective zinc(II) complexes were obtained through conversion with
stoichiometric amounts of Zn(OAc)>-2 H>O in alcohol media. Thereby, acetate provides the
required base equivalents. In this manner {{Zn(1)](H20)(MeOH)} and {[Zn(2)]2(H20)3} were
obtained as a red crystalline (70%) and an orange solid (47%), respectively.
{[Zn(3)](H20)(EtOH)} was received as an orange solid (66%) in a zinc-templated three-
component reaction in EtOH (diaminomaleonitrile, keto-enol ether, Zn(OAc),-2 H>O;
1:2.2:1.3). Sample homogeneity and purity was established by 'H NMR spectroscopy and mass
spectrometry. Elemental analysis indicated the presence of stoichiometrically defined amounts
of solvent molecules in the samples as indicated by the above empirical formulae. X-ray
diffraction of single-crystalline samples indeed identified the complexes to be five (N2O3) and

six-coordinate (N204) in the solid, besides additional solvent molecules in the lattice.
X-ray diffraction analysis

Molecular structures and packing pattern were addressed by single-crystal X-ray diffraction.
The crystallographic data of all crystal structures are summarized in Table S1/S2 in the SL
Orange block-like crystals of [Zn(1)(MeOH)]-MeOH were obtained directly from the mother
liquor. The material crystallizes in the orthorhombic space group Pbca. The asymmetric unit
consists of the five-coordinate zinc(II) complex and one solvent MeOH molecule as shown in
Figure 1A (see Figure S1 for a fully labelled representation of the asymmetric unit). The zinc(II)
center is enclosed in a close-to-ideal tetragonal pyramidal N2O3 coordination sphere
(Sp(SqPy) = 1.18),%° wherein an axial methanol ligand adds to the N,O» chelate of the Schiff
base-like ligand. Selected bond lengths are given in Table 1. The average bond lengths within
the chelate cycle are 1.99 A (Zn1-Ocq), 2.06 A (Zn1—Ng), and 2.01 A (Zn1-Oay). The cis-
angles including the zinc(II) metal center are in the range of 97—104°, which indicates an almost

ideal square-pyramidal coordination sphere.

Yellow plate-like crystals of [Zn(1)(py)] were obtained by adding deuterated pyridine to a
solution of {[Zn(1)](H20)(MeOH)} in deuterated acetonitrile. In the triclinic space group P1,
the asymmetric unit consists of one five-coordinate zinc(Il) complex as shown in Figure 1B
(see Figure S2 for a fully labelled representation of the asymmetric unit). The zinc(II) center is
enclosed in a N3O» coordination sphere due to an axially coordinating pyridine molecule. The
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bond lengths (2.01 A (Zn1-Ocq), 2.06 A (Zn1-Neq), 1.99 A (Zn1-N,y) are very similar to the
ones of [Zn(1)(MeOH)]-MeOH. However, the square-pyramidal coordination sphere features
a slightly higher distortion with bond angles of 94-110° (Sp(SqPy) =2.07).>° A very similar
asymmetric unit with five-coordinate zinc(Il) complexes could be obtained by crystallization
from wet acetonitrile. Thereby, orange rhombohedral-like crystals of [Zn(1)(H20)] were
obtained that crystallize in the triclinic space group P1. The asymmetric unit consists of a five-
coordinate zinc(Il), where one water molecule acts as the axial ligand leading to a N>Os
coordination sphere (see Figure 1C and Figure S3 in the Supporting Information for a fully
labelled representation of the asymmetric unit). The average bond lengths are with 2.00 A
(Zn1-O¢), 2.06 A (Znl-Ngg), and 2.06 A (Znl-O.) very similar to the ones of
[Zn(1)(MeOH)]-MeOH. However, similar to [Zn(1)(py)], the square-pyramidal coordination
sphere shows a slightly higher degree of distortion (Sp(SqPy) = 1.97).%°

[Zn(3)(H,0) (EOH)]

[Zn(2)(H.0)],-H,0

Figure 1: Structures of the asymmetric units of [Zn(1)(MeOH)]-MeOH (A), [Zn(1)(py)] (B),
[Zn(1)(H20)] (O), [Zn(2)(H20)]2*H»0 (D), and [Zn(3)(H,O)(EtOH)] (E). Hydrogen atoms are omitted
for clarity. Ellipsoids are shown at 50% probability level.

Similar to [Zn(1)(MeOH)|-MeOH, the zinc(Il) center in [Zn(2)(H20)]2°H20 is enclosed in a

N20; coordination sphere where water ligates axially. Orange block-like single crystals of

[Zn(2)(H20)]2-H20 obtained from the mother liquor were analysed in the triclinic space group

P1. The asymmetric unit consists of two five-coordinate zinc(Il) complexes and one water

solvent molecule (see Figure 1D and Figure S4 for a fully labelled representation of the

asymmetric unit). The bond lengths and angles (2.00 A (Zn1-Oc), 2.06 A (Zn1-Neg), 1.99 A
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(Zn1-Oax), 99-104°) of the largely undistorted square-pyramidal coordination sphere
(Sp(SqPy) = 1.28/1.36)*° closely match the data of [Zn(1)(MeOH)]-MeOH. Interestingly, the
metrics of all these complexes closely mimic structures which have been reported of five-
coordinate zinc(II) complexes deriving from salmant (2,2°-[(1,2-Dicyanoethene-1,2-diyl)bis-
(nitrilomethanylylidyne)]-diphenol)*! and salophen (2,2’-[1,2-phenylenebis(nitrilomethyl-
idyne)]diphenol) ligands.*

Table 1: Selected bond lengths [A] and bond angles [°] of [Zn(1)(MeOH)]-MeOH, [Zn(1)(py)],
[Zn(1)(H20)], [Zn(2)(H20)]2>-H>0, and [Zn(3)(H,0)(EtOH)].

Compound Bond Bond length Bonds Bond angle
[Zn(1)(MeOH)]-MeOH | Zn1-Ocq 1.9925(15) Ocq-Zn1-O¢q | 99.21(6)
1.9909(15)
Zn1-Neg 2.0562(18) Neg-Zn-Oax 97.78(7)
2.0572(18) 103.77(7)
Zn1-Oax 2.0091(19) Ocq-Zn-Oax 97.15(7)
103.34(7)
[Zn(1)(py)] Zn1-O¢q 2.0060(18) Ocq-Zn1-O¢q | 93.86(7)
2.0074(16)
Zn1-Neg 2.0708(18) Neg-Zn1-Nax | 110.08(7)
2.0576(19) 108.28(8)
Zn1-Nax 2.0480(18) Ocq-Zn1-Nax | 99.31(7)
101.00(7)
[Zn(1)(H20)] Zn1-Ogq 2.0117(11) Ocq-Zn1-Ocq | 98.92(4)
1.9866(11)
Zn1-Neg 2.0577(12) Neg-Zn-Oax 102.68(5)
2.0624(12) 112.45(5)
Zn1-Oax 2.0555(12) Ocq-Zn-Oax 96.41(5)
97.30(5)
[Zn(2)(H20)]2°H20 Zn1-Ogq 2.000(3) Ocq-Zn1-Ocq | 99.36(12)
2.003(3)
Zn1-Neg 2.062(3) Neg-Zn-Oax 102.30(15)
2.055(3) 103.35(16)
Zn1-Oax 1.991(5) Ocq-Zn-Oax 99.19(15)
100.36(15)
[Zn(3)(H20) Zn1-Ocq 2.057(3) Ocq-Zn1-O¢q | 111.90(12)
(EtOH)] 2.043(3) Oax-Zn1-Oax | 166.53(16)
Zn1-Neg 2.090(4) Oeq-Zn- 87.12(13)
2.098(4) Oax.EtoH 86.91(14)
Zn1-Oax 2.129(4) Oeq-Zn- 85.91(13)
2.108(4) Oax,120 85.02(14)

Finally, red block-like crystals of [Zn(3)(H20)(EtOH)] were obtained from the mother liquor.
Different from [Zn(1/2)], fragment [Zn(3)] exhibits electron withdrawing CF3 substituents.

This increase in Lewis acidity of the zinc(I) metal center is directly reflected in a coordination
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of two axial ligands leading to a six-coordinate zinc(II) complex. In the monoclinic space group
P21/c, the asymmetric unit consists of one mononuclear six-coordinate zinc(Il) complex, where
the axial positions are occupied by one water and one EtOH ligand (see Figure 1E and Figure
S5 in the Supporting Information for a fully labelled representation of the asymmetric unit).
This coordination results in an N>O4 coordination sphere. The average bond lengths (2.05 A
(Zn1-Ocq), 2.09 A (Zn1—Ngg), 2.12 A (Zn1-O,)) are significantly longer than in the five-
coordinate congeners [Zn(1)(MeOH)] and [Zn(2)(H20)]. The Oax-Znl-Oax trans-angle of
166.53(16) and cis-angles of 85-87° indicate a distorted octahedral coordination sphere
(Sp(On) = 1.83).3°

Figure 2: Side view and top view of the stacked dimers in [Zn(1)(MeOH)]-MeOH. Hydrogen bonds
are omitted for clarity. Ellipsoids are shown at 50% probability level.

In the crystal, z-7 interactions between the chelate Zn1-N1-C4-C5-N2 of neighboring
complexes and towards the zinc(Il) metal center result into stacked dimers, in [Zn(1)(MeOH)],
[Zn(1)(H20)], [Zn(2)(H20)]2°H20 (see Figure 2 and Figure S6 and S9 in the Supporting
Information; Table S3 in the SI for distances and angles of the 7-7 and M-z interactions). These
stacked dimers interact with neighboring molecules through a hydrogen bond network (see
Figure S7, S8, and S10 in the SI; Table S4 in the Supporting Information for hydrogen bonds
and angles). The supramolecular packing in [Zn(1)py] clearly differs from the above cases, as
no stacked dimers are observed due to the coordination of pyridine. The packing is similar to
the above described cases dominated by non-classical hydrogen bonds forming columns (see
Figure S11 in the SI; Table S3/4 in the Supporting Information). In the case of
[Zn(3)(H20)(EtOH)], where the zinc(Il) metal centers are six-coordinated, the packing is
likewise dominated by hydrogen bonds resulting in a 3D hydrogen bond network (see Figure

S12 in the SI; Table S4 in the Supporting Information for hydrogen bond and angles).
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Powder X-ray diffraction patterns of the zinc(II) complexes [Zn(2/3)] at RT are matched by the
calculated patterns of [Zn(2/3)] based on the single-crystals data (Figure S13 in the Supporting
Information), indicating conserved formulations of bulk and crystalline samples. In contrast,
the calculated pattern of [Zn(1)] clearly differs from the experimental data, as could be expected

from the different constitution of bulk powder and single crystal.
Optical properties of the zinc(II) complexes

Steady-state absorption and emission. Due to the closed shell character and a large net
nuclear charge, zinc(I) centers are usually not directly involved in optical processes such as
absorption or emission. In particular, radiative transitions with predominating MLCT character
that are the basis of the rich photophysics and photochemistry of copper(I) are prohibited in
isoelectronic zinc complexes. Instead, optical excitation and relaxation are largely dominated
by the ligand. Nevertheless, coordination of zinc(Il) by the ligands Hz(1) and H2(2) after
deprotonation clearly affects the optical properties in solution as they are strongly red-shifted

going from a yellow to an orange solution.
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Figure 3: Absorbance (A) and emission (B) spectra of [Zn(1)] in CHCI3;, MeCN, EtOH, THF, and
pyridine (7 x 10¢ M).

Accordingly, the optical spectra are dominated by intense absorption bands centered at 413 nm
(em = 3.9/3.6 - 10* M'em™) and 467 nm (em = 3.6 - 10* M'em™) for dilute solutions in
chloroform (c=7-10° M) of the ligands H2(1/2) and the zinc complexes [Zn(1/2)],
respectively. The leading absorption in [Zn(3)] bearing CF3 substituents is located at 451 nm
(see Figure 3A and Figure S14/15 in the Supporting Information). Exemplarily, this distinct red
shift upon coordination by Av = 2800 cm™! is shown for ligand H2(1) and [Zn(1)] in Figure 3A;
similar observations hold for H2(2)/[Zn(2)] (Fig. S14B and S15A in the Supporting
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Information). The strong UV band in the ligand spectrum at 305 nm is likewise shifted to
smaller energy by Av = 2100 cm™. Spectral shifts of ligand-centered bands upon coordination
are not unique. For a topologically related couple deriving from salicylic aldehyde, a
coordination-dependent red shift has been recorded from 374 nm (in acetonitrile) for the
ligand*? to 560 nm for the zinc complex (in DMSO)**; that is, excitation energy shifts by as

much as Av = 8800 cm™.

[Zn(1)] shows weak fluorescence in CHCI3, that is in a non-coordinating environment (Agm =
495 nm; Of = 0.004; all reported quantum yields are relative to [Zn(1)] in pyridine by the
comparison of the absorbance corrected integrated emission intensity). Similar observations
hold for [Zn(2)] and [Zn(3)], with somewhat smaller quantum yield ®r of the latter. By contrast
the free ligands are essentially non-emissive under the same conditions (®gm =~ 10™); it is noted
that the salicylic analogue of ligand Hz(1) supports fluorescence with ®gm = 0.017.%* The
spectra of all zinc(II) complexes indicate partly resolved vibrational structure, both in
absorption and in emission. An energy spacing of the vibrational progression by AviE = 1100
cm™! points to a leading role of chelate skeletal modes. This assignment is supported by analysis
of DFT-derived harmonic frequencies (see Fig. S16 in the Supporting Information and animated
gif).

Quite generally zinc complexes of planar-directing N>O> ligands show significant
solvatochromism in both, absorption and emission.!?? Different from these literature
precedents, a solvent scan shows that the absorption spectra of unit [Zn(1)] are largely
indifferent to solvent variation with respect to energy and band shape (Fig. 3A). It is only in
neat pyridine that absorption is affected. Notwithstanding the almost invariant absorption
spectra, however, emission properties of [Zn(1)] vary substantially with solvent (see Figure
3B). While emission is very weak in chloroform and acetonitrile (Pem(CHCI3) = ®gm(MeCN)
~ 0.004), it is greatly enhanced in EtOH and THF (®em(EtOH) =~ 0.07 and ®ew(THF) = 0.10)
and reaches its maximum in neat pyridine (Pem(Py) = 0.15). As a matter of fact, fluorescence
of [Zn(1)] which is silent in acetonitrile, can be increased successively through addition of
water (see Figure S17 in the SI). Increasing the water content up to 50 vol-% results in a
quantum yield increase up to ®em(MeCN/H20 1/1) = 0.013. Coordination of Lewis-basic
solvent molecules to the Lewis-acidic zinc center must be considered as the underlying
molecular factor that switches on fluorescence in [Zn(1)]. This notion is supported by the
continuous increase of ®gm with the donor number of the solvent (see Figure S18 in the

Supporting Information).
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Figure 4: Chloroform/pyridine series: Absorption spectra of [Zn(1)] (A). Emission spectra of [Zn(1)]
(Aexe = 430 nm; B). Fluorescence excitation spectra of [Zn(1)] (C). Absorbance and emission spectra of

[Zn(1)] in pyridine (D).

Shown in Figure 4A is a titration of equally concentrated solutions in CHCl3 of [Zn(1)] with
pyridine which yields a continuous red-shift by up to 15 nm (see Fig. SI5SA/B in the Supporting
Information for titrations of [Zn(2)] and [Zn(3)], see Figure S19 for photographs), coupled to
an intensity variation between 3.6 x 10* cm™ M < em < 4.6 x 10* cm™ M™!. (see Fig. 4A).
Fluorometric titration with pyridine shows a continuously enhanced emission for [Zn(1)] and
[Zn(2)] which saturates only at the highest pyridine loads, which equals neat pyridine (see Fig.
4B and Figs. S15C in the Supporting Information). Fluorescence excitation spectra are
indifferent to the observation wavelength and qualitatively map the absorption spectrum across
the entire UV-vis range (red in Fig. 4C, Figure S15E/F in the Supporting Information). Thereby,
the pyridine-dependent red shift in absorption is compensated by a parallel red shift in emission
so that the Stokes-shift of AswkesE ~ 1100 cm™ is preserved. Likewise, the coincidence of
absorption and fluorescence excitation spectra (deviation at A <330 nm is due to

uncompensated absorption by excess pyridine) and the vibrational structure of the diagnostic
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bands are maintained nearly constant (see Fig. 4D and Figure S15E in the Supporting

Information).

Table 2: Medium dependence of the So—S; transition of [Zn(1)] from experiment and theoretical

modelling (Amax [NM]; Emax [10* M! cm']).

Experimental Theoretical [a]
Medium Amax Emax Amax fosc Nature
chloroform 466 34 414 (487) 0.784 [b] H-2—L (34%); H>L
[b] (59%)
433 [c] 1.244 [c] H-2—>L+1 (44%);
H—-L (39%)
MeCN 469 5.0 430 [d] 0.782 [d] H—L (92%)
MeCN/water 467 4.4 426 [d] 0.791 [d] H—L (92%)
(1:1)
EtOH/MeOH | 467 4.6 427 [d] 0.746 [d] H—L (90%)
THF 471 4.8 430 [d] 0.726 [d] H—L (90%)
pyridine 481 4.6 440 (512) 0.673 [d] H—L (91%)
[d]

[a] On the TPSSh/TZVP level of theory; in parentheses: So—S; transition as predicted by MC-PDFT. [b]
hypothetic monomeric CN 4 species. [c] dimeric species, [Zn(1)]2. [d] monomeric CN 5 species with axial
solvent.

DFT and wave-function theory analysis of the electronic structure. The nature of the
leading optical transition of the zinc complexes has been addressed by means of (time-
dependent) density-functional theory and wave function-based approaches. Complete active
space self-consistent field, CASSCF, calculations were performed for the [Zn(1)py] complex,
with an active space comprising the entire system of m-orbitals and their electrons, CAS(18,16).
This represents the main set of orbitals responsible for the luminescence process. The lowest
two singlet spin states (So and S; states) and the lowest triplet spin state (T1) wave functions
have been optimized at the CASSCF level of theory, followed by a multiconfiguration pair-
density functional theory approach (MC-PDFT) for treating dynamic correlation effects outside
the chosen active space.’>-*” The singlet state calculations were performed at the DFT optimized
geometry (pertinent metrics in Tables S5/6, Supporting Information). Triplet spin state
calculations were performed both at the optimized triplet geometry (adiabatic excitation) and

at the singlet geometry (vertical excitation).

According to theory, the photophysics of [Zn(1)X] is invariably centered at the chelate ligand.
Variation of the axial ligand, X, does not considerably affect the transition frequency, neither

in experiment nor theory (see Table 2). MC-PDFT calculations on [Zn(1)py] predict the So—S:
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transition at 512 nm, while DFT predicts the same transition at 440 nm, both in fair agreement
with the experimental value (481nm) (see Table 2). TD-DFT tends to systematically
overestimate the energy of the leading Vis transition in the entire ligand-substitution series
[Zn(1)X] (X: H2O; ROH; pyridine; average deviation over five-coordinate complexes, Av =
1700 cm™ "), while MC-PDFT underestimates the transition energy for [Zn(1)py]. Nonetheless,

our theoretical predictions match the overall pattern and intensities in the experimental data.

[Zn(1)py] [Zn(sal)py]
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Figure 5: DFT-derived frontier MOs of five-coordinate zinc complexes ([Zn(sal)py] denotes an

analogue derived from salicylic aldehyde; blue: occupied; red: virtual;, HOMO and LUMO are
highlighted.

Both at DFT and CASSCF level of theory, the HOMO and the LUMO are residing
predominantly on the ligand (only at DFT level a very slight contribution of zinc d, features in
the HOMO), yet with distinctly different local weights. The HOMO subsumes contributions of
the ligand n-backbone and the 6-bound donors, whereas the LUMO is more localized on the
dinitrile moiety. As a consequence, optical excitation in [Zn(1)py] leads to a charge shift toward
the dinitrile site, rendering the excited state intra-ligand CT-like. Similar conclusions had been
drawn previously in studies of the closely related congener [Zn(sal)py], which derives from an
enole/imine ligand based on salicylic aldehyde. In keeping with conserved transition energies,
the axial ligand X does not feature significantly in the frontier molecular orbitals, as exemplarily
shown in Figure 5 for [Zn(1)py] (data of the entire X-series is summarized in Fig. S20 in the

Supporting Information). The optimized CASSCF natural orbitals for all states are similar to
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each other and to the Kohn-Sham (KS) orbitals derived from DFT. They are reported in Figure
S21 in the Supporting Information. As for the KS-orbitals, the CAS natural orbitals do not show
any significant admixture from the axial pyridine ligand. This indifference is reflected by a
small decrease in the transition energies upon axial coordination. MC-PDFT and TD-DFT
predict a red-shift of ~1000 cm™ and ~1400 cm™!, respectively, of the Sp—S; transition upon
adding pyridine to the hypothetical four-coordinate model system [Zn(1)], with no axial
ligands. Even smaller red-shifts of 700 — 900 cm™! are induced by the weaker Lewis bases (see
Table 2). N2O3 coordination inherent to the dimeric complexes [Zn(1)]2 likewise results in a
red-shifted So—S1 transition. It is predicted at = 430 nm, irrespective of dimer structure (see

also Discussion below).

Overall, both methods yield consistent results concerning the nature and energies of electronic
states and transitions in the five-coordinate species. It is not uncommon that KS-DFT and the
subsequent TD-DFT are able to describe excited states (here, the S; state) with a reasonable
level of accuracy. Neither a bi-configurational wave function nor spin-adaptation is enforced
by the method often leading to unphysical eigensolutions to the Schrodinger equation (not spin
eigenstates). Nonetheless, KS-DFT can predict accurate energies of electronic states, in virtue
of the fact that DFT relies on correct local spin-densities and not to the detailed structure of the
wave function. Given the widespread utilization of KS-DFT also beyond its inherent single-
reference limits, this aspect is discussed in the following. A more detailed treatment is given in

Reference ¥.

(a) (b)

E /eV
+2.72 eV

A,E = 1050 cm? s
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S -t . So
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Figure 6: Jablonski diagrams of [Zn(1)py]; (a) data from MC-PDFT (ANO-RCC-VDZP); vibrational
splitting AvirE from experiment; (b) data from KS-DFT and TD-DFT (S¢—S:) (TPSSh/TZVP).
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Inspection of the CAS wave functions of the Sp and S states of [Zn(1)py] clearly corroborates
the ILCT nature of the So=>S; transition involving a HOMO to LUMO single excitation, adding
value to our DFT computations. Both Sp and S| wave functions are predominantly single-
reference. The leading contribution to the Sy state (79% weight) is the closed-shell configuration
(single-reference) found also by KS-DFT for the same state. In the lowest excited singlet state
an electronic configuration corresponding to the HOMO-to-LUMO one-electron excitation
dominates with a weight of 73%. It is important to point out here that while the S; wave function
is predominantly single-configurational (in terms of spin-adapted configuration state functions,

CSFs), it is inherently bi-configurational. That is, the two unpaired electrons residing in the

: . : (o) _ (B (gt
HOMO and the LUMO are precisely coupled to a singlet spin state, (af) (aL ) - (aH) (a})

(here H and L refer to HOMO and LUMO respectively). Thus, while both states can be
considered single-reference, the Si excited state requires a more careful theoretical treatment,
to ensure the correct spin-symmetry and to correctly capture electron correlation effects. These
aspects are explicitly considered in the CASSCF/MCPDFT methodology, due to the multi-
configurational character of the method, and their formulation in a spin-adapted basis (via the

graphical unitary group approach, GUGA, algorithm).3-#!

The MC-PDFT-derived vertical and adiabatic singlet-triplet gaps of [Zn(1)py], AstE, are
reported in the Jablonski diagram in Figure 6a; they are given in terms of the So—=> T} transition
energies at the relaxed geometry of So (vertical excitation) and T (adiabatic excitation). Close-
lying excited singlet and triplet states are generally taken as a basic requirement of rapid and
efficient intersystem crossing, which would competitively limit the fluorescence quantum yield.
A vertical gap of As;tE = 2.14 eV places the triplet state only 0.28 eV below the computed
energy of the Franck-Condon state, that is, relative to S; in an excited vibronic state. In the
relaxed geometry of Ti the somewhat smaller adiabatic gap of AgstE = 1.97 eV arises,
concomitant with a slightly widening gap between S; and Ti. Nevertheless, these calculations
indicate an efficient ISC to the triplet state as the reducing factor of the fluorescence quantum
yield. In the related zinc(Il) system [ZnTPP] (TPP: tetraphenylporphine), fluorescence and
phosphorescence have been recorded at 600 nm and ca. 780 nm (77 K), respectively, giving an
upper limit for the S1-T1 gap of 0.48 eV.*>* In keeping with the narrow S-T1 gap, a large triplet

quantum yield of 0.88 was observed.

For comparison we plot in Figure 6b the data that derive from KS-DFT and TD-DFT. These
are in qualitative agreement with the MC-PDFT values, but indicate larger Si-T; splitting. We

believe that a gap of 1.3 eV is hardly in agreement with efficient intersystem crossing.
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In agreement with experiment the Vis transition of [Zn(sal)py] (Aprr = 565 nm; Aexp = 560
nm**) is predicted at significantly smaller energy than in [Zn(1)py] (Aprr = 440 nm; dexp = 481
nm). This tendency is maintained in the (hypothetical, see discussion) planar CN 4 species and
is reflected by the shrinking HOMO-LUMO gap of [Zn(sal)py]. The presence of additional
phenolate-borne n-donor states in the latter gives rise to further Vis transitions at higher energy
that are clearly absent in [Zn(1)py]. Nevertheless, both complex families share similar
optoelectronic properties, in a qualitative sense; that is, conserved nature and intensity of the
leading excitation and significant CT-state emission with minor Stokes-shift. As is detailed
below, however, they differ substantially in quantitative terms, with respect to their affinity for

Lewis bases.
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Figure 7: Fraction y(CN5/6) of [Zn(1-3)] and integrated emission intensity I/Imsx Vs equivalents of
pyridine (A: [Zn(1)]; B: [Zn(2)]; C: [Zn(3)]). Fractioncnsis = (A — Ao)/(Amax — Ag) with A: Absorbance
at AL =481 nm, Ao: Absorbance in neat CHCl; at A =481 nm, and Amax: Absorbance in neat pyridine at
A =481 nm. D: Comparison of fractions y(CN5/6) of [Zn(1-3)].

Quenched Lewis-acidity and Emission Properties. To discuss the optical phenomena in more
quantitative terms, the concentration dependence in the spectroscopic titrations with pyridine

has been analyzed. Plots of the integrated emission intensity and the differential changes of
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absorptivity (abstracted in terms of speciation; that is, reporting the fraction CN 5/6) as a

function of pyridine concentration are shown in Figure 7.

As a first result, the above Lewis base hypothesis is corroborated by the higher affinity for
pyridine expressed by [Zn(3)]. Bearing electron withdrawing CF3 substituents, [Zn(3)] is set
apart quantitatively of the other zinc complexes in this study. With respect to [Zn(1/2)] the
absorbance and emission bands of [Zn(3)] are all blue-shifted by approximately 15 nm (see
Figure S15B/D/F in the Supporting Information). These shifts to larger energy reflect the
stabilized Schiff-base borne donor levels (see MO diagram in Fig. S22 in the Supporting
Information). They further support the ILCT character of the underlying transitions. As a more
diagnostic effect of enhanced Lewis acidity, the pyridine-dependent spectral evolution of
[Zn(3)] saturates above approximately 590 keq, whereas much larger amounts are necessary
with [Zn(1/2)] (see Figure 7D). Similarly, enhanced affinity for Lewis bases has been recently
reported for nickel(I) complexes of CFs-decorated ligands.** The experimentally observed
order of affinity is well captured by DFT model calculations. Reaction energies of the Lewis
acid-base association of pyridine with (hypothetical) planar monomeric zinc complexes (CN 4)
are all highly negative, indicating a significant thermodynamic driving force even if
unfavorable entropies are considered (eq 1-3). Association is predicted to be more exothermic

in [Zn(3)] than in [Zn(1)] by ca. 8 kJ mol .

[Zn(D)] + py = [Zn(1)py]; AprtE =—-1102 kI mol' (1)
[Zn(3)] + py = [Zn(3)py]; AprtE =—-118.4 kI mol!  (2)
[Zn(sal)] + py = [Zn(sal)py]; AprrE = —101.1 kJ mol! 3)

It is of particular importance for the following argumentation to note that computed Lewis base
affinities of [Zn(1)] and [Zn(3)] are larger than that of the known system [Zn(sal)],
AALBE = ALgE([Zn(1)]) — ALsE([Zn(sal)]) = —9 kJ mol™! (for X = MeCN, pyridine, THF). That
is, according to the chemistry indicated in eq 1-3 we must expect [Zn(1)] and [Zn(3)] to be

more potent Lewis acids than [Zn(sal)].

In clear contrast with this statement is the drastically smaller affinity of [Zn(1)] and [Zn(3)]
toward axial ligation observed in experiment. Whereas ligation of mononuclear [Zn(sal)] and
derivatives thereof has been reported to saturate already at slightly super-stoichiometric doses
of pyridine (2-10 eq),'? all complexes [Zn(1-3)] in the present study require pyridine doses that
are higher by a factor of >> 10*! Therefore, the central premises of our analysis must be called

into question. As we discuss in the following, speciation in solution of [Zn(sal)] and [Zn(1-3)]
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is not identical, as it has been silently assumed. There is general agreement that four-coordinate
planar monomeric zinc complexes (CN 4) will add one or two additional axial ligands to
saturate the Lewis-acidic center as is implied by eq 1-3. In the absence of potent donors self-
complementary stacking of such zinc(I) units occurs to yield dimers with a Zn,Oa core.!3*
Crystal structures including stacked dimers with a Zn,O, core have been reported for several
derivatives of the salophen type and dimers have been generally suggested as the dominant
species in solution under non-coordinating conditions. Such dimeric structures are generally
found to have reduced fluorescence quantum yields, whereas the on-switch of fluorescence in
the presence of Lewis bases has been interpreted in terms of base-induced de-aggregation.
Stacking into dimers in non-coordinated media was likewise suggested to reduce fluorescence
in malnant derivatives with maleodinitrile backbones.?! The ligation equilibria of [Zn(sal)]
could be convincingly treated in terms of a theoretical three-component model, yielding very
large equilibrium constants for both, the dimerization step and the ligation of the sub-coordinate
monomer (eq 4-5).*%¢ Alluding to this model, speciation successively moves from one single
non-fluorescent species, dimeric ([Zn(sal)]2), to one single fluorescent species, monomeric

([Zn(sal)py]) (CN 5), with only vanishing contributions of four-coordinate [Zn(sal)].
2 [Zn(sal)] = [Zn(sal)]2; Kdim = 108 M! 4)
[Zn(sal)] + py = [Zn(sal)py]; Kpy = 10°-10° M1 (5)

Different from [Zn(sal)], there is no such simple correlation for [Zn(1-3)]. Closer inspection
of the low-concentration sections of the plots in Figure 7A/B reveals that the concentration
dependence of the absorption and the emission is not identical. In particular, the plot in Figure
8 of the normalized integrated emission intensity vs the CN 5/6 molar fraction of [Zn(1-3)]
reflects pyridine-dependent transformations among (at least) four different species, from which
(at least) the first two are non-emissive. The close similarity of [Zn(1-3)] in the plot of Figure

8 points to an overall conserved phenomenology among all three compounds.

The first chemical step connects two non-fluorescent species; notably almost one third of the
overall absorption change is involved in this step, whereas there is hardly any increase in

1921 it appears

emission. In accordance to previous findings of non-emissive stacked dimers,
reasonable to ascribe the lack of fluorescence to the dimeric or oligomeric nature of hoth non-
fluorescent species. This assignment is supported by means of dynamic light scattering (DLS)
in MeCN. Solutions in CHCI3 are expected to behave similarly, but could not be studied by
DLS due to limited solubility. Non-emitting, filtered solutions of [Zn(1)] in neat MeCN (3 - 10
*M<c<1-103 M) all contain nanoparticles with broad particle size distributions (dmax = 120
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nm) (see Figure S23 in the Supporting Information). Mean particle size scales inversely with
the concentration of the complex. The presence of pyridine drastically reduces the amount of
nanoparticles, whereas in neat pyridine, DLS gives no response (see Figure S24 in the SI). In
keeping with the destacking of the dimers/oligomers in the presence of pyridine, and
concomitant formation of fluorescent monomeric [Zn(1-3)py], emission enhancement and
absorption changes during the spectroscopic titrations are proportional, once a threshold
concentration is passed (rising branch in Figure 8). For [Zn(3)] emission decreases in presence
of very high doses of pyridine. We associate this unique behavior with the enhanced Lewis-
acidity of [Zn(3)] which allows for the formation of six-coordinate species as seen also in the
solid state molecular structure of [Zn(3)(H20)(EtOH)] (Figure 1). While we cannot judge with
absolute certainty, the decreased emission efficiency of six-coordinate species may be
associated with the higher flexibility of the octahedral coordination sphere due to the
intrinsically longer Zn-N/O bonds leading to a higher rate of non-radiative decays. The
coordination of the second pyridine might also result in a decreased singlet-triplet gap leading
to emission quenching, which was found indeed in DFT calculations (see Figure S25 in the

Supporting Information).
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Figure 8: Correlation of pyridine-dependent absorption and emission changes. Plot of the normalized
integrated emission intensity vs the CN5/6 molar fraction of [Zn(1-3)]. Fractioncnsis = (A — Ao)/(Amax
— Ao) with A: Absorbance at A =481 nm, Ao: Absorbance in neat CHCI3 at A =481 nm, and Amax:

Absorbance in neat pyridine at A = 481 nm. Fractions;s of [Zn(1/2)] scaled by a factor of 0.95.
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Kleij et al. had previously observed a diminished sensitivity toward Lewis bases of some
dinuclear zinc(II) complexes.*’ Akin to our observations with [Zn(1-3)], > 10° molar
equivalents of pyridine were necessary to drive the destacking. The authors associated the
markedly reduced sensitivity with strong stacking into large oligomers. Based on the
observation of nanoparticles in dilute solutions via DLS, we likewise associate the seemingly
reduced Lewis-acidity of [Zn(1-3)] with the formation of stable oligomers of unusual stability.
That is, the strong Lewis-acidity of [Zn(1-3)] which is indicated by DFT calculations must be
overridden by an additional ligand-borne effect not accessible to mononuclear salophen
derivatives. Indeed, a DFT structure search served to identify plausible dimer structures of high
stability for [Zn(1)]2. For sake of comparison, stacked structures of [Zn(sal)]2 were studied on
the same level of theory. The computed metrics of the Zn>O; core of [Zn(sal)]2 shown in Figure
9A are similar to the reported crystal structures of salophen-type complexes.* Details of all
optimized structures are summarized in Table S7 in the SI. In particular, the short axial Zn-O
distance of 2.15 A indicates tight binding within the dimers; electronic reaction energies of the
dimerization equilibrium amount to —16 kJ mol™. Similar structures could be extracted from

optimization of Zn;O»-bound dimers of [Zn(1)], with similar energies of dimerization.

(A)

- Zn-0,,:
O=D)=0 2.15A
Zn,0, core

Zn-0_,:

(ZnO), macrocycle

Figure 9: Dimer speciation of [Zn(sal)|» (left) and its DFT-optimized structures with pertinent metrics

(right). (B) Dimer speciation of [Zn(1-3)]2 (left) and its DFT-optimized structures with pertinent metrics
(right).
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Most importantly, however, these Zn>O>-core dimers are not the minimum structures in the case
of [Zn(1-3)]. By contrast, DFT calculations identify a completely different stacking motif at
significantly lower energy, as shown in Figure 9B. In these (ZnO), macrocycles, ligand-
appended carbonyls saturate the N>O3; coordination sphere of zinc to establish fully relaxed
square-pyramidal environments on both centers. A somewhat related constellation has been
observed by Weber ef al. in the solid-state structure of some iron(Il) complexes of this general
ligand type.*® In the cited system, the axially arranged carbonyls rather assist coordination,
given the long Fe-O distance of 2.70 A. In [Zn(1-3)], tight axial binding is indicated by short
Zn-Oax bond lengths of 2.10 A, which are even shorter than in the reported and computed dimers
of [Zn(sal)]. Favorable dispersive interactions between the chelate planes of the stacked
complexes support the laterally shifted dimer structure. Both aspects sum up in a strongly
increased stability compared to the Zn,O»-core dimer. Computed energies of dimerization are

in favor of the macrocyclic (ZnO), dimer by —20 kJ mol™.

5.3 Conclusions

The family of planar zinc(Il) complex platforms, [Zn(1-3)], based on planar-directing
tetradentate Schiff base-like ligands with appended nitrile groups supports turn-on fluorescence
behavior, sensitive to axial ligation with potent Lewis bases. While the overall optical
spectroscopic features of [Zn(1-3)X] comply with the established stacking/destacking
hypothesis of zinc(II)-based fluorescence sensors in qualitative terms, a massive deviation is
noticed in terms of a quantitative treatment. While only 2-3 equivalents of pyridine were
reported to switch-on fluorescence in the closely related congener [Zn(sal)], a large excess of
>> 10*equivalents is required in the case of [Zn(1-3)]. This enormous difference in sensitivity
cannot be traced to a qualitative divergence in Lewis acidity of [Zn(1-3)] and [Zn(sal)]; in fact,
KS-DFT calculations suggested an even stronger Lewis-acidity of [Zn(1-3)]. The higher
intrinsic acidity of [Zn(1-3)] is quenched through formation of stable aggregates via axial Zn-
O bonds. Qualitatively different from the established picture of a Zn,O» core which prevails for
[Zn(sal)] derivatives, KS-DFT calculations of dimeric species of [Zn(1)] support an alternative,
very stable macrocyclic stacking motif which involves ligand-appended, remote carbonyl
moieties. As the stability of the non-emissive dimers obviously controls the sensitivity of the
sensor material, tuning through introduction of sterically demanding substituents might enable

the design of sensor materials with consciously adjustable sensitivity areas.
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5.4 Experimental Section

Methoxymethylenemethylacetoacetate, ethoxymethyleneethylaceto-acetate, ethoxymethylene-
1,1,1-trifluoroacetylacetone, and H2(2) were synthesised as described in literature %>
Diaminomaleonitril (98%, Sigma Aldrich), p-toluenesulfonic acid (98%, Merck), and
Zn(OAc)2:2 HoO (97+%, Alfa Aesar) were used without further purification. Methanol,
ethanol, THF, and pyridine were of analytical grade and used without further purification.
Chloroform and acetonitrile were extracted with aqueous saturated NaHCO3 solution and dried
over CaClo. NMR spectra were recorded with a 500 MHz Avance Il HD NMR spectrometer
from Bruker. CHN analyses were measured with an Unicube from Elementar Analysen
Systeme. The samples were prepared in a tin boat, sulfanilamide was used as standard and the
samples measured at least twice. Mass spectra were recorded with a Finnigan MAT 8500 with

a data system MASPEC II. IR spectra of the solid samples were recorded on a Perkin Elmer
Spectrum 100 FT-IR spectrometer.

X-ray Structure Analysis. The X-ray analysis were performed with a Stoe StadiVari
diffractometer using graphite-monochromated MoK, radiation. The data were corrected for
Lorentz and polarization effects. The structures were solved by direct methods (SIR-97)°! and
refined by full-matrix least-square techniques against Fo2—Fc2 (SHELXL-97).5? All hydrogen
atoms were calculated in idealized positions with fixed displacement parameters. ORTEP-III
was used for the structure representation,>>>* Mercury-3.10 to illustrate molecule packing.™
Deposition Numbers 2086160 (for [Zn(1)(MeOH)]-MeOH), 2086684 (for [Zn(1)(py)]),
2086163 (for [Zn(1)(H20)]), 2086161 (for [Zn(2)(H20)]2-H20), 2086162 (for
[Zn(3)(H20)(EtOH)]) contain the supplementary crystallographic data for this paper. These
data are provided free of charge by the joint Cambridge Crystallographic Data Center and
Fachinformationszentrum Karlsruhe Access Structures service.

X-ray Powder Diffraction. Powder diffractograms were recorded with a STOE StadiP
diffractometer using Cu Kal radiation with a Ge monochromator, and a Mythen 1K

Stripdetector in transmission geometry.

Optical Measurements. Absorbance spectra were performed on a Cary 60 UV-vis spectrometer
from Agilent Technologies. Steady-state PL measurements were performed on a FP-8600
fluorescence spectrometer from JASCO that is equipped with a Xe lamp as excitation source.
Time-resolved measurements were performed on a FluoTime 300 fluorospectrometer from
PicoQuant, using a 405 nm diode laser for excitation (Coherent COMPASS 405-50 CW), which

was controlled by the PDL 820 PicoQuant laser driver. Quantum yields were determined at
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room temperature using an integrating sphere and a Xe lamp as excitation source. All

measurements were performed in quartz cells with a 1 cm lightpath from Hellma.

Hz(1). Diaminomaleonitrile (1.50g, 13.88 mmol, 1eq), methoxymethylene-
methylacetoacetate (4.83 g, 30.53 mmol, 2.2 eq), and p-toluenesulfonic acid (0.13 g,
0.69 mmol, 0.05 eq) were dissolved in 37 mL MeOH. The red solution was heated under reflux
for 5 h. After cooling at room temperature overnight the orange precipitate was filtered off and
washed with MeOH. Yield: 2.18 g (44 %). 'H NMR (500 MHz, DMSO, 25°C): § = 8.11 (s, 2
H, NC-H); 3.74 (s, 6 H, -CH3); 2.44 (s, 6 H, —CH3) ppm. MS (DEI-(+), 70 €V): m/z = 360 (M",
36%). C16H16N4Os (360.33 g/mol) found (calculated): C 53.18 (53.33); H 4.33 (4.48); N 15.31
(15.55)%. IR: ¥ = 2954 (s, C-H), 2228 (s, C=N), 1719 (s, C=0), 1585 (s, C=0) cm".

[Zn(1)(H20)(MeOH)]. H2(1) (0.40 g, 1.11 mmol, 1 eq) and zinc(Il) acetate dihydrate (0.32 g,
1.44 mmol, 1.3 eq) were dissolved in 40 mL MeOH. The solution was heated to reflux for 2 h.
After cooling to room temperature and addition of 20 mL H»O, the red crystalline precipitate
was filtered off and washed with MeOH. Yield: 0.37 g (70%). 'H NMR (500 MHz, DMSO,
25°C): 6 =8.51 (s, 2 H, NC-H); 3.69 (s, 6 H, —CH3); 2.49 (s, 6 H, —CH3) ppm. MS (DEI-(+),
70 eV): m/z = 422 (M", 58%). C17H20N4OsZn (473.75 g/mol) found (calculated): C 42.97
(43.10); H 4.11 (4.26); N 11.98 (11.83)%. IR: ¥ = 3394 (b, O-H), 2954 (s, C-H), 2217 (s,
C=N), 1677 (s, C=0), 1574 (s, C=0) cm™.

[Zn(2)(H20)1.5]. H2(2) (0.40 g, 1.03 mmol, 1 eq) and zinc(Il) acetate dihydrate (0.29 g,
1.34 mmol, 1.3 eq) were dissolved in 40 mL MeOH. The solution was heated to reflux for 2 h.
After cooling to room temperature and addition of 20 mL H>O, the orange precipitate was
filtered off and washed with MeOH. Yield: 0.23 g (47%). 'H NMR (500 MHz, DMSO, 25°C):
8 =8.53 (s, 2 H, NC-H); 4.16 (q, *J(CH2-CH3) = 7.0 Hz, 4 H, —-CH>); 2.49 (s, 6 H,—~CH3); 1.25
(t, *J(CH>—CH3) = 7.0 Hz, 6 H, -CH3) ppm. MS (DEI-(+), 70 eV): m/z = 450 (M, 100%).
CisH21N4O7.5Zn (478.77 g/mol) found (calculated): C 45.37 (45.16); H 4.24 (4.42); N 11.68
(11.70)%. IR: ¥ =3311 (b, O-H), 2987 (s, C—H), 2217 (s, C=N), 1674 (s, C=0), 1583 (s, C=0)

cml,

[Zn(3)(H20)(EtOH)]. Diaminomaleonitrile (0.05 g, 0.46 mmol, 1 eq), ethoxymethylene-1,1,1-

trifluoroacetylacetone (0.21 g, 1.02 mmol, 2.2 eq), and zinc(Il) acetate dihydrate (0.13 g,

0.60 mmol, 1.3 eq) were dissolved in 2.5 mL EtOH. The solution was heated to reflux for 2 h.

After cooling to room temperature, | mL H>O was added. After storing in the fridge overnight,

the red precipitate was filtered off and washed with EtOH. Yield: 0.17 g (66%). 'H NMR (500

MHz, DMSO, 25°C): 6 = 8.35 (s, 2 H, NC-H); 2.54 (s, 6 H, —CH3) ppm. MS (DEI-(+), 70 eV):
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m/z=498 (M", 30%), 429 (M"-CF3, 53%). C1sHi6FsN4OsZn (563.72 g/mol) found (calculated):
C 38.32 (38.35); H 2.84 (2.86); N 9.98 (9.94)%. IR: ¥ = 3511 (b, O-H), 3355 (b, O-H), 2987
(s, C-H), 2224 (s, C=N), 1597 (s, C=0), 1538 (s, C=0), 1116 (s, C-F) cm™".

Computational Details
This section describes the most relevant details of DFT and CASSCF model calculations.

(TD-)DFT. Electronic structure calculations on the complexes have been performed through
density-functional theory (DFT) methods using the ORCA program package.’® For all
optimizations triple-&-valence TZVP basis sets®’ were used with the generalized gradient
approximated functional BP86.°® Optimized complexes were verified as stationary points
through the absence of imaginary modes in numerical frequency calculations. Molecular
orbitals and electronic properties were extracted from single-point calculations in the optimized
positions with the global hybrid functional TPSSh® and triple-é-valence TZVP basis sets.
Grimme’s third generation D3 correction of dispersion was used;**®! medium effects were
approximated in a dielectric continuum approach (COSMO), parameterized for MeCN.%
Coordinates of the computed structures are assembled in the SI file COORDINATES, frontier
orbital landscapes are shown in Figures S19-S21/22 in the SI. For each complex the 70-80
lowest optical electronic transitions were assessed with ORCA implemented TD-DFT methods

within the Tamm-Dancoff approximation.

CASSCF/MC-PDFT. Considering the marginal role of the closed-shell Zn(II) metal center in
terms of correlation effect, as discussed above, the active space chosen for all CASSCF
calculations contains MOs predominantly with character of the n-system of the tetra-dentate
ligand, CAS(18,16), where the 16 orbitals are linear combinations of the 16 2p AOs on the
conjugated system of the ligand. State-averaged calculations with 2 roots were performed for
the singlet spin system (So and S1), while only the ground state for the triplet spin symmetry,
Ti.

MC-PDFT has been largely demonstrated a good and cheap alternative to CASPT2 and it has
been utilized as main method of choice in this investigation to recover dynamic correlation
outside the active space. Within MC-PDFT the tPBE translated functional has been chosen, that

in our experience outperforms the other translated functional available to date.

A basis set of generally contracted atomic natural orbital (ANO-RCC) type has been used for
all atoms, obtained from the C,N,0(14s,9p,4d), H(8s,4p) and Zn(21s,15p,10d,6f) primitive
functions, contracted to C,N,0O(3s,2p,1d), H(2s,1p), Zn(5s,4p,2d,1f) functions, giving a basis
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set of split-valence double-( plus polarization quality (VDZP). This choice of basis set leads to
a total of 577 basis functions for the [Zn(1)py] model system. Intermediate calculations in a
minimal basis set (MB), with contraction scheme C,N,O(2s,1p), H(1s), Zn(4s,3p,1d), have been
performed as aid in the choice of the active space for all model system and spin states. The basis
set has been subsequently expanded to the VDZP and the MB optimized orbitals augmented
and used as starting orbitals for the VDZP CASSCF(18,16) optimization. C1 point group
symmetry has been utilized in line with the preceding DFT method. The evaluation of the
electron repulsion integrals has been greatly simplified by means of the resolution-of-identity

Cholesky decomposition technique, with a decomposition threshold of 10 a.u.
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5.6. Supporting Information

X-Ray crystal structure determinations

Crystallographic information: CCDC-2086160 (for [Zn(1)(MeOH)]-MeOH), CCDC-2086684
(for [Zn(1)(py)])) CCDC-2086163 (for [Zn(1)(H20)]), CCDC-2086161 (for
[Zn(2)(H20)]2*H20), and CCDC-2086162 (for [Zn(3)(H20)(EtOH)]) contain the
supplementary crystallographic data for this paper. The data can be obtained free of charge

from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/structures.

Table S1: Crystallographic data of [Zn(1)(MeOH)]-MeOH, [Zn(1)(py)], and [Zn(1)(H,0)].

compound (unit cell) | [Zn(1)(MeOH)] [Zn(1)(py)] [Zn(1)(H20)]
‘MeOH
CCDC 2086160 2086684 2086163
description orange block yellow plate orange
rhombohedron
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sum formula Ci7His N4 O7Zn - C | C21 Hi9 N5 O¢ Zn Ci6 His N4 O7 Zn

H4 O
M/ g-mol! 487.79 502.80 441.72
crystal system orthorhombic triclinic triclinic
space group Pbca ba-c Pl Pl
al A 13.5885(3) 9.2831(3) 8.2597(2)
b/ A 16.1753(4) 10.4320(4) 9.4419(3)
c/ A 19.5542(6) 12.2241(5) 11.7529(3)
al ° 90 83.479(3) 99.982(2)
pl° 90 78.454(3) 90.772(2)
y/ ° 90 72.082(3) 96.782(2)
N 4297.98(19) 1101.87(7) 895.85(4)
Z 8 2 2
p/ g-em 1.508 1.515 1.638
wu/ mm™! 1.195 1.163 1.420
crystal size/ mm 0.22x 040x 043 ]0.09x 0.12x 0.17 | 0.14x 0.22x 0.24
7/ K 200 170 170
A (MoKa)/ A 0.71073 0.71073 0.71073
O-range/ ° 2.2-28.5 2.8-28.6 3.1-28.5
reflns. collected 30326 12925 10564
indep. reflns. (Rint) | 5264 (0.050) 5250 (0.026) 4252 (0.015)
parameters 288 298 261
RI 0.0388 0.0370 0.0237
wR2 0.0870 0.1030 0.0604
GooF 1.00 1.05 1.04

Table S2: Crystallographic data of [Zn(2)(H20)]2*H>O and [Zn(3)(H:O)(EtOH)].

compound (unit cell) | [Zn(2)(H20)]2-H20 [Zn(3)(H20)(EtOH)]
CCDC 2086161 2086162
description orange block red block

sum formula 2 (Cig Ho N4 O7 Zn) - H» O Ci1s His F6 N4 Og Zn
M/ g'mol! 957.56 563.74

crystal system triclinic monoclinic

space group pl P2i/c

al A 9.8097(7) 9.0574(2)

b/ A 10.8009(7) 14.2024(4)

c/ A 20.7131(13) 17.8475(4)

al ° 87.254(5) 90

pl e 79.764(5) 96.792(2)

y/ ° 85.457(5) 90

Vi A3 2151.6(3) 2279.73(10)

7z 2 4

pl g-em™ 1.478 1.643

w/ mm’! 1.190 1.168

crystal size/ mm 0.09x 0.17x 0.17 0.13x 0.14x 0.16
7/ K 133 220

2 (MoKa)/ A 0.71073 0.71073

O-range/ ° 2.1-28.6 1.8-28.4
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reflns. collected 23445 16805
indep. reflns. (Rint) | 10092 (0.083) 5445 (0.095)
parameters 574 328
RI 0.0534 0.0568
WwR2 0.1243 0.1918
GooF 0.90 1.10
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Figure S1: Thermal ellipsoid representation of the molecular structures with the applied numbering

scheme of [Zn(1)(MeOH)]-MeOH. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at
50% probability.

Figure S2: Thermal ellipsoid representation of the molecular structures with the applied numbering

scheme of [Zn(1)(py)]. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50% probability.
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Figure S3: Thermal ellipsoid representation of the molecular structures with the applied numbering
scheme of [Zn(1)(H:0)]. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50%
probability.

C31¢E)C32
ozm@@
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Figure S4: Thermal ellipsoid representation of the molecular structures with the applied numbering
scheme of [Zn(2)(H20)].*H20. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50%
probability.

Figure S5: Thermal ellipsoid representation of the molecular structures with the applied numbering
scheme of [Zn(3)(H,O)(EtOH)]. Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at 50%
probability.
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Figure S6: Side view and top view of the stacked dimers of [Zn(2)(H20)].-H,O. Hydrogen bonds are

omitted for clarity. Ellipsoids are shown at 50% probability level.

Figure S7: Molecular packing of [Zn(1)(MeOH)]-MeOH along [100] (A) and [010] (B). Hydrogen

atoms are omitted for clarity.

Figure S8: Molecular packing of [Zn(2)(H>0)]»H,O along [100] (A) and [???] (B). Hydrogen atoms

are omitted for clarity.
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Figure S9: Side view and top view of the stacked dimers in [Zn(1)(H20)]. Hydrogen bonds are omitted
for clarity. Ellipsoids are shown at 50% probability level.

Figure S10: Molecular packing of [Zn(1)(H20)] along [100] (A) and [010] (B). Hydrogen atoms are

omitted for clarity.

Figure S11: Molecular packing of [Zn(1)(py)] along [010] (A) and [???] (B). Hydrogen atoms are

omitted for clarity.
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Figure S12: Molecular packing of [Zn(3)(H.O)(EtOH)] along [100] (A) and [010] (B). Hydrogen atoms

are omitted for clarity.

Table S3: Selected distances [A] and angles [°] of the m—7 and M-z interactions of
[Zn(1)(MeOH)|-MeOH, [Zn(1)(H:0)], [Zn(1)(py)], and [Zn(2)(H20)]>-H20. Cg(]) is the centroid of
the ring number I, a is the dihedral angle between the rings, £ is the angle between the vector Cg(I)-

Cg(J) and the normal to ring I, y is the angle between the vector Cg(I)-Cg(J) and the normal to ring J.

Compound Cg(D Ceg(J) CgCg[A] |a[°] Brel | y[°]
[Zn(1)(MeOH)] | Zn1-N1— | Znl-N1-C4— | 3.7068(12) | 0.009) |19.1 |19.1
‘H20 C4-C5-N2 | C5-N2 [a]
Znl-N1- | Znl [a] 3.636 - 11.02 |-
C4-C5-N2
[Zn(1)(H20)] | Znl-N1- | Zn1-02-C8— |3.7993(7) |8.82(5) |21.7 |14.9
C4-C5-N2 | C7- C6-N2
[b]
Znl-N1- | Znl [b] 3.874 - 1044 |-
C4-C5-N2
[Zn(1)(py)] 03 N17-C18- 33673) |- - 6.93
C19-C20-
C21-C22 [c]
[Zn(2)(H20)]: | Znl-N1— | Znl-N1-C4— | 4.0252) | 0.00(17) [222 |22.2
‘H20 C4-C5-N2 | C5-N2 [d]
Znl-N1- | Znl [d] 3.801 - 361 |-
C4-C5-N2

[a] = 1-X, -Y, 1-Z; [b] = 1-X, 1-Y, 1-Z; [c] = -1+X, Y, Z; [d] = -X,-Y,1-Z

Table S4: Hydrogen bonds and angles of [Zn(1)(MeOH)]-MeOH, [Zn(2)(H20)]2-H20, and
[Zn(3)(H20)(EtOH)].

Compound Donor Acceptor | D-H H--A D--A[A] |D-H-A
[A] [A] [°]

[Zn(1)(MeOH)] | O17-H17 [a] | O19 0.76(3) | 1.84(3) |2.604(3) 175(3)

‘H20 O19-H19 [b] | OS5 0.82(3) ]0.82(3) |2.679(3) 170(3)
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CI8-HI8A [N3 0.98 2.54 3.296(4) | 134
[Zn(1)(Hz0)] 517—H17A 03 0.79(2) |2.02(2) |2.8012(16) | 170.8(19)
51%7—H17B N4 0.75(3) |2.34(2) |2.9044(19) | 133(3)
[Zn(1)(py)] gl—HllB 04 0.98 2.54 3.4703) | 159
E:ﬂzo—Hzo [g] |03 0.95 248 3.348(3) [ 152
[Zn2)(H:0)]: | O19-HI9A | 026 0.60(4) |2.12(4) |2.692(5) |162(5)
‘H20 [h]
O19-HI9B |03 0.84(7) | 1.83(6) |2.671(5) | 177(10)
5]39—H39A 040 0.77(6) | 1.91(6) |2.672(6) | 171(5)
E)]39—H39B 05 0.68(7) |2.06(6) |2.733(5) | 178(10)
gi]lO—H4OA 024 0.94(10) | 2.52(10) | 2.838(6) | 100(7)
E)]40—H40A N23 0.94(10) | 2.29(10) | 3.015(6) | 134(8)
géll]o—H40B 024 1.04(12) [ 2.15(10) | 2.838(6) | 121(7)
[Zn(3)(H20) E)]l 7-H17 [n] | O3 0.77(8) |2.008) [2.761(5) | 172(11)
(EtOH)] 020-H20A | F6 0.83(7) |2.54(7) |3.092(5) | 125(6)
ggo—HzoA 04 0.83(7) | 1.99(7) |2.792(5) | 163(7)
?%OHNB N4 0.67(6) |2.28(6) |2.952(7) | 177(8)
p

[a] [?] [b] Y2-x, Yaty, 1-z; [c] Yo-X, v, -1/2+Z; [d] 1-x, 1-y, 2-z; [e] 2-x, 1-y, 1-z; [f] %, -y, 2-Z; [g] 1-X, -y, 1-
[m] 1-x,-y,-z; [n] 1+x,y,z; [0] -1+X,y,Z; [p] 2-

z; [h] x,1+y,z; [i] -x,1-y,1-z; [j] 2; [k] ?; [1] -X,-y,-z

X,1/2+y,3/2-z.

141




Quenched Lewis Acidity: Studies on the Medium Dependent Fluorescence of Zinc(II)
Complexes

H,(1)

T . [zn(1)] calc
U T e

oo [Zn(2)]

_
uA N . [Zn(2)] calc

[Zn(3)]

A A i , [Zn(3)] calc

10 15 20 25 30
20 [°]

Figure S13: PXRD pattern of [Zn(1-3)] in the range of 5-30° 26 at room temperature and the calculated
PXRD pattern of the single crystal of [Zn(1)(MeOH)]-MeOH, [Zn(2)(H:0)],-H:0, and
[Zn(3)(H20)(EtOH)] measured at 200/133/220 K.
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Figure S14: Absorbance (A, B), emission (C, D), and fluorescence excitation (E, F) spectra of H,1 and
H,2 in various chloroform/pyridine mixtures (7 x 10 M).

Titration steps: 0 keq; 8.8 keq; 43.2 keq; 84.3 keq; 160.9 keq; 354.0 keq; 590.0 keq;
885.0 keq; 1769.9 keq.
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Figure S15: Absorbance (A, B), emission (C, D), and fluorescence excitation (E, F) spectra of [Zn(2)]

and [Zn(3)] in various chloroform/pyridine mixtures (7 x 10 M).
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Figure S16: Visualization of harmonic vibrational modes in [Zn(1)py]; (left) mode at 1067 cm'; (right)
mode at 1050 cm™'; vectors denote dominant directions of nuclear motion (an animated gif-file of mode

*1050* can be found in the ESI).
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Figure S17: Absorbance (A) and emission (B) spectra of [Zn(1)] in MeCN with varying amount of water
(7 x 10° M).
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Figure S18: Plot of the quantum yield of [Zn(1)] solutions vs the donor number of the respective solvent.
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CHCI./pyridine series
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Figure S19: Photographs of the CHCls/pyridine series of the ligands and the zinc(IT) complexes upon

irradiation with Aex = 365 nm.
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Figure S20: Frontier Kohn-Sham MO diagrams four-coordinate and five-coordinate complexes of

[Zn(1)]; blue: occupied; red: virtual.
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17 (1.99) (1.98) 3n (1.97) (1.96) (1.95)
67 (1.95) 7n (1.94) 8 (1.94) 97 (1.88) [HOMO]

107* (0.13)LUMO]  117* (0.07) 127* (0.06) 137* (0.06) 147* (0.04)
157* (0.04) 167* (0.04)

Figure S21: CASSCF(18,16) natural orbitals of the singlet ground state, So. In parenthesis the
corresponding occupation numbers. HOMO and LUMO are marked. The HOMO markedly has a rt-
bonding character between the two backbone C atoms and a n-anti-bonding character with the cyano-
groups (nodal plane between the nitrile groups and the C=C backbone). On the contrary, the LUMO
exhibits a m-bonding character between the C atoms of the m-backbone and the nitrile groups, and an
anti-bonding character between the two C atoms of the backbone. Similar features have been reported
from our KS-DFT analysis. Orbitals of the S| and T, states are qualitatively very similar to the ones
reported for the Sy state. Thus, the S; state, as characterized by a HOMO-to-LUMO excitation

experience a partial transfer of charge from the n-backbone to the nitrile group.
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Figure S22: Frontier Kohn-Sham MO diagrams four-coordinate and five-coordinate complexes of

[Zn(3)] and [Zn(1)]; blue: occupied; red: virtual.

Table S5: Selected coordination metrics in optimized structures of [Zn(1)X] (BP86/TZVP).

[Zn(1)] [Zn(1)(py)] | [Zn(1) [Zn(1) [Zn(1) [Zn(1)
(H:0)] | (MeCN)] | (MeOH)] | (THF)]

Zn-Oeq | 1.970 2.029 2.010 2.020 2.011 2.011
Zn-Oe | 1.971 2.031 2.011 2.021 2.016 2.005
Zn-Neg | 2.033 2.081 2.060 2.071 2.065 2.062
Zn-Neg | 2.031 2.079 2.065 2.071 2.063 2.066
Zn-Xax | - 2.068 2.118 2.070 2.107 2.106
Ocq-Zn- | 97.4 95.0 95.9 95.2 96.8 96.2
Oeq
Oeq-Zn- | - 104.0 100.9 103.1 103.8 100.6
Xax
Oeq-Zn- | - 104.1 105.0 103.6 101.3 103.0
Xax
Neq-Zn- | - 101.8 983 101.4 95.8 98.8
Xax
Neq-Zn- | - 102.1 96.7 100.0 98.8 98.1
Xax
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Table S6: Selected coordination

metrics in optimized structures of [Zn(3)X] and [Zn(sal)X]

(BP86/TZVP).
[Zn(3)] [Zn3)(py)] [Zn(sal)] [Zn(sal)(py)]
7Zn-O¢q 1.967 2.030 1.948 2.001
Zn-O¢q 1.967 2.034 1.950 1.999
Zn-Neq 2.033 2.083 2.067 2.120
Zn-Neq 2.032 2.079 2.067 2.117
Zn-Xax - 2.048 - 2.087
Oeq-Zn-Oeq 98.7 94.9 96.4 95.1
Oeq-Zn-Xax - 105.1 - 100.3
Oeq-Zn-Xax - 103.4 - 99.9
Neg-Zn-Xax - 103.6 - 103.2
Neq-Zn-Xax - 104.4 - 102.9
1.0
A [Zn(1)] in MeCN B [Zn(1)] in MeCN
0.8l 3.4-10*M i 34-10*M
—— 1. Measurement | —e— 1. Measurement
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Figure S23: DLS measurements of [Zn(1)] in MeCN (A/B) (3.4 x 10* M): Autocorrelation function
g(t)-1 vs t (A) and corresponding Dyyaro distribution (B). Dhyaro distribution of [Zn(1)] in MeCN at

different concentrations (1.3 x 10 M: red; 3.4 x 10* M: blue) (C). All measurements were repeated 4

times and measured at 25°C. The solutions were filtered through a prefilter with pore size 1.0/0.45 um

to remove dust particles.
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Figure S24: DLS measurements of [Zn(1)] in MeCN (A/B), MeCN/Py 1/1 (C/D), and pyridine (E/F)
(1.3 x 10 M): Autocorrelation function g(t)-1 vs t (A/C/E) and corresponding Dhyaro distribution

(B/D/F). All measurements were repeated 4 times and measured at 25°C. The solutions were filtered

through a prefilter with pore size 1.0/0.45 um to remove dust particles.
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Table S7: Selected coordination metrics in optimized dimeric structures of [Zn(1)] and [Zn(sal)]

(BPSG/TZVP).

Zn20: core macrocyle (Zn0O)
[Zn(sal)]2 | [Zn(1)]2 [Zn(D)]2 | [Zn()]2 - py | [Zn(1)py]:
Zn1-Ocq 2.023 2.035 2.014 2.028 2.023
Zn1-Oc¢q 1.970 1.983 1.994 2.049 2.042
Zn1-Neq 2.093 2.046 2.062 2.104 2.092
Zn1-Neg 2.067 2.028 2.084 2.083 2.084
Zn1-Oax 2.146 2.175 2.115 2.517 2.599
Zn1-Nax - - - 2.132 2.130
Zn2-Oe¢q 2.022 2.036 2.026 2.021 2.036
Zn2-Ocq 1.972 1.984 2.004 2.005 2.031
Zn2-Neq 2.089 2.046 2.055 2.057 2.077
7Zn2-Neq 2.065 2.027 2.071 2.066 2.090
Zn2-Oax 2.147 2.175 2.099 2.109 2.618
Zn2-Nax - - - - 2.119
Zn1-Zn2 2.989 3.051 5.829 6.111 6.379
(a) [Zn(1)py] (b) [Zn(1)py,]
E/ev +2.78 eV
+2.72 eV S n
G —
vert T,—-+ =23 &V L _rldgev
i +1.44 eV +1.36 eV :
Tl—r—
| =
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Figure S25: Jablonski diagrams of [Zn(1)py] (a) and [Zn(1)py:] (b); data from KS-DFT and TD-DFT
(S0—>S1) (TPSSh/TZVP).
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Abstract: Responsive fluorescent materials offer a high potential for sensing and (bio-)imaging
applications. To investigate new concepts for such materials and to broaden their applicability,
the previously reported non-fluorescent zinc(Il) complex [Zn(L)] that shows coordination-
induced turn-on emission was encapsulated into a family of non-fluorescent polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer micelles leading to brightly emissive
materials. Coordination-induced turn-on emission upon incorporation and ligation of the
[Zn(L)] in the P4VP core outperform parent [Zn(L)] in pyridine solution with respect to
lifetimes, quantum yields, and temperature resistance. The quantum yield can be easily tuned
by tailoring the selectivity of the employed solvent or solvent mixture and, thus, the tendency
of the PS-b-P4VP diblock copolymers to self-assemble into micelles. A medium-dependent
off—on sensor upon micelle formation could be established by suppression of non-micelle-borne
emission background pertinent to chloroform through controlled acidification indicating an
additional pH-dependent process.
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6.1 Introduction

A very topical area of supramolecular research aims at tailor-made responsive materials through
encapsulation of functional units in nanocontainers such as coordination cages or micelles. Self-

assembled materials of this kind offer nanoscale confinements that are interesting for

5 6-9

applications in the field of drug delivery,! as reaction vessels,"’ or storage rooms for

reactive/instable molecules.'”

Medium properties such as polarity will typically differ
significantly between the insoluble, nanoscopic core of the micelles (confinement) and the
surrounding medium (solvent and soluble micelle corona). If photoluminescent, in particular
nanocontainers can perform favorably as optical sensors, due to their high sensitivity towards
the nature and properties of the nanoscopic environment, including viscosity or polarity,
concentration-dependent effects such as aggregation, and intermolecular interactions.!'"'* In
most reported cases, the nanocontainers are not directly involved in the diagnostic modulation
of emission but offered a pseudo-stationary, passive nanoconfinement for the incorporation of
photoluminescent (multicomponent) compounds in a non-luminescent matrix.'>!® For instance,
Miiller et al. reported on the determination of the critical micelle concentration (cmc) of block
copolymer micelles, by using the fluorophore pyrene as a sensor for polarity changes upon
micelle formation.!>!”"!* Complementary approaches utilized fluorescent surfactants.?’23
Notably, both approaches are based on intrinsically fluorescent building blocks, in which the

emissive properties can be modulated by external stimuli.

In this study, we provide access to a new type of micelle sensor materials via a conceptually
different approach. Herein, the block copolymer plays two roles, (i) as the micelle building unit
and (i1) as the chemical stimulus to activate the emission of a latent fluorophore (see Scheme 1).
Previous work from our labs has shown that the polystyrene-block-poly(4-vinylpyridine) (PS-
b-P4VP) diblock copolymer can indeed act as a host for functional complexes through self-
assembly in selective solvents such as THF and toluene.?* As Gobel et al. have demonstrated,
the incorporation of switchable iron(II) spin crossover complexes or zinc(Il) coordination
polymers is driven by the coordination by the pendant pyridine units of the P4VP block.>>%" In
this study, these pyridine moieties are used as anchoring units for sub-coordinated zinc
complexes. We adapt the effect of coordination-activated emission of Schiff base zinc(Il)
complexes which had been put forward by Di Bella et. al. Such zinc(I) complexes feature no
emission in the stacked state in non-coordinating solvents, whereas coordination-induced

destacking results in a turn-on of a strong green emission.?® 3>
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Herein, we show that Di Bella’s concept can indeed be transferred to micelles so that fluorescent
micelles are synthesized via self-assembly from non-fluorescent hosts and non-fluorescent
guests. As shown in Scheme 1, we report on the synthesis and characterization of fluorescent
micelles through encapsulation of the non-fluorescent zinc(Il) module [Zn(L)] into micelles
derived from a family of non-fluorescent PS-b-P4VP diblock copolymers. The encapsulated
zinc(I) complex showed decent quantum yields of bright green fluorescence which tends to
increase with the amount of anchoring sites in the micelle cores. Excited-singlet state lifetimes
indicate a massive stabilization of the emissive state against thermal deactivation upon
encapsulation of [Zn(L)] into the micelles. Responsivity of emission was studied by varying
solvent quality including the effect of medium-responsive self-assembly behavior and by

addition of acide. Their potential as a thermally robust medium-responsive fluorescent turn-on

sensor is highlighted.
,{?/_f COOMe COOMe
) 3 3
NC N (0] NC N o]
@ = :[ ;Zni o= :[ /\Zn?—N\/;\
9 SELF- L > NCTON O NG N\ o =
~» ASSEMBLY!| N
COOMe COOMe
o * ° | [Zn(L)]; CN4 | [Zn(L)(L,.),.]; CN 5/6
Toluene
e o [Zn(L)]@BCP AL
H_JH_J
Emission OFF Emission ON PS-H-P4VP = BCP

Scheme 1: Representation of the basic principle of the self-assembly of fluorescent micelles in toluene
using the non-fluorescent zink(I) module [Zn(L)] with the used abbreviations. L: planar-directing N,O»

ligand equipped with nitrile substituents.

6.2 Results and Discussion

In selective non-polar solvents such as toluene, micelles are formed through self-assembly of
the PS-b-P4VP BCPs. The low solubility of P4VP favors aggregation of the P4VP blocks to
define the dense core of the micelles, whereas the soluble PS blocks form the corona with a
significantly lower segment density.?**%*” Empty micelles have been prepared from three
different PS-b-P4VP BCPs with varying composition but comparable overall molecular
weights (SssVa2!'>7, SesV3s'!, and SssVis!>*; subscripts: weight fraction of the respective block
in wt%; superscript: number average molecular weight in kg mol'). [Zn(L)]@BCP micelles
were prepared by heating the respective BCP and [Zn(L)] (100:1 (w/w)) for 2 h under reflux in

toluene. Afterwards, the solvent was removed and the compounds were dried in vacuo.
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The hydrodynamic diameters (Dn) and core diameters (Dcore) of the BCP micelles were
determined by dynamic light scattering (DLS) and transmission electron microscopy (TEM),
respectively (Table 1, Figurel, S1-4). Hydrodynamic diameters Dy vary only slightly (150 <
Dy < 170 nm), irrespective of composition and/or complex load. By contrast, TEM

measurements reveal a significant dependence of Dcore 0n the weight fraction of the insoluble

P4VP block for all micelles.

Table 1: Dy (DLS) and Dcore (TEM) of the neat BCP and [Zn(L)]@BCP micelles in toluene.

Compound Dy [nm] Dcore [nm]
SssVar 127 170 £ 46 64 +7
[Zn(L)]@ SssVa2'>’ 167 £ 42 56+ 8
S5 V35!t 151 £ 39 51+6
[Zn(L)]@ Se5V3s"! 152 + 37 47+6
SgsVis! 159 + 40 30+5
[Zn(L)]@ SssVis'>* 160 + 44 31+4
B @ =167 £ 42 nm
00 C L 1 1 o 0 PY o Py
1E-6 1E-5 1E-4 0.001 001 01 100 200 300 400
t[s] Dy, [nm]
i D @ = 56 + 8 nm
40t
B=
| 3.0
@]
0

0 20 40 60 80 100

Figure 1: Autocorrelation function gx(¢)-1 vs. ¢ (A) and Dy, distribution of [Zn(L)]@SssV4.'>” micelles in
toluene (B). TEM image of [Zn(L)]@SssV">” micelles in toluene (C) and corresponding core size
(Dcore) distribution derived from TEM image analysis (D). Due to the higher electron density contrast
the Zn-complex loaded P4VP cores of the micelles appear dark in TEM (C).
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For instance, the compound [Zn(L)]@SssVis'>* with the lowest P4VP fraction features the
smallest Dcore (31 +4 nm), whereas a nearly doubled Dcore (56 + 8 nm) was observed for
[Zn(L)]@SssVa42'*". Besides this size correlation, TEM measurements confirm that the
incorporation of [Zn(L)] does not alter the morphology of the micelles as in all cases spherical
micelles were obtained. DLS measurements show that all micelles were well-dispersed in

toluene and that the observed aggregation of the micelles in TEM images is due to drying effects

upon sample preparation (Figure S1, S3).

S [Zn(L)] [Zn(L)]@S::V.."”

Figure 2: Photograph of the solutions from left to right of SsxV4,"*” BCP (3.3 g L), [Zn(L)] (0.033 gL~
1, and [Zn(L)]|@SssV4"7 (3.3 g L' BCP and 0.033 g L! [Zn(L)]) in toluene after heating under reflux
for 10 min. Samples under day light (A) and in the dark under irradiation with Aex = 365 nm (B).

Obviously, formation of [Zn(L)]@BCP hybrids in toluene results in a drastically enhanced
emission. For instance, dispersions of micellar [Zn(L)]@SssVa>!'>” feature a strong green
emission (see Figure 2 right panel and video in the Supporting Information). By contrast,
heating of either SssVa2!'>’ or [Zn(L)] separately in toluene does not result in an emissive
solution (see Figure 2 left and middle panel and S5B). The close-to-perfect match of both
absorption and emission spectra of [Zn(L)]@BCP in toluene with the data of neat five-
coordinate [Zn(L)py] in pyridine, strongly hints towards incorporation of the initially non-
fluorescent [Zn(L)] into the micelle core and ligation of the pendant pyridine moieties of PAVP
within the micelle core. All [Zn(L)]@BCP composites give absorption spectra, which nicely
match the absorbance behavior of neat [Zn(L)] in pyridine (Figure 3A for normalized spectra
and Figure S5C, D); ¥ namely two main absorbance bands at A =458 nm and A =482 nm.
Additionally, the corrected (for details please see Supporting Information) emission and
fluorescence excitation spectra of the [Zn(L)]J@BCP composites fully reflect the

photoluminescent properties of [Zn(L)] in pyridine (Figure 3B for normalized spectra and
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Figure SSE, F).3> A strong green double-peak emission with the emission maximum at
Aemmax = 509 nm, which can be clearly attributed to five-coordinate [Zn(L)x], is observed for
all compounds (x: axial ligand). While the emission wavelength is similar for isoconcentrated
samples (¢ =0.2 g L) of all three [Zn(L)]J@BCP micelles, a remarkable difference in the
emission intensity is observed (Figure SSE and photographs in Figure S6). Thereby, a higher

P4VP content results in a higher emission intensity.

1.2 1.2
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Figure 3: Normalized absorbance spectra of [Zn(L)]@BCP vs. BCP in toluene (A). Normalized
emission spectra of [Zn(L)]@BCP in toluene (Ax = 440 nm, B).

Table 2: Quantum yields (@km) and excited state lifetimes (7) (with relative intensities) of [Zn(L)] in

pyridine and [Zn(L)]@BCP in toluene derived from the lifetime measurements.

Compound Dem [%] 7 [ns] at 293 K 7 [ns] at 293 K
[Zn(L)] in pyridine 15 1.3 (100%) -
[Zn(L)|@SssVa42" in toluene | 33 3.0 (62%) 1.7 (38%)
[Zn(L)]@SesV3s"! in toluene | 23 2.9 (51%) 1.5 (49%)
[Zn(L)]@SssV15™ in toluene | 16 2.8 (34%) 1.2 (66%)

This finding is reflected as well in the quantum yields (@em) and the excited state lifetimes (7)
of [Zn(L)]@BCP in toluene (Table 2). Hereby, [Zn(L)]@SssVis'>* features the smallest
quantum yield with 16 %, whereas a quantum yield of 33 % is observed for [Zn(L)]@SssV2'’.
The enhanced quantum yield goes along with longer lifetimes of the biexponential decays. This
apparent correlation of the P4VP ratio and emission might be correlated with the amount of
potential donors. Indeed, simplified calculations reveal a significant divergence in the number
of 4VP units relative to [Zn(L)] (ratios [4VP] : [Zn] =190 : 1 for SssV42'*7, 158 : 1 for SesV3s'3!,

and 68 : 1 for Sg5V15'>%; Table S1, detailed calculation is given in the Supporting Information).

However, the general absence of the four-coordinate species, as deduced from the absorbance
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spectra of all samples, contradicts this idea. Rather, the significant divergence in the excited
state lifetimes may be referred to fluctuations through micelle dynamics that enables a higher
degree of swelling. Clearly, non-radiative deactivation is promoted in micelles with a smaller
Deore that feature an increased surface to volume ratio. Moreover, the shorter P4VP block length

enables a higher toluene content inside the core leading to increased dynamics.

Interestingly, the quantum yields of all [Zn(L)]|@BCP micelles (@em = 16-33%) are higher
than the quantum yield of neat [Zn(L)] in pyridine (@em = 15%). This finding is also reflected
in the longer excited state lifetimes of all [Zn(L)]@BCP composites in toluene compared to
neat [Zn(L)] in pyridine (Table 2). Neat [Zn(L)] in pyridine features a monoexponential
fluorescence decay with a lifetime of 7= 1.3 ns at room temperature. By contrast, time-
correlated single photon counting (TCSPC) measurements of all [Zn(L)]@BCP compounds
gave biexponential decays with a longer lifetime of 71 = 2.8-3.0 ns and a second shorter lifetime

of »=1.2-1.7 ns.

[Zn(L)] 10| B [Zn(L)]@S,V,,””"] 293K
in pyridine in toluene — 303K
Aoy =405 nm - —313K
T 1 3 40l Ao =405 nm 323 K
S, ol 333K
2 @ —— IRF 293 K
c C 2| .
S 5 10
Q [e) ) v
o o N,
4 101 L l " | } “\il“ ‘ i
]
| ! L || 100 L L ‘ [: il il
20 30 40 0 10 20 30 40
Time [ns] Time [ns]

Figure 4: Temperature-dependent fluorescence decays of [Zn(L)] in pyridine (A) and
[Zn(L)]@SssV42"" micelles (B) in toluene (Aex = 405 nm; Aem = 509 nm) detected by time-correlated
single photon counting (TCSPC).

Increased quantum yields of fluorophores due to embedment into micelles have been observed
before.**** Typically, the more favorable photophysics is associated with the decreased
mobility of the fluorophore inside the micelles, which disfavours non-radiative deactivation. In
the present case, this effect is even more impressive upon heating (Figure 4, Figure S7, S8 and
Table S2). In contrast to the drastic lifetime decrease of neat [Zn(L)] in pyridine upon heating
to 333 K (Arrhenius activation energy Ea =26.1 + 1.1 kJ mol™), [Zn(L)]J@BCP show only a
minor temperature dependence ([Zn(L)]|@SssV42'>": Ea(71) = 5.3 £0.6 kI mol!, Ea(n) =5.1 +

1.4 kJ mol!, Figure S9). Strong changes of the viscosity can be ruled out within the measured
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temperature range, because even the highest temperature of 333 K is well below the glass

transition of P4VP (T, = 420 K).*!
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Scheme 2: Representation of the basic principle of the medium-dependent self-assembly of an emission
enhancement material based on BCP micelle formation in a CHCls-toluene series (A) and a

CHCls(acidic)-toluene series (B).

The pyridine concentration dependency of the emission intensity of free [Zn(L)] was previously
studied directly in chloroform/pyridine mixtures, where a furn-on emission was observed upon
addition of the coordinating solvent pyridine.* As the [Zn(L)]@BCP composites show a
remarkable thermally stable fluorescence in the micelle form, the question arose whether the
micelle form is essential for the high emission and whether it is possible to form medium-
responsive sensor materials based on externally triggered self-assembly induced emission. The
impact of the micelle formation was studied in non-coordinating solvent mixtures composed of
a selective solvent for the PS block (toluene) inducing micelle formation and a non-selective
solvent, in which the BCP is molecularly dissolved in form of unimers (chloroform).
Chloroform (CHCIl;) is known as a non-selective solvent for the PS-5-P4VP diblock
copolymers, allowing high solubility of both blocks.?* This results in molecularly dissolved PS-
b-P4VP diblock copolymers (unimers) in toluene-poor mixtures up to a threshold concentration
of 20 vol% (Figure S10, S11). The same observation holds for the composite
[Zn(L)|@SssV42"7, ruling out significant influence of the host on the micelle formation
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(Table 3, Figure S12, S13). Remarkably, the [Zn(L)]@BCP composites show a medium-
responsive emission behavior, making them highly interesting for sensor applications

(Scheme 2).

Table 3: Hydrodynamic diameters: Dy (DLS) of the empty BCP SssV4,'*” and [Zn(L)]@SssVa2'™.

CHCls-toluene series CHCls(acidic)-toluene series
Dy [nm] of Dy [nm] of Dy [nm] of
SssVap!d7 [Zn(L)]@Ss5sV42"®" | [Zn(L)|@SssVa2">’

CHCL, _la] _la] _la]

10 vol% toluene | -1 - 12l - [

20 vol% toluene | -1 - 2l - [

33 vol% toluene | 90 + 25 93 +27 104 + 29

50 vol% toluene | 114 + 34 120 + 37 131 +32

66 vol% toluene 150 + 45 148 £ 42 163 + 47

100 vol% toluene | 156 + 34 161 + 38 160 + 37

[l no micelle formation observed (Figure S10, S12, and S14).

Across an isoconcentrated series of [Zn(L)]@SssV42!'>’ in CHCls-toluene mixtures, the
emission clearly increases with increasing toluene content (Scheme 2A). Consequently, while
the overall pyridine amount provided by the P4VP units of the BCP is not altered in the micelle
formation process, the local effective concentration needs to be massively affected, when going
from the molecularly dissolved form in CHCI; to the micelle form in toluene. Indeed, the
effective pyridine concentration is drastically lower in the molecularly dissolved form (5:10*
M) compared to the micelle form (11 M) (calculations are given in the Supporting Information).
Based on the optical properties of [Zn(L)]@SssV42'*’ in the CHCls-toluene series, we conclude
that the emission changes are due the medium-dependent self-assembly of the micelles as

shown in Scheme 2A.

Despite the low effective pyridine concentration in the molecularly dissolved form, still a non-
negligible amount of potentially coordinative pyridine units is present, which interferes with
the aimed off-on behavior of the sensor. We reported previously on the close-to-zero emission
of the ligand Hz(L) in both solvents, CHCl3 and pyridine.*> To obtain a sharp off-on emission,
we used acidified chloroform to consciously disrupt the parent zinc(Il) complex to form the
free ligand H2(L) and a soluble but not further defined zinc(Il) species, according to: [Zn(L)]
+ 2 H" — Ha(L) + *Zn*"*35 For this reason, CHCl; was acidified by extraction with
hydrochloric acid (see Experimental Section for details) and denoted as CHClsz(acidic) in the
following. Upon micelle formation across the CHCIz(acidic)-toluene series of
[Zn(L)]@SssV42'*’, coordinated [Zn(L)] in the micelle core is increasingly protected from the

acid by the basic pyridine substituents. This effect is further increased by the decreasing content
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of acid across the series and the lower accessibility of the core in toluene-rich mixtures. This

principle indeed allows furn-on emission upon micelle formation as shown in Scheme 2B.

DLS measurements of the CHCI3-toluene and CHCls(acidic)-toluene series show that the shape
and size of the micelles are not significantly affected, neither by the presence of acid nor
[Zn(L)]. DLS measurements of both series confirm that micelles are formed from a volume
fraction of 33 vol% toluene onwards (Dn values in Table 3 and corresponding autocorrelation
functions and Dy distributions in Figure S10-S15). A further rise of the toluene percentage
results in an increase of Dy up to approximately 160 nm. While the presence of [Zn(L)] does
not alter Dy at all, the values are slightly increased for the acidified CHCls(acidic)-toluene
mixtures. This finding indicates that the presence of acid results in enhanced swelling of the

micelles.

Through extended absorbance, emission, and fluorescence excitation studies across both
solvent series we could establish a direct correlation between the onset of micelle formation
and on-set of the emission rise. As the dynamics of block copolymer micelles are rather slow,
we allowed all solutions to equilibrate for at least 30 min prior to measurements.*? As expected,
the absorbance behavior of [Zn(L)]|@SssV42'>7 in the non-acidified CHCls-toluene series is
only marginally dependent on the CHCls-toluene mixing ratio. Only a minor red-shift from
A =471 nm (CHCI3) to A =483 nm (toluene) can be deduced (Figure S16A). This shift is in
line with the observations made with free [Zn(L)] in CHCls/pyridine mixtures at increased
pyridine loads. It likewise indicates an enhanced coordination of [Zn(L)] at a higher toluene

content.>

The slight absorbance changes observed even below 33 vol% toluene indicate some
sort of pre-aggregation prior to micelle formation, that is also reflected in the scattering of the
neat BCP in the absorbance measurements even below micelle formation (Figure S17A). In the
emission spectra, a successive emission intensity increase can be observed with increasing
toluene content. Nevertheless, no off-on sensor behavior could be obtained due to a non-
negligible emission intensity observed for [Zn(L)]@SssV42'>7 in non-acidified CHCIs (see
photograph in Scheme 2A and Figure S16B, D). Fluorescence excitation spectra confirm that
this emission is based on axially coordinated [Zn(L)] (Figure S16C). Obviously, no medium-
dependent turn-on sensor material was obtained due to a non-negligible concentration of
potentially coordinative P4VP units in CHCI3;. However, the strongly increased effective

pyridine concentration upon micelle formation and the stabilization of radiative pathways upon

encapsulation result in a drastic emission enhancement.
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Figure 5: Absorbance (A) and emission (B) spectra of [Zn(L)]@SssV4!"” in a CHCl;(acidic)-toluene
series (Aex =430 nm). Please note that the weak emission band at approximately 4 =450 nm is a

measurement artefact.

Based on absorption spectra recorded of neat [Zn(L)] and encapsulated [Zn(L)]@SssVa42'>’

across a CHCI3-CHCls(acidic) mixture series (Figure S18A, S19A and associated DLS profiles
for [Zn(L)]@SssV42'Y in Figure S20), we can attribute the acid-dependent effects on the
integrity of the zinc complex itself. The maximum absorbance band at 4 =414 nm in acidified
CHCI; can be clearly attributed to the ligand H2(L), which indicates (reversible) dissociation
of the complex [Zn(L)]. Notably, acidification of CHCI5 results in a drastic emission reduction
in both cases, [Zn(L)] and [Zn(L)]@SssV4."7 (Figure S18B, S19B). The impact of acid was
further verified by addition of acetic acid to a toluene solution of [Zn(L)]@SssV">". Even
addition of tiny amounts of organic acid results in the formation of the ligand and a drastic

emission quenching, while conserving the micelle form (Figure S21, S22).

Remarkably, the absorption spectra of [Zn(L)]@SssV42'>’ remain indicative of the free ligand
H2(L) up to a volume fraction of 20 vol% toluene in the series CHClsz(acidic)-toluene (Figure
5A). Likewise, these solutions show no significant fluorescence, in accordance with the almost
negligible emission of the ligand (@gm ~ 10™).3° The normalized fluorescence excitation spectra
confirm that the very weak emission is solely based on the ligand (normalized spectra in Figure
S23). Only upon a further increase of the toluene content the specific absorbance band of
[Zn(L)] at A =479 nm re-appears (Figure 5A). Comparison with the absorbance behavior of
neat [Zn(L)] in pyridine indicates that the absorbance behavior in toluene-rich mixtures is
dominated by P4VP-coordinated [Zn(L)] within the micelle core.>> The change in absorption
is accompanied by a switch-on emission (Figure 5B). The striking emission increase starting at
33 vol% toluene is shown in a photograph in Scheme 2B. Interestingly, the emission increases

above 33 vol% toluene in a nearly linear manner (Figure 6). Hereby, two correction possibilities
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are plotted to show that this trend is retained for both possibilities: The correction of the
emission versus the absorbance value at Aex =430 nm using the pure solvent as background
(red) and using the neat BCP micelles as background (black). Notably, both linear fits (pink
and cyan lines) cross the x-axis at approximately 25 vol% toluene. These values not only
strongly support our finding that the micelle formation occurs in between 20 to 33 vol% as
observed by DLS, but also that the micelle formation is the decisive requirement for efficient
fluorescence. Thereby the micelles act as a host of a very special kind as they also provide the

chemical stimulus for the turn-on emission (Scheme 3).
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Figure 6: Plot of the integrated emission intensity vs. toluene content of [Zn(L)]@ SssV'’. Two
background correction possibilities are plotted to show that this trend is retained for both possibilities:
Correction of the emission vs. the absorbance value at Aex = 430 nm i) of the pure solvent (red) and ii)
of the empty BCP micelles (black). Please note that the emission intensity increase is slightly smaller
when the scattering effects of the BCP micelles in the UV/Vis measurements are not taken into account
(black curve). Hereby, the rather high scattering especially in pure toluene results in an artificially

decreased emission. For this reason, this point was neglected in the linear fit (pink and cyan line).
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Scheme 3: Summary of the medium-dependent emission behavior of [Zn(L)]@SssVa2'"".
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6.3 Conclusion

In this work PS-b-P4VP diblock copolymer (BCP) micelles with varying fractions of pyridine
anchor residues are shown to be excellent, multifunctional platforms for the intra-micellar
fixation and activation of proto-fluorophores. The family of [Zn(L)]@BCP materials, which
anchor and activate non-fluorescent [Zn(L)] within the micelles, exhibits a strong green
emission with significantly enhanced quantum yields as compared to parent [Zn(L)] in
pyridine. Embedding of the fluorophore within the insoluble P4VP core effectively prevents
dynamic quenching, yielding longer fluorescent lifetimes, higher fluorescence quantum yields
and very efficient protection against temperature variation. In combination with facile
processability, these favorable emission properties offer a wide applicability as strongly
emissive pH-responsive films. Embedding and activation of [Zn(L)] parallels the medium-
responsive self-assembly of the diblock copolymer, yielding very weakly emissive aggregates
in chloroform where the molecularly dissolved form is observed, whereas in toluene efficient
micelle formation supports bright emission. According to DLS measurements, the micelle
formation occurs in between 20 to 33 vol% toluene, which coincides with the onset of emission.
An even sharper contrast between the emission of the molecularly dissolved form and the
micelle form could be obtained through depression of the weak background in chloroform.
Acidification to yield the close-to-zero emissive ligand Hz(L) provides remarkable turn-on
emission that is coupled to the micelle formation in the acidified CHClz(acidic)/toluene series
of [Zn(L)]@SssVa42'*’. Alternatively, the emission in toluene can be switched off upon addition
of organic acids, while maintaining the micelle form. The basic principle to couple
coordination-induced emission with self-assembled BCP micelles offers a new strategy to

design fluorescent sensor materials for a broad application range.
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6.5 Supporting Information

Experimental section

H:z(L) and [Zn(L)] were synthesized as described in literature.! Please note that the complex is
only sparingly soluble in neat toluene even at a lower concentration of 0.025 g/L. The
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymers (BCPs) were
synthesized by sequential anionic polymerization of styrene and 4-vinylpyridine according to
literature.”* The nanocontainers are based on three different PS-5-P4VP-BCPs with varying
composition but comparable overall molecular weights (SssV42!'>7, SesV3s!®!, and SssVis!™:
subscripts give the fraction of the respective block in wt%; superscript denotes the number
average molecular weight in kg mol™).> Toluene was of analytical grade and used without
further purification. Chloroform was extracted with aqueous saturated NaHCO3 solution and
dried over CaClo. CHCIs (acidic) was prepared by extracting 50 mL dried CHCI3 three times
with 15 mL 4 M hydrochloric acid.

[Zn(L)]@BCP. Diblock copolymer SxVy* (0.150 g) and [Zn(L)] (0.0015 g) were heated in
60 mL toluene for 2 h under reflux. After cooling, the solvent was removed in vacuo and the

yellow solid was dried in vacuo.
Characterization

Transmission electron microscopy (TEM) measurements were performed on a CEM902
microscope from Carl Zeiss Microscopy (Oberkochen, Germany). Samples were dispersed in
toluene (c = 0.67 g L") and the unfiltered solutions were dropped directly on a carbon coated
TEM grid. The measurements were performed at an electron acceleration voltage of 80 kV.
Micrographs were taken with an Orius 830 SC200W/DigitalMicrograph version 2.3 system
from Gatan (Munich, Germany). Measurements were also performed on a Zeiss/LEO
EM9220mega (Carl Zeiss Microscopy, Oberkochen, Germany) at an acceleration voltage of
160kV. Micrographs were taken with a CCD UltraScan camera system (Gatan, Munich,
Germany) and acquiring software Digital Micrograph version 1.9 (Gatan, Munich, Germany).
The software “Imagel]” developed by Wayne Rasband was used for the particles size

determinations.® The diameter of 150 particles was determined and averaged.

Dynamic light scattering (DLS) measurements were conducted on an AntonPaar Litesizer 500
in fluorescence quartz glass cuvettes with a 1cm light pathway from Hellma. The
measurements were performed in backscattering mode and consisted of six consecutive runs.

The samples were dispersed in toluene (c = 0.2 g L'!) and were not filtered. The experimental
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data were fitted with a cumulative fit. Measurements were also performed on an ALV
DLS/SLS-SP 5022F compact goniometer system with an ALV 5000/E cross-correlator at a
scattering angle of ¢ = 90° and at 7= 23 °C, using a HeNe laser (max. 35 mW, / = 632.8 nm)
as the light source. The time-dependent scattering intensity was monitored with an APD
(avalanche photodiode)-based pseudo cross correlation system. All samples were filled into
NMR tubes (VWR, 5 mm outer diameter) for measurement. For each sample at least 3
measurements were performed. The data were evaluated using ALV Correlator software
(version V.3.0.0.17 10/2002) and the implemented ALV regularized fit option (g2(¢), CONTIN-

analysis).

Absorption spectra were performed on a Cary 60 UV-Vis spectrometer from Agilent
Technologies. The samples were dispersed in toluene (¢ = 0.2 g L) and were not filtered. For
steady-state photoluminescence (PL) a FP-8600 fluorescence spectrometer from JASCO was
employed that is equipped with a 150 W Xe lamp as excitation source. Time-correlated single
photon counting (TCSPC) measurements to determine emission lifetimes were performed on
a FluoTime 300 spectrofluorometer from PicoQuant, using a 405 nm diode laser for excitation
(Coherent COMPASS 405-50 CW), which was controlled by the PDL 820 PicoQuant laser
driver. Quantum yields were determined at room temperature using a 78mm integrating sphere
and a 300 W Xe lamp as excitation source. All measurements were conducted in quartz cells

with a 1 cm lightpath from Hellma.

Correction of the optical data

Neat BCP in the respective solvent mixture was used as background for the [Zn(L)]@BCP
samples in the absorbance measurements to subtract the contributions of the neat BCP micelles
on the absorption behavior (see Figure S5A/C/D and S15A in the SI). Please note, that the

emission data was corrected against the absorbance at the excitation energy.

170



Self-Assembled Fluorescent Block Copolymer Micelles with Responsive Emission

1.0
A 858\/42157 B SSBV42157
@ =170+ 46 nm 0.8 i
- 0.6 |
04 1
0.2 1
. 0.0¢L . .
100 200 300 400 1E-6 1E-5 1E-4 0.001 0.01 0.1
D, [nm] t[s]
C 865\/35131 865V35131
@ =151+39 nm i
1 1 OO C 1 1 1
100 200 300 400 1E-6 1E-5 1E-4 0.001 0.01 0.1
D, [nm] t[s]
1.0
E 885V15154 S85\/15154
@ =159 +40 nm 0.8 i
- 0.6 ]
04 1
0.2 1
, . e e s o 0.0t . :
100 200 300 400 1E-6 1E-5 1E-4 0.001 0.01 0.1
Dy, [nm] t[s]

Figure S1: DLS measurements of neat BCP micelles in toluene: Hydrodynamic diameter (D)
distributions and corresponding autocorrelation functions gx(¢)-1 vs ¢ of SssVa'>7 (A, B), SesV3s'! (C,

D), and SssV5'** (E, F).
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Figure S2: TEM images of neat SssVa'%7 (A), SesV3s'3! (C), and SgsVi5'>* (E) micelles in toluene and
corresponding core size (Do) distributions derived from TEM image analysis (B, D, F). Please note
the different scale in E. The micelle core can be observed in TEM measurements due to the higher
electron density contrast of the dense P4VP block compared to the PS corona.
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Figure S3: DLS measurements of [Zn(L)]@BCP in toluene: Hydrodynamic diameter (Dy) distributions
and corresponding autocorrelation functions gx(f)-1 vs ¢ of [Zn(L)]@SesV3s*' (A, B) and
[Zn(L)]@SssVis'™ (C, D).
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Figure S4: TEM images of [Zn(L)]@SesV3s'*! (A) and [Zn(L)]@SssVi1s'** (C) micelles in toluene and
corresponding core size (Dcore) distributions derived from TEM image analysis (B, D). Due to the higher
electron density contrast the Zn-complex loaded P4VP cores of the micelles appear dark in TEM.
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Figure S5: Absorbance (A) and emission (Aex = 440 nm, B) spectra of neat BCP micelles in toluene.

Absorbance spectra of [Zn(L)]@BCP micelles in toluene corrected vs neat toluene (C) and vs the neat

BCP micelles (D), respectively. Emission spectra (E) and fluorescence excitation spectra (F) of

[Zn(L)]@BCP micelles in toluene.
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Figure S6: Photograph of the neat BCP micelles (A) and [Zn(L)]@BCP micelles (B) in toluene
(¢ =0.2 g/L) under irradiation with Aex = 365 nm.

Calculation of equivalents of vinylpyridine compared to [Zn(L)(H20)(MeOH)]

The calculation is exemplary given for the SssVa2!>’ BCP.
m(P4VP) = 0.42-0.004 g = 1.68-1073g

m(P4VP)  1.68-107%g
M(4VP) ~ 105.14 g mol-1!

n(4VP) = = 1.60 - 10~>mol

_ m([Zn(L)(H,0)(MeOH)])  4:1075¢
n(Zn(L)(H0)(MeOM)]) = 47 1 H,0) (MeOM)]) . 473.75 g/mol

= 8.44 - 1078 mol

The equivalents of vinylpyridine relative to [Zn(L)(H20)(MeOH)] can be calculated:

B n(4VP) _ 1.60-10"°mol
" n([Zn(L)(H,0)(MeOH)]) 8.44-10-8 mol

Eq

=190

Table S1: Calculated n(4VP) and equivalents of vinylpyridine relative to [Zn(L)(H.0)(MeOH)].

n(4VP) [mol] Equivalents
S5sVar '’ 1.60 - 107 190
Ses5V3s'! 1.33-10° 158
SgsVis'> 5.71-10° 68
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Figure S8: TCSPC detected fluorescence decays of [Zn(L)]@SesV3s'®! (A) with residuals (C) and

[Zn(L)]@SssV15'>* (B) with residuals (D) in toluene (Aex = 405 nm; Aem =

resolution file).

177

509 nm; IRF = instrumental



Self-Assembled Fluorescent Block Copolymer Micelles with Responsive Emission

Table S2: Lifetimes 7 of [Zn(L)] in pyridine and [Zn(L)]@BCP in toluene derived from the lifetime

measurements at different temperatures.

293K 303K 313K 323K 333K
[Zn(L)] in pyridine | 7 [ns] | 1.319 1.000 0.723 0.500 0.372
[Zn(L)|@SssVa2"™ | 7y [ns] | 3.020 2.901 2.587 2.530 2.330
in toluene n»[ns] | 1.710 1.680 1.415 1.490 1.330
[Zn(L)|@SesV3s™' | i [ns] | 2.940 2.700 2.433 2.331 2.052
in toluene n»[ns] | 1.490 1.357 1.169 1.159 1.009
[Zn(L)|@SssVis™* | 7 [ns] | 2.780 2.380 2.104 1.830 1.970
in toluene n[ns] | 1.236 1.071 0.920 0.837 0.822

—=—[Zn(L)] in pyridine (z;)
22 —— [Zn(L)]@S4V.,, " in toluene (z,)
—+—[Zn(L)1@S5sV4,'" in toluene (z,)

=
21t 1
20t —_— ]
0.0030 0.0032 0.0034
1T K

Figure S9: Arrhenius-plot of [Zn(L)] in pyridine and [Zn(L)]@SssV>" in toluene derived from 7 and

.
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Figure S10: DLS measurements of neat SssV4,">’ in a CHCls-toluene series: Autocorrelation function

22(0)-1 vs 1 of SssVa'": 0% toluene (A), 10% toluene (B), and 20% toluene (C). The Dy distributions

were not determined due to the very weak scattering intensity.
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Figure S11: DLS measurements of neat SssV4'>” micelles in a CHCls-toluene series: Dy distributions
and corresponding autocorrelation functions gx(£)-1 vs ¢ of SssV2!*": 33% toluene (A/B), 50% toluene

(C/D), 66% toluene (E/F), and 100% toluene (G/H).
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Figure S12: DLS measurements of [Zn(L)]@SssV4!">’ in a CHCls-toluene series: Autocorrelation
function g»(¢)-1 vs  of [Zn(L)]@SssV42">": 0% toluene (A), 10% toluene (B), and 20% toluene (C). The

Dy, distributions were not determined due to the very weak scattering intensity.
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Figure S13: DLS measurements of [Zn(L)]@SssV4!>” micelles in a CHCls-toluene series: Dy
distributions and corresponding autocorrelation functions g>(£)-1 vs ¢ of SssVa!'37: 33% toluene (A/B),

50% toluene (C/D), 66% toluene (E/F), and 100% toluene (G/H).
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Calculation of [4VPes] in the molecularly dissolved (CHCI3) and in the micelle form (toluene)

Exemplarily for [Zn(L)]@SssVa2"":
m(4VP) = 0.42-0.004 g = 1.68-1073g

_ m(4VP) _ 1.68-1073g
- M(4VP) 105.14 g mol-1

n(4VP) = 1.60 - 10~>mol

In the molecularly dissolved form of the BCP, the BCP is solved in 30 mL chloroform.

n(4VP) 1.60-10">mol _,mol
[4VPeff,molecularly dissolved] = v = 003 L =5.33-10 T

In the micelle form of the BCP, the poly(4-vinylpyridine) block forms the core of the micelles

(diameter 43 nm).
4 4
V(core) = §nr3 =37 (21.5-1079)3 = 4.16-1072°L

m(core) = §(4VP) - V(core) = 1150%- 416-1072°L =4.78-10"1g

m(core)  4.78-10""g

= = = 4.55- 10" 9mol
n(core) = 1 @vp) ~ 10514 g mol T me
WP _ n(core)  4.55-10""mol _ 10.94 mol
4V Ferpmicene] = icorey = a16-1020L 10T

Please note, that the calculated values are based on the following assumptions:
- All polymer chains form micelles
- All pyridine substituents are available for ligation

For this reason, the exact values are not determinable. However, the order of magnitude shows
that the local pyridine concentration inside the micelles is strongly increased compared to the

molecularly dissolved form.
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Figure S14: DLS measurements of [Zn(L)]@SssV4'"7 in a CHCls(acidic)-toluene series:
Autocorrelation function g2(¢)-1 vs ¢ of [Zn(L)]@SssV4'">": 0% toluene (A), 10% toluene (B), and 20%

toluene (C). The Dy distributions were not determined due to the very weak scattering intensity.

184



Self-Assembled Fluorescent Block Copolymer Micelles with Responsive Emission

A [Zn(L)1@Ss5eV, ™"
33 vol% Toluene
@ =104 29 nm

0 100 200 300

Dy, [nm]

400

500

C [Zn(L)]@SssV.""
50 vol% Toluene
@=131+£32nm

0 100 200 300

D, [nm]

400

500

E [Zn(L)I@SseVs,""
66 vol% Toluene
@ =163 +£47 nm

200 300 400
Dy, [nm]

0 100

500

G [Zn(L)@S5sVs, '
100 vol% Toluene
& =160+ 37 nm

200 300 400
D, [nm]

0 100

Figure S15: DLS measurements of [Zn(L)]@SssV4'>” micelles in a CHCls(acidic)-toluene series: Dy

distributions and corresponding autocorrelation functions g>(£)-1 vs ¢ of SssVa!'>7: 33% toluene (A/B),

500

go(t)-1

g(f)-1

go(f)-1

Go(t)-1

1.0

B

0.8
0.6F
041

021

0.0E

[Zn(L)]@558V42157
33 vol% Toluene

1E-6

1.0

1E-4  0.001
t[s]

1E-6 0.01 0.1

0.8

0.6

0.4

0.21

0.0Lt

[Zn(L)]@SssVss'™
50 vol% Toluene

1E-6

1.0

1E-4 0.001
t[s]

1E-5 0.01 0.1

0.8

0.6f

041

0.2f

0.0E

[Zn(L)]@858V42157
66 vol% Toluene

1E-6

1.0

1E-4 0001
tls]

1E-5 0.01 0.1

0.8

0.6F

04}

0.2}

0.0k

[Zn(L)1@S:sV4'
100 vol% Toluene |

1E-6

1E-4  0.001
£[s]

1E-6 0.01 0.1

50% toluene (C/D), 66% toluene (E/F), and 100% toluene (G/H).

185



Self-Assembled Fluorescent Block Copolymer Micelles with Responsive Emission

0.2 8.0x10°
A [Zn(L)]@SseVs,' [Zn(L)1@SssV.," B
Vs SggV,, "7 -~ ,| Aex =430 nm
3 CHCl, g 6.0x10%r— cHcl, 1
s —— 10 vol% Tol %’ —— 10 vol% Tol
£ —— 20 vol% Tol - —— 20 vol% Tol
0.1F 1 S 4.0x10% o ]
2 —33vol%Tol | & 10T 33009 Tol
< 50 vol% Tol é’ 50 vol% Tol
—— 66 vol% Tol W 2 ox103F— 66 vol% Tol .
| —— Tol Tol
0.0 = S . 0.0 . : ‘
300 400 500 600 700 300 400 500 600 700
A [nm] A[nm]
- 5x10°
£ [Zn(L)1@SssV,, "7 2 —=— Corrected vs [Zn(L)]@BCP D
2 ——C ted Zn(L)]J@BCP vs BCP
§ 10 CHCl, 1 2 a0t orrected vs [Zn(L)]@ Vs |
< Aem = 506 Nm b=
S —— Ay = 536 Nm c
9 em 5
a Toluene '% 3x10
= Aem =510 NM I=
L 05 ——2,,=539nm 1 W2x10°
O
Q@ D
= 5
g GB; 1x10°
2 E
0_0 1 1 1 0 1 1 1 1 1 1
300 400 500 600 700 0 20 40 60 80 100
A[nm] Toluene percentage [vol%]

Figure S16: Absorbance and emission spectra of [Zn(L)]@SssV4"" in a CHCls/toluene series (A/B;
Aex = 430 nm). Fluorescence excitation spectra of [Zn(L)]@SssV2'>” in CHCl; and toluene (C). Plot of
the integrated emission intensity vs. toluene content of [Zn(L)|@SssV'>’ (D). Both correction
possibilities are plotted to show that this trend is retained for both possibilities: The correction of the
emission vs. the absorbance value at Aex = 430 nm using the pure solvent as background (red) and using
the neat BCP micelles as background (black). The weak emission at approximately A =450 nm is due

to a measurement artefact.
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Figure S17: Absorbance spectra of SssVa2!'>” in a CHCls-toluene series (A). Emission spectra
of SssVa2!'>7 in CHCl3 and toluene (Aex = 430 nm, B). The weak emission at approximately

A =450 nm 1s due to a measurement artefact.
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Figure S18: Absorbance and emission spectra of [Zn(L)]@SssV4'">7 in a CHCl;-CHCls(acidic) series

(A/B; Aex = 430 nm). The weak emission at approximately A = 450 nm is due to a measurement artefact.
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Figure S19: Absorbance and emission spectra of [Zn(L)] in a CHCI3-CHCls(acidic) series (A/B;

Aex =430 nm). The weak emission at approximately A =450 nm is due to a measurement artefact.
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Figure S20: DLS measurements of [Zn(L)]@SssV4.'>” in a CHCl;-CHCls(acidic) series: Autocorrelation
function g(f)-1 vs. ¢ of [Zn(L)|@SssVa'" in CHCL (A), 25 vol% CHCls(acidic) (B), 50 vol%
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CHCls(acidic) (C), 75 vol% CHCls(acidic) (D), and 100 vol% CHCls(acidic) (E). The Dy distributions

were not determined due to the very weak scattering intensities.
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Figure S21: Absorbance (A) and emission (B, Aex = 430 nm) spectra of [Zn(L)]@ SssV2"” in
toluene in dependence of the amount of added acetic acid. The weak emission at approximately

A =450 nm 1s due to a measurement artefact.
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Figure S22: DLS measurements of [Zn(L)]@Sss V2"’ micelles in toluene in dependence of the
amount of added acetic acid: Dy distributions and corresponding autocorrelation functions g»(¢)-
1 vs. t of [Zn(L)]@SssV2'*": toluene (A/B), 2mL toluene + 0.005mL AcOH (C/D), 2mL
toluene + 0.0lmL AcOH (E/F), and 2mL toluene + 0.05mL AcOH (G/H). The measurements

were performed on a different instrument.
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Figure S23: Normalized fluorescence excitation spectra of [Zn(L)]@SssV42> in toluene and

CHCls(acidic).
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