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Zusammenfassung

Nichtlineare optische Effekte wie die Multiphotonenabsorption, die
Summenfrequenzerzeugung und die Frequenzverdopplung sind in der modernen Forschung
von groRem Interesse, da sie fur optoelektronische Geréate von grofdem Nutzen sind. Die
meisten der in diesem Forschungsbereich verwendeten Materialien sind Chromophore, die
jedoch durch ihre thermische Instabilitat sowie ihr unkontrolliertes Aggregationsverhalten in
hochkonzentrierten Losungen eingeschrankt sind. Eine prominente Materialklasse, die sich
als vielversprechende Alternative zur Verhinderung dieser Probleme anbietet, sind chemisch
hochgradig anpassungsfahige Koordinationspolymere basierend auf Chromophoren (CPs).
Zudem konnen durch den Einbau von Chromophoren als Linker die photophysikalischen
Eigenschaften der Materialien aufgrund der Einschrdnkung der strahlungsfreieren
Abregungswege verbessert werden.

Die vorliegende Arbeit ist in drei Teile gegliedert: Der erste und zweite Teil befasst sich mit
den Verstarkungseffekten der Multiphotonenabsorption von Push/Pull-Chromophoren, die
durch den Einbau in Koordinationspolymere erzeugt werden. Der dritte Teil dieser Arbeit
untersucht neuartige perylenbasierte CPs fiir die photokatalytische Singulett-
Sauerstofferzeugung.

In der ersten Studie wurde ein neues dipolares Push/Pull-Chromophor, Dipropyl-9-(4-
nitrophenyl)-carbazol-3,6-dicarboxylat (H.ChzNO,), synthetisiert und anschlie3end strukturell
und photophysikalisch durch Réntgeneinkristallbeugung, UV/Vis- und Photolumineszenz
(PL)-Spektroskopie vollstandig charakterisiert. Dabei zeigte sich im Absorptionsspektrum des
Chromophors eine rotverschobene TICT-Bande (Twisted Intramolecular Charge Transfer) mit
zunehmender Ldsungsmittelpolaritat. Dartiber hinaus wurde der Festkérper des Materials in
Pulverform mit Hilfe der PL-Spektroskopie hinsichtlich seiner Photolumineszenzeigenschaften
untersucht. Dabei wurde eine Festkorperemission bei 520 nm festgestellt, die auf die Bildung
von Excimeren zurlickzufuhren ist.

In der zweiten Studie wurden drei neue, stark MPA-aktive Koordinationspolymere
Znz(sbcd)(DMAC)2(H20)15,  Sr(fbcd)(DMAC)0.25(H20)35  und  Ba(fbcd)(DMAC)25(H20)15
synthetisiert, die auf zwei carbazolhaltigen Linkermolekilen basieren: ein bereits
literaturbekannter Linker 9,9'-Stilben-bis-carbazol-3,6-dicarbonsaure (Hssbcd), sowie einen
neuen Linker 2,7-Fluoren-9,9'-dimethyl-bis-carbazol-3,6-dicarbonséaure (Hsfbcd). Die
Einkristallstrukturanalyse der CPs zeigte, dass das Zink-basierte Koordinationspolymer als
2D-CP in sqgl-Netzwerktopologie kristallisiert, wahrend die isostrukturellen Barium- und
Strontium-haltigen 2D-CPs in einer 4,8-verbundenen Netzwerktopologie kristallisieren. Die
Z-Scan-Analyse der synthetisierten Materialien zeigt gro3e Zwei-Photonen-Querschnitte von

2100 bis 33300 GM, was eine Verbesserung um bis zu drei Gré3enordnungen im Vergleich
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zu den solvatisierten Linkermolekulen darstellt. Beh&lt man das Molekul Hafbcd als Linker bei,
wahlt zugleich aber andere Metallionen fir die sekundare Baueinheit (SBU), so zeigt das
Strontium basierende CP einen dreifach htheren Zwei-Photonen-Querschnitt als das Barium
basierende Material. Dieses Verhalten kénnte dabei auf den geringeren intermolekularen
Carbazol-Carbazol-Abstand (3,39 A bis 3,65 A) im Strontiumgeriist zuriickzufiihren sein, da
die Carbazoleinheiten den Charge-Transfer bestimmen, was wiederum zu héheren Zwei-
Photonen-Querschnitten fiihrt.

Der dritte Teil dieser Arbeit befasst sich mit der Synthese und Charakterisierung eines
neuartigen 2D-Koordinationspolymers auf der Basis eines Perylendiimids (PDI)
Zn(tpdb)(DMF)3, das in einer solvothermischen Synthese von Zinknitrat in DMF mit dem in der
Literatur bekannten 1,6,7,12-Tetrachlorperylendiimid-N,N'-di-benzoes&ure (H.tpbd) erhalten
wurde. Die Einkristallanalyse, sowohl des Linkers, als auch des Koordinationspolymers, zeigt
eine starke Aggregation der dicht gepackten Chromophore, die auf den starken 1-Stacking-
Effekt der PDI-Einheiten zuruckgefuihrt werden kann. Anschlielend wurden die
photophysikalischen Eigenschaften untersucht und diskutiert, einschlieRlich der
unterschiedlichen Verschiebungen der Absorptions- und Emissionsbanden in den jeweiligen
Spektren. Schlie3lich wurden die synthetisierten Materialien in der Photosensibilisierung von
Triplett-Sauerstoff zu Singulett-Sauerstoff unter Verwendung von 1,3-Diphenylisobenzofuran
(DBPF) als Trapping-Agent getestet. Dabei zeigen sowohl das CP als auch das freie
Linkermolekil eine effiziente Photosensibilisierungsaktivitdt, was zeigt, dass die

Peryleneigenschaften nach dem Einbau in Koordinationspolymere erhalten bleiben.
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Abstract

Non-linear optical effects such as multiphoton absorption, sum frequency generation and
second harmonic generation are of high interest in modern research as they are highly
applicable for optoelectronic devices. However, most of the commonly materials used in this
research field are chromophores, which are limited by their thermal stability, as well as their
uncontrolled aggregation behaviour in highly concentrated solutions. A prominent material
class, which represents themselves as a promising alternative to overcome those problems,
are chromophore-based coordination polymers (CPs), since they are highly chemically
tuneable and by incorporating chromophores as linkers, the photophysical properties can be
enhanced due to the restriction of radiationless energy decay pathways.

This thesis presented is divided into three parts: The first and second part deals with
enhancement effects of multiphoton absorption of push/pull chromophores through the
incorporation in coordination polymers. The thrid part of this thesis is investigating novel
perylene-based CPs for photocatalytic singlet oxygen generation.

In the first study, a novel dipolar push/pull chromophore dipropyl-9-(4-nitrophenyl)-carbazole-
3,6-dicarboxylate (H.ChbzNO,;) was synthesized and subsequently structural and
photophysical fully characterized using single-crystal X-ray diffraction, UV/Vis and
photoluminescence (PL) spectroscopy. Thereby, the absorption spectrum of the chromophore
revealed a red-shifting twisted intramolecular charge transfer (TICT) band with increasing
solvent polarity. Furthermore, the solid-state powder of the material was investigated towards
its photoluminescence properties by means of PL spectroscopy, revealing a solid-state
emission located at 520 nm, which can be attributed to excimer formation.

In the second study, three novel highly MPA active coordination polymers
Zny(sbcd)(DMAC)2(H20)15, Sr(fbcd)(DMAC)0.25(H20)s5 and Ba(fbcd)(DMAC)25(H20)15 were
synthesized, derived from two carbazole containing linker molecules: a previously reported
9,9'-stilbene-bis-carbazole-3,6-dicarboxylic acid (Hssbcd) and a new linker 2,7-fluorene-9,9’-
dimethyl-bis-carbazole-3,6-dicarboxylic acid (Hsfbcd). Single-crystal structure analysis of the
CPs showed, that the zinc-based coordination polymer is crystallizing as 2D-CP with sql
network topology, whereas the isostructural barium and strontium containing 2D-CPs are
crystallizing in a 4,8-connecting network topology. Z-scan analysis of the synthesized
materials shows large two-photon cross sections of 2100 to 33300 GM, which is an
enhancement of up to three orders of magnitude compared to the solvated linker molecules.
When retaining the molecule Hifbcd as a linker but selecting different metal ions for the
secondary building unit, the strontium-based CP shows a threefold higher two-photon cross
section than the barium derived material. This behaviour may originate from the smaller

intermolecular carbazole-carbazole distance (3.39 A to 3.65 A) in the strontium framework, as
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the carbazoles units are determining the charge-transfer character, which in turn renders
higher two-photon cross sections.

The third part of this thesis deals with the synthesis and characterization of a novel peryelene-
diimide (PDI)-based 2D-coordination polymer Zn(tpdb)(DMF); obtained from a solvothermal
synthesis of zinc nitrate in DMF with the literature known 1,6,7,12-tetrachloroperylenediimide-
N,N™-di-benzoic acid (Hatpbd). Single-crystal analysis of both linker and coordination polymer
reveals a strong aggregation of tightly packed chromophores which can be attributed to the
strong Tr-stacking effect of PDls. Subsequently, the photophyiscal properties are examined
and discussed, including the different shifts of absorption and emission bands in the respective
spectra. Finally, the synthesized materials are tested in photosensitization of triplet oxygen to
singlet oxygen using 1,3-diphenylisobenzofurane (DBPF) as trapping agent. Thereby, both
the CP and the free linker molecule show an efficient photosensitizing activity, showing that
the perylene properties can be retained after incorporation in coordination polymers.
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1 Introduction

Optics is the field of physics, which deals with the interaction of light and matter i.a. diffraction,
absorption and scattering. These interactions provide us with visual feedback about our
world.! Thereby, the matter consists of an assembly of atoms, which are mostly positively
charged and surrounded by the negatively charged electrons. As a consequence, the induced
light primarily interacts with the valence electrons of the valence shell leading to electronic
polarization of the matter induced by the incident light.?

However, the subgroup optics as a part of physics can be divided into two subfields: the linear
and nonlinear optics. The linear optics describes the absorption and emission of linearly
behaving light. For example, if one photon is absorbed, then one photon is being reemitted.
In contrast, the nonlinear optics, where the light behaves nonlinearly e.g. two photons are
absorbed and only one photon double the energy is being reemitted.?

One possible material class, which is showing such photophysical activity are coordination
polymers (CPs). CPs describes the general term for inorganic-organic hybrid materials, which
are normally composed of metal ions (inorganic part) bridged by linker molecules (organic
part), forming a variety of architectures ranging from one-dimensional chains to 3D porous
frameworks.*® Depending on the valency of the metal ions and thereof the formed secondary
building unit (SBU) consisting of metal-oxoclusters, different types of geometries i.a.
tetrahedral, square-planar and octahedral architectures can be constructed, which determines
the dimension of the CP.”8

A property determining unit of CPs are their linker molecules, which are compromising donor
functionalities, usually carboxylic acids or pyridyl-groups, connecting the SBUs as a linker to
a chain or network.> Furthermore, the incorporation of linker molecules already shows the
great potential that this material class offers to insert the properties of functional linkers into
coordination polymers achieving a different photophysical response due to linker-linker
interaction through aggregation (Fig. 1).°
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Fig. 1: General concept of the incorporation of functionalized linker molecules into coordination polymers in order

to achieve different photophysical properties.

As chromophores intrinsically show outstanding photophysical properties, this dissertation
deals with the general approach of chromophore-based linker molecules, which are
incorporated into coordination polymers for enhanced optical properties towards nonlinear
applications like two-photon absorption (TPA) (cf. Chapter 1.1) as well as linear optics such
as energy transfer and light harvesting (cf. Chapter 1.2), which will be further elucidated in the

following.
1.1 Multiphoton absorption active crystalline coordination polymers (CPs)

1.1.1 Nonlinear optics

Nonlinear optics (NLO) is one of the subdisciplines of modern physics, which has a
tremendous influence on today’s optics and laser physics.’® NLO is the investigation of various
kinds of light-induced phenomena of a material, that occurs by the nonlinearly interaction of
light and matter and is typically only observed with high intensity laser lights.!!

The origin of nonlinear optics was marked by the investigations of Franken et al. in 1961,
where they first observed a second harmonic generation of blue light (A = 347 nm) with a
pulsed ruby laser (A = 347 nm) into a quartz crystal, subsequent to the invention of the first

working laser by Maiman in 1960.1%13



Up to now, there are several processes that belong to the group of NLO such as second
harmonic generation (SHG), sum frequency generation (SFG) and two-photon absorption
(TPA) (Fig. 2).1

second order nonlinear optics third order nonlinear optics

| I
f f |

-——g--T7---- virtual excited states - - - - - - - -——-- —

—~—— excited states
h-w .
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. et
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second harmonic generation sum frequency generation two-photon absorption
SHG SFG TPA

Fig. 2: Jablonski diagram for the NLO process of SHG (left), SFG (middle) and TPA (right).1®

Thereby, SHG, also called frequency doubling, is a second order nonlinear optical process,
where two photons with an optical frequency w are mediated by two virtual states to a single
photon with doubled frequency of 2w.*¢

Furthermore, SFG is also a second order nonlinear optical process, in which two input laser
beams with two different frequencies w: and wz are overlapped on a surface in order to create
a third beam which has the sum frequency ws of the two separate beams (ws= w1+ w>). This
is also the main difference to the SHG, where only one input laser beams is used to generate
the combined beam.’

The last process, which is one of the key-processes further discussed in the next chapter, is
described as two-photon absorption (TPA), a third order nonlinear optical process where two
photons are involved or multiphoton absorption (MPA), where three or more photons are
absorbed.

Thereby, the main difference of TPA compared to SHG and SFG is that the electrons are
excited to virtual states (dashed lines) with very short lifetimes, whereas for the TPA real

eigenstates of the material are involved (continuous lines) with longer lifetimes possible.



1.1.2 Multiphoton absorption as a NLO process

The process of multiphoton absorption (MPA) was first analytically described by Maria
Goppert-Mayer in 1931, with virtual eigenstates as a key factor for her theory. However, the
probability to observe such a MPA process was too small with the light sources available at
that time.!” Enabled by the laser technology, Kaiser and Garrett were able to deliver the
missing experimental proof 30 years later, with the first report of a two-photon excitation in a
fluorescent CaF2:Eu?*-crystal in 1961.1®

This process of multiphoton absorption can be described by two theories: the semiclassical
and the quantum theory of radiation.%?!

Regarding the semiclassical theory, the media is specified by theory of quantum mechanics,
whereas the induced light is defined by the Maxwell theory. However, the main feature in this

theory is an explicit expression for the non-linear electric polarization of an optical medium. It
is generally known, that the polarization vector P is defined by the summation of the light field-
induced electric-dipole-moment of all molecules within an unit volume. If a weak light field from
an incoherent light source is applied, P is proportional to the electrical field E, which leads to

the following equation:
P = PW(w) = egx D (w)E (w) (1.1)

Here @ is the first order susceptibility of a given medium and ¢, is the free space permittivity.
In general, y™(w) is a complex parameter in the form of a second-rank tensor, whereas its
real part is described by the refractive index of the medium, while its imaginary part determines
the linear one-photon absorption.?> To consider the nonlinear absorption of strong

monochromatic coherent light of frequency w, the equation (1.1) is generalized to equation

(2):

P = PO () + PO () + PO () ... = €[y P (0)E (@) + P (0, 0, —0)E (0)E* (W) E (w) +
X3 (w, 0, —0, w, —0)E(w)E*(w)E(0)E*(w)E(w) + (1.2)

In equation (1.2), E*(w) is the complex conjugate of the electric field and y® (w, w, —w) the
third order susceptibility of the nonlinear absorbing material.

Though, the semiclassical theory treats light waves as classical electromagnetic field with no
guantized concept of photons, which means that it does not describe a rigorous concept of
the elementary processes of MPA.?! The better theory to describe such MPA processes is the

guantum theory of radiation (Fig. 3).



Ef Y T Ef S Ef Y
(N (1
h-w
h-w
h-o h-o _ h:w h-w h-w
(I
h+w
h+w
{1 {1D)]
E, —— B, —— E,—
one-photon absorption two-photon absorption three-photon absorption
1PA 2PA 3PA

Fig. 3: Schematic representation of the 1PA, 2PA and 3PA process, whereby solid lines are representing real eigen

states and dashed lines intermediate states; Eg is the ground state and Er the final state.

For a one photon absorption process (1PA), one photon is absorbed (1), which excites the
medium from the ground state Eq4to the final state E;, subsequently with relaxation back to Egq
via emission of one photon (Il). In contrast to 2PA, where the whole absorption process can
be seen as a two-step event. At first one photon is absorbed with the energy hw (1), whereby
the medium leaves the E4 to a virtual intermediate state. In the next step another photon is
absorbed exciting the medium from this virtual state to the real final state E: (ll), followed by a
relaxation back to the ground state of only photon with the hw’ (I11). The connection between
the ground and the final state is the intermediate state, where the status of the molecule may
stay in all its possible eigenstates, except Egand E;, with a certain probability of distribution.
For this reason, the residence time of the initial state should be infinitely short. Thereby, this
means that the virtual “two-step” process, is actual a one-step process, where both steps
happen simultaneously.? The mechanism for three or more photons can be described
accordingly, but the energy conservation has to be fulfilled in every case.

However, for the quantification of these processes, the attenuation of light beam passing

through the optical with equation (1.3) has to be considered:? 2123

di(z)

Fra —al(z) - BI*(2) —yI*(2) — -~ (1.3)

Here I(2) is the intensity of the light source beam propagating the medium along the Z-axis,

a, B and y are the respective one-, two- and three-photon absorption coefficients. For a



two-photon process, it can be assumed that there is no linear absorption at the certain
wavelength of the incident light and only 2PA takes place. Thus, equation (1.3) can be
simplified and solved leading to equation (1.4):2* 23

dl(z)

_ Io(A)
ke —BI1%(2) = 1(z,1) =

1+ My V)z

(2PA) (1.4)

where I,(4) is the incident light intensity and B(1) is the wavelength dependant 2PA
coefficient. This 2PA coefficient is a macroscopic parameter that is strongly dependent on the

concentration, whereby 8 (1) in (1.4) can be further expressed (1.5):# 223

L) = '@ (A)Ny = '@ (A)Nydy x 1073 (1.5)

Thereby ¢'(® is the molecular two-photon cross section of the medium, N, is the molecular
density, N4 is the Avogadro’s number and d,, is the molar concentration.
'@ (Q) is a directly measurable variable, nevertheless it is common to use another parallel

expression for the two-photon absorption which is given by equation (1.6):% 2. 23

c@P) =d"®W) - hy (1.6)

with hv as the photon energy of the incident laser beam.

These equations are needed for the quantification and interpretation of NLO processes. The
second step is to find materials that are able to show such characteristics. Prominent material
classes that are mostly studied in the context of such MPA activity are organic chromophores
and inorganic nanoparticles. Although, these materials classes show great MPA properties,
they suffer from several disadvantages like uncontrolled aggregation and low thermal stability,
which already limits their applicability.?* One possible material class, which could overcome
those problems are crystalline coordination polymers (CPs), which will be further outlined in

the following.?>26

1.1.3 The topology of Coordination Polymers (CPs)

One of the most prominent examples for this materials class of MOFs and CPs, the MOF-5
(in analogy to famous zeolite ZSM-5), was synthesized by the group of O. M. Yaghi in 1999,
a Zn4(0)012Cs cluster connected via benzene-dicarboxylic acid (H.BDC) forming a 3D

framework (Fig. 4).?"



Fig. 4: Single-crystal x-ray analysis of MOF-5, with a yellow ball representing the cavity. Colour coding: Oxygen:
Red sphere, Carbon: Black sphere, tetrahedral Zinc: blue tetrahedron.?” Reprinted with permission from Nature
Publishing Group, copyright 1999.

As a consequence, the synthesis and design of these novel materials were attracting more
and more attention as they have shown to be applicable in gas storage, catalysis, biomedicine,
optics and sensing caused by their unique structure properties.?®* Furthermore, this variety
of properties led to more than 20.000 CP and MOF structures with similar amounts of novel
network topologies, which already show the enormous potential of the materials class.® More
specific subgroups of coordination polymers are (I) coordination networks (CNs), which are
one dimensional coordination chains with cross-links to two or more individual chains, forming
two or even three-dimensional networks and (II) metal-organic frameworks (MOFs), which are
coordination networks with potential voids.*®* These MOFs were later classified by
S. Kitagawa into 1-generation MOFs, where the framework collapses upon solvent removal,
2"%-generation MOFs, where the Framework is stable upon solvent removal and
3"-generation, where MOFs exhibit flexibility and responsivity (phase transition) upon solvent
removal.*?

However, several factors have to be taken into account which influence the properties of the
CPs: choice of metal node and linker, coordination geometries of linker and SBU, secondary
interactions like hydrogen bonding, -1 interactions or metal-to-ligand interactions
determining the materials properties.® All of these interactions are dependent on the linker
arrangement in the CP, which in turn leads to reticular chemistry, describing the chemistry of
linking molecular building blocks to extended frameworks.***° For a better abstraction of these
connected networks, they can be simplified and classified by reducing their linkers and SBUs
to their connectivity in order to create network topologies. It can be reduced as follows: MOF-5

has 2-connecting linker and a 6-connecting SBU, which forms a (2,6)-connecting network (Fig.
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5). This connected net can now be searched in the topology database, where all of the known
topology are listed in three letter codes, e.g. MOF-5 with its (2,6)-connecting net is listed as
the pcu topology.*®

ﬁ\fﬁ e
9,5,

i
()

%o

Fig. 5: Components of MOF-5 showing the 6-connecting SBU (red octahedron) and the 2-connecting linker (ball

and stick) forming the (2,6)-connecting network.*¢ Reprinted with permission from American Chemical Society,
copyright 2014.

This topology now can be retained with different linkers, as long as the connectivity of the
building blocks stays the same and the elongation does not lead to framewaork interpenetration.
An exemplary study was performed by the group of Yaghi in 2002 with their IRMOF series, a
study with the same SBU with different 2-connecting linker molecules leading to a series of 16
isoreticular pcu MOFs (Fig. 6).%
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Fig. 6: Single crystal X-ray structures of the IRMOF series. Note: The doubly interpenetrated IRMOFs (9, 11, 13
and 15) are not shown. Colour coding: Oxygen: Red sphere, Carbon: Black sphere, Nitrogen: blue sphere,
tetrahedral Zinc: blue tetrahedron.*” Reprinted with permission from Science, copyright 2002.

With this crystal engineering tool by the choice of SBU and linker connectivity, different
arrangements of chromophores inside the network can be achieved, in order to get a better
property-structure relationship. Therefore, different design principles towards MPA active CPs
have to be established.

1.1.4 Linker Design Principles for MPA active CPs

In contrast to simple CP synthesis which is only dependent on the Linker-SBU interaction,
MPA active CPs can be designed in many ways, e.g. by using open shell metal precursors for
the SBU, by introducing MPA active guests inside the pores, or by using MPA active linkers
as chromophores.“®%° However, this thesis focuses only on the synthesis of CPs with
photophysical “silent” metals, where the MPA character originates from the linker molecule in
order to deepen the understanding of a MPA-structure-property-relationship.

From an electronic structure and photophysical point of view, there is a strong correlation
between an intramolecular charge transfer for the linker itself and multi-photon absorption.>*
52 This results in ideal molecular features for high MPA active chromophores. Since molecules
with charge transfer processes show high MPA values, it seems that an electron-rich 1r-donor

group, an electron poor m-acceptor or both of them are beneficial (Fig. 7).5 Additionally, an
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extent of the conjugated system has been identified to be important for a better charge

separation through the chromophore.>4°¢

) o )0 ) e

._©_. — quadruplar
o )-e o )0 )®
o )©

b dlipcrlar

octupular

@ Electronacceptorgroup
@ Electron donor group

Fig. 7: Molecular structure motifs for MPA chromophores. Red ball = electron acceptor group, Blue ball = electron

donor group. Note that for octupolar depictions the donor and acceptor groups can also be interchanged.?

Reinhardt et al. published three general types of molecular designs for chromophores:
guadrupolar chromophores are symmetrical and consist of electron rich aromatic rings with
either two donor or acceptor groups or one donor/acceptor  group
surrounded/enclosed/sandwiched by two acceptor/donor groups. Dipolar chromophores are
asymmetrical molecules, consisting of electron rich aromatic rings with an electron donor and
electron acceptor group.®” The third type are octupolar chromophores, where the electron
acceptor and donor groups are arranged spatially for example trigonal, tetrahedral and
octahedral configuration.®® These types could also be described applying the “push-pull”
concept. Therefore, “push-push” means donor-donor interaction, whereas “pull-pull” defines
acceptor-acceptor groups interactions, “pull-push-pull” and “push-pull-push”, or “push-pull” for
the dipolar ones, as well as the push and pull arrangement for the octupolar molecules. As it
follows, in the simplest way, a strong intramolecular charge transfer can be achieved by

incorporating an electron donor and acceptor group bridged with an aromatic system.
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As stated above, the chromophores itself suffer from divers limitations with respect to MPA
activity, through uncontrolled aggregation in high concentrated solutions and low thermal
stability.?* °° Therefore, the incorporation of these chromophores into CPs are perfect
candidates to overcome those limitations. Additionally, the incorporation of linker molecules
already increases the emissive properties due to the restriction of the radiationless energy
channels caused by the restricted conformation of the linker between the metal centres.® This
is one of the biggest advantages of MOFs and CPs compared to other materials. Additionally,
in case of transition metals, metal-to-ligand charge transfer bands (MLCT) or ligand-to-metal
charge transfer (LMCT) bands introduces new charge transfer bands, which can also render
higher NLO properties than it would be found for the linker itself. But still, the NLO responses
for CPs are primary defined by the ligand, if photophysically silent metals with closed electron
shells are used.%®

1.1.5 Benchmark MPA active CPs

The first reported MPA active CP was by Vittal and co-workers in 2015, where they
incorporated a 4-connecting anthracene based linker An2py (trans,trans-9,10-bis(4-
pyridylethenyl)anthracene), into a pillar-layered MOF, [Znz(sdc)2(An2Py)].* An2Py is a
perfect role model for towards of MPA active ligands, as it is composed of pyridyl groups acting
as electron withdrawing groups. Based on this work, the ligand An2Py and its derivatives

represent themselves as a promising ligand motif for further studies.
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Fig. 8: (a) An overview of the used ligands in the construction of the MOFs in the study by Vittal and co-workers.
(b) The measured TPA action cross-sections (upper panel) and TPA cross-sections (lower panel) of the respective

MOFs.52 Reprinted with permission from American Chemical Society, copyright 2017.

The group of Vittal and co-workers embarked upon a first systematic study to investigate

structural effects on TPA properties of MOFs.®? They synthesized and characterized a series
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of nine MPA active MOFs (Fig. 8), all composed of 4-connecting A-1-D-11-A linkers (A =
electron acceptor; D = electron donor) using a similar construction principle (pyridine working
as electron acceptor group): An2Py, AnEPy (= trans, trans-9,10-bis-(4-
pyridylethynyl)anthracene) and BPEB (= 1,4,-bis[2-(4-pyridyl)ethenyl]-benzene). Reaction of
these bipyridine pillar linkers with different Zn" precursor and co-ligands (BDC = benzene
dicarboxylic acid, BPDC = biphenyl dicarboxylic acid, BTC = benzene tricarboxylic acid and
SDC = trans,trans-4,4’-stilbene dicarboxylic acid) resulted in the respective series of pillar-
layered MOFs: 1 = [Zn2(SDC)(An2Py)], 2 = [Zn2(BPDC)(An2Py)], 3 = [Zn2(BDC)(An2Py)], 4 =
[Zno(SDC)(ANEPY)], 5 = [Zna(BPDC)(AnEPY)], 6 = [Zn2(BDC)(AnEPY)], 7 = [Zn(BTC-
H)(An2Py)], 8 = [Zn(BTC-H)(BPEP)], 9 = [ZnSiFs(An2Py)].

Nonetheless, the analysis of the collected two-photon responses showed no clear structural
trend. The reason for the different behaviour results from a couple of interplaying factors, such
as conjugation degree of the auxiliary linker, linker rotation within the frameworks or possible
pores, induced by the systematic variation of the length and connectivity of the auxiliary ligand
and the responding alternation in MOF structure. However, the nature of the 2PA cross
sections of the used ligands (An2Py > AnEPy > BPEP) was transferred to the MOFs and all
MOFs showed higher TP brightness than their respective ligands, which confirmed the
success of incorporating chromophores as linkers inside the MOFs while enhancing its MPA
activity.

In 2017, Fischer and co-workers studied a series of zirconium and hafnium based MOFs
assembled from HJ TCPE (tetrakis[4-((4-carboxylato)phenyl)phenyl]ethylene) chromophore,
PCN-128(zr,Hf) and PCN-94(Zr, Hf). They systematically varied the parameters
affecting/influencing the chromophores, such as the electron withdrawing capacity of the
metal-oxo-clusters, the ligand deformation of linkers and the variation of underlying structure
motifs (cubic vs. hexagonal space group symmetry) (Fig. 9).%® Using the internal-standard
MPEF method (IT-MPEF) with rhodamine B as standard, the authors measured strong two-
photon excited fluorescence (2PEF) with action cross-section values reaching 3582 GM.
They revealed a couple of governing parameters responsible for the enhanced NLO response:
(I) differences in the charge distribution of the used linker, due to enhanced electron
withdrawing of the metal-oxo clusters initiated by coordinating trifluoroacetic acid co-ligands;
() structure depending framework forces, which lead to a ligand deformation accompanied
by its 2PA properties; (IlI) higher TPA cross sections calculated for the unit-cells of the MOFs

as a direct consequence of the spatial arrangement of chromophores within the framework.
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Fig. 9: (a) The depiction of the investigated materials by Fischer et al. (b) The measured 2,3, and 4PA action cross-

sections of the MOFs. (c) An overview of the theoretical study towards linker deformation and charge polarization

in the framework.53 Reprinted with permission from John Wiley and Sons, copyright 2017.

A further step for establishing a structural-MPA-property relationship was conducted by
Fischer and co-workers in 2019.5° The authors investigated two CPs, [Zn,(TPBD)(DMAC).]

and [Cd2(TPBD)(H20)4],

consisting

of

the

push-pull linker

H4sTPBD

(tetrakisphenylphenylenediamine), which was designed following synthetic guidelines of

multiphoton absorbers as stated in the beginning. According to the authors, the 3D-CP
[Cd2(TPBD)(H20).4] showed an one order of magnitude higher TPA efficiency than the 2D-CP
[Zn2(TPBD)(DMAC)-], which was explained as a result of denser packing, type and strength of

excited state delocalization ultimately affecting the electronic structure of the CPs (Fig. 10).
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Very recently, Vittal and co-workers published another structure-activity study on the Haitcpe
linker molecule mixed with different stilbene based pillar ligands and zinc as metal precursor,
in order to synthesize 5 MOFs with different pillar ligands (Fig. 11).%* Thereby, the 2D MOF
without a pillar ligand shows a two-photon absorption action cross section no of up to
7 x 10’ GM, which is three orders of magnitude higher than state-of-the-art organic
lumophores and is up to now, the highest MPA cross section ever reported for MOFs and CPs.
In comparison, the other MOFs with the additional pillar ligands in between only show lower
two-photon absorption action cross section of roughly 100 GM. The authors explained this
phenomenon by the additional aromatic cores between the chromophore layers introduced by
pillar ligands, which is slowing down the charge transfer from layer to layer, whereas the MPA

performance is decreasing.
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Fig. 11: (a) Depiction of the synthesized pillar layers CPs 1-5 by Vittal and co-workers. (b) Two-photon action cross
section no of the synthesized CPs 1-5.%4 Reprinted with permissions from John Wiley and Sons, copyright 2022.

1.2 CPs as light harvesting materials

One of the biggest challenges, that mankind has to face, is anthropogenic global warming
initiated through emission of greenhouse gases (e.g. CO2, NOy).%® In contrast to that, the
worldwide energy usage is rapidly increasing, which in turn leads to an enhanced scarcity of
resources. Therefore, a conversion of these greenhouse gases back into valuable chemicals
is in the focus of current research. However, a view in nature pinpoints a process, the
photosynthesis, where plants, algae, bacteria and other organisms use the sunlight to convert
COg. This biochemical process is one of the most fundamental processes assuring life on
earth. Hereby, light-absorbing dyes such as chlorophyll are utilized to convert light energy into
chemical energy. This energy is then used to create energy-rich organic compounds, primarily
carbohydrates, from low-energy inorganic substances as carbon-dioxide and water.®® The
sum of all renewable energy, that would theoretically be available from all sources within one

year, is equivalent to the amount of usable energy that reaches the earth in the form of sunlight
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within one hour. This shows the enormous potential of the sun as an energy source, whereby
in the long term, it will be of eminent importance for humanity to convert, use and store the
energy provided by solar radiation in an affordable model. Therefore, mimicking the
fundamental reactions of the natural photosynthesis by building and constructing an efficient,
robust and economic artificial leaf is a significant task.56-

There are two decisive steps of natural photosynthesis: the photochemical splitting of water
and the reduction of CO,, which take place in photosystem | and photosystem 116568

In palm cells the electron transfer takes place in the thylakoid membrane located in the inner
part of the chloroplast (Fig. 12).
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Fig. 12: Schematic representation of the electron transfer chain inside a thylakoid membrane.®® Reprinted with

permission from Frontiers in Plant Science, copyright 2013.

By absorbing light, electrons are first released from the reaction centers of the chlorophyll.
These electrons are then transferred via various electron-transfer mediators of the
photosystems, which starts a series of redox reactions. Thereby, the mediators are arranged
spatially so that the electron transfer is directed from the inner to the outer part of the
membrane.”®

To mimic, use and apply these natural processes for synthetic photoactive materials, it is of
great importance to understand the energy transfer inside, since this is the crucial step for a

high efficiency process.

1.2.1 Types of Energy Transfers (ET) in CPs

Due to the synthetic bandwidth of MOF designs as indicated in the chapters above,
functionalized chromophores can be directly utilized as linker molecules in CP synthesis. This

enables the possibility of unique directed energy transfers (ET), a generic term for charge
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transfer, inside the solid framework through four different pathways inside the solid framework:

host-guest, ligand-to-metal, metal-to-metal and ligand-to-ligand (Fig. 13).7*74

é metal-to-
' metal

Fig. 13: A schematic representation of the different types of energy transfers inside the framework.”* Reprinted

with permission from John Wiley and Sons, copyright 2015.

Due to its pore structure, MOFs enable the possibility of inserting chromophore molecules as
guests inside the framework. In turn, this leads to possible host-to-guest or guest-to-host ET
processes. In 2013 Sun and co-workers studied this phenomenon of efficient host-guest
interaction through adsorption of different dye molecules into a zeolitic MOF which increased
the light harvesting properties and therefore the ET properties.”

Furthermore, MOFs are able to show ET between the metals, which was first reported by the
groups of Lin and Mayer.”®’” The authors reported a phosphorescent MOF [Ru(bpy)(4,4'-
dcbpy)][PFe)2, which was doped with Os instead of Ru inside the linker molecule. This has
the effect of an effective phosphorescence quenching by a Ru-to-Os energy migration.
Moreover, through the orbital overlap of linker and metals, MOFs have also the possibility of
ligand-to-metal and metal-to-ligand ET. One major class towards this processes are
lanthanide-based frameworks.”8-8° For these materials, typically the organic linker absorbs the
light, then this energy is transferred to metal-ion and finally resulting in lanthanide-emission.”
However, the ET, which follows the same principle as for the MPA based novel materials, are
CPs that enable ligand-to-ligand ET. To observe this ET one set of chromophores are used
as fluorophore donors and transfers the energy to the neighboured chromophores acceptors.”

This concept was already established by groups of Hupp and Farha, where the authors
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demonstrated this principle by achieving an efficient forster-resonance energy transfer (FRET)

from the pillar ligand to the porphyrin based tetratopic linker.8!

WA,
EBrBr
W2

HOOC COOH
Fig. 14: Activation of the ET process by replacement of the tetratopic ligand (green) with the porphyrin-based linker
red (red).”* Reprinted with permission from John Wiley and Sons, copyright 2015.

However, to design those materials capable of ET process the underlying mechanisms have
to be understood.

1.2.2 Forster and Dexter Energy transfer

Typically, weak chromophore couplings are observed in supramolecular materials like CPs
and MOFs, whereas Forster and Dexter mechanisms are responsible for the ET.8283
Therefore, to describe the underlying processes a two-state model is proposed: the energy is
transferred from an excited chromophore donor (D*) to an acceptor chromophore in the ground
state (A), which leads to a relaxation of the excited electron of the donor (D) and excitation of
an electron of the acceptor (A*) (Fig. 15).7% 8
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Forster ET

Dexter ET

*D + A — D + *A

Fig. 15: Depiction of the singlet-singlet Forster (above) and triplet-triplet Dexter ET (below) mechanism.”*

Nonetheless, the energy is transferred by dipole-dipole interactions without radiation and is
therefore not transported via emission and absorption of photons.” 8 Thus, FRET is known
to occur as a singlet-singlet transfer and can be typically observed in a chromophore distance
range of 1-10 nm, whereas Dexter is a triplet-triplet transfer with a chromophore distance with
less than 1 nm.86

The extent of the FRET, represented as the transfer rate kgr, depends on the radiation
emission rate of the donor dye kj, its residence time in the excited state 7, and in particular
on the distance between donor and acceptor dye r. The efficiency of the ET decreases six
orders of magnitude with respect to the distance between the two dyes. Hence, the transfer
rate is also determined by the Forster radius R, of the donor-acceptor dye pair, whereby R,
corresponds to the distance between both dyes at which the energy transfer is 50%.54

kET = i(&>6 (21)
Tp \T

Equation (2.1) underpins, that the distance r must be as small as possible in order to obtain

an efficient transfer.”* Additionally, the interplay between the distance orientation of the
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chromophores is essential for a good ET. Therefore, the orientation factor k? will be defined

as follows (2.2):
k? = (cos@p, — 3cosf,cos6,)? (2.2)

0p, represents the angle between the emission dipole of the donor dye and the absorption
dipole of the acceptor dye. 6, and 8, are the angles between both dipoles and the connection
vector between donor and acceptor dye. According to the definition of k2 and in order to
generate an optimal energy transfer, donor and acceptor chromophore should have parallel

electronic oscillation planes (Fig. 16).8

Donor /

Fig. 16: Angle dependency of Donor and Acceptor of the FRET efficiency k2.8

In contrast to FRET, energy transfer rate kg of the Dexter-type ET is decays exponentially
with increasing interchromophoric distance. Also, the integral J from the overlapping of the
energy functions of donor and acceptor chromophore is a basic requirement for Dexter-type
ETs.”- 8 Equation (2.3) shows the dependency of kg;, where L is the sum of D-A van der

Waals radii.

kger=J-e L (2.3)
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1.2.3 Influence of aggregation on the energy transfer

Additionally, in order to deepen the understanding of ET inside CPs, the influence of
aggregation on the electronic coupling have to be considered, since with strong coupling
between the chromophores conclusions on their ET can be drawn, e.g. weak coupling
between chromophores, will also lead to a weak energy transfer rates between them. In 1963
Kasha proposed spectral effects with respect to the type of aggregation and its strength.® In
the publication, Kasha classified two types of aggregation (H- and J-aggregates), which is

predicted on coulomb coupling /¢ between molecule 1 and 2 (2.4):92

pa _ M2(1—3cos®0)
¢ - 4meR3

(2.4)

Thereby u is dependent on the relative orientation 6 of dipole moments. J-type aggregates, or
“head-to-tail” orientation describes the aggregates, where the angle 8 between the dipole
moments is less than the “magic angle” of 8,, = 54.7° é’d = 0), which leads to a negative
coulomb coupling (/é’d < 0). Consequently, for H-type aggregation, or head-to-head
orientation, the angle 6 is bigger than the “magic angle”, whereby this leads to a positive
coulomb coupling (/2% > 0).

This different behavior of coulomb coupling has a direct influence on the photophysical

response since this coupling leads to two delocalized excited split states. These split states

are linear combinations of two local excited states of each monomer (Fig. 17).
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Fig. 17: Energy diagrams for J-type (left) and H-type (right) aggregate dimers.8°

For J-aggregates, the negative coulomb coupling results in the symmetric state having lower
energy than the antisymmetric state, whereas for H-type it is reversed. Consequently, the main
absorption peak of J-type aggregates is red-shifted compared to the corresponding monomer.
For H-type aggregates the antisymmetric state has the lowest energy level, but this state is
forbidden, whereas the main absorption peak is blue-shifted compared to the monomer.: °-
92 Furthermore, the extent of shift and intensity of absorption, gives also information on the

strength of the coupling, which is also an indicator for the ET inside the material.

1.2.4 Rylene Dyes as efficient light harvesting chromophores

Another decisive factor for the energy transfer inside the material, besides the orientation, is
the choice of the chromophore itself. Due to the large delocalized 1r-electron system, Rylene
dyes (R-n) and rylene diimides (RD-n) (Fig. 18) are an outstanding class of organic dye
molecules, which were initially applied for industrial use as dyes and pigments in automotive
finishes.® They consist of polycylic hydrocarbons that are connected by its smallest subunit
naphthalene (R-1), whereas rylene diimides have additionally two diimide groups at the end

positions of the chromophore.
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Fig. 18: Chemical structure of rylene dyes and their corresponding diimides.®* Reprinted with permission from

American Chemical Society, copyright 2016.

They became widely used in manifold applications in industry as well as in research, due to
their outstanding properties such as their chemical, thermal and optical stability.%5-%

In addition, they exhibit outstanding optoelectronic properties and are known to be excellent
light-harvesting materials. Rylenes have also a strong visible light-absorption ability and show
high fluorescence quantum yields in solution.®” Furthermore, they reveal a big conjugated -
system as well as large molar absorption coefficients, which results in strong intermolecular
coulomb coupling, which is as stated above a prerequisite for a good ET transfer.%

They are also comparably easy to modify, since the hydrogen at the bay position can be easily
substituted with various side-groups influencing the photophysical properties as the 1r-stacking
behaviour. This has also an impact on the chemical properties of the rylene chromophore, as

plenary structure of the aromatic system to rotated aromatic rings (Fig. 19).%°

Fig. 19: Rotation of aromatic rings of the perylene diimide after equatorial substitution.

Taking all these photophysical properties into account, functionalized rylene dyes, or more
specific perylene diimide dyes (PDI), represents themselves as perfect candidates towards

light harvesting chromophores for the ET investigation inside the CP material.
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1.2.5 Perylene diimide (PDI) based CPs

Due to their low solubility in common solvents and strong Tr-stacking, there are only a few
examples of PDI derived coordination polymers.
In 2016 Duan et al. published the first example of a PDI based zinc coordination polymer,

which is active in photoinduced aryl-halide reduction.®

Zn-PDI*-*

Alcohols or
amines
oxidation

0, Z@I*

Zn- '
Ln T
102 Im

Aryl halides
reduction

Fig. 20: lllustration of the halide reduction with the zinc-PDI based photocatalyst.% Reprinted with permission from

American Chemical Society, copyright 2016.

The reaction mechanism of the photoreduction follows the principle of a consecutive photo-
induced electron transfer (conPET) process with triethylamine as electron donor (Figure 20).
First, the Zn-PDI is excited to Zn-PDI* upon light irradiation. Subsequently, the triethylamine
donates an electron to the excited Zn-PDI*, which is then used to reduce the aryl halide.
Furthermore, the CP shows a better performance towards the photoreduction compared to
the linker itself, which is due to synergistic effects between the Zn ion and the linker.2
Furthermore, in 2018 Rodriguez and co-workers synthesized a 3D potassium based CP built
from perylene-3,4,9,10-tetracarboxylate linker (Fig. 21).1°t
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Fig. 21: Single-crystal x-ray structure of the potassium CP. Colour coding: Oxygen: red, Carbon: grey, Potassium:
yellow.1%? Reprinted with permission from Nature Publishing Group, copyright 2018.

The synthesized CP shows intense photoluminescence with a blue-shift of the absorption
band compared to the solvated linker. The authors explained this effect by the hindrance of
mr-stacking of the linker molecule, by its incorporation into the potassium framework.10
Recently, Millen and Yin et al. published a perylenediimide MOF, Zr-PDI, which is able to trap
electron donors in order to generate stable radicals (Fig. 22).1%2
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Fig. 22: (a) Structure of the zirconium cluster and the respective linker. (b) Single-crystal x-ray structure of Zr-

PDI.%02 Reprinted with permission from Nature Publishing Group, copyright 2019.

Upon irradiation with an electron donor, the Zr-PDI also forms a Zr-PDI* radical through a PET
process. However, the generated radicals are stable and stay unobstructed for nearly a month,
which makes this MOF material a potential candidate as radical trapper in biomedicine and
photothermal therapy.?
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2 Objectives

Coordination polymers and metal-organic frameworks offer unique properties that are
beneficial for photoelectronic applications since they are highly versatile through the possibility
of the incorporation of different chromophores as linker. However, there are still unanswered
research questions related to this topic, which are targeted within this thesis.

“How is the MPA activity of coordination polymers dependent on the (1) choice of linker and
(ll) their arrangement inside the framework?”
“What is the influence of the metal-ions of the secondary building units on the photophysical
properties of the solid-state material?”
“Can the outstanding photocatalytic properties e.g. photosensitization of PDIs be retained

while they are incorporated in coordination polymers?"

First, in order to synthesize MPA-active CPs, NLO active chromophore linkers have to be
synthesized. Therefore, the well-investigated carbazoles as electron donor are bridged over
m-systems, to construct linker molecules following the push/pull principle. Afterwards, these
linkers were used for a solvothermal synthesis screening, to synthesize new coordination
polymers. The first research question is targeted, by using different metal-salts with either the
same or different linkers, to get more insights into a structural-photophysical-property
relationship.

Furthermore, through synthesizing isostructural CPs with different metal salts using the crystal
engineering tool of the reticular chemistry, the metal influence on the MPA properties are
studied. Thereby, the key target towards the first two research questions is the systematic
screening to find the optimal reaction conditions towards crystalline coordination polymers,
which can later be used for Z-scan measurements.

The third research question is aiming towards the energy transfer inside CPs using PDIs as
linker molecules. Therefore, as a first step a soluble PDI based linker is/will be synthesized.
This could be achieved by the substitution of hydrogen atoms at the bay-position which leads
to a rotation of the phenyl rings and thus decreases the Tr-stacking of the chromophore.
Consequently, this soluble PDI linker is screened towards single-crystalline coordination
polymers. As a last step, the synthesized materials are then tested towards possible retained
photocatalytic properties, for which there was precedence in the literature on PDI based

coordination complexes showing similar characteristics.
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3 Summary and Discussion of Publications

3.1 A Nitrophenyl-Carbazole based Push-Push Linker as a Bulding Block for
Non-Linear Optical Active Coordination Polymers: A Structural and
Photophysical Study

To incorporate NLO active molecules as linkers inside coordination polymers, rigid donor and
acceptor groups have to be identified. Therefore, carbazoles having electron donor properties
were synthetically combined with the electron accepting nitro benzene in order to synthesize
a dipolar push/pull chromophore. In this manuscript the synthesis and photophysical study of
the novel chromophore dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (H2.CbzNO.,),
designed for NLO active coordination polymers, is reported. The chromophore was
characterized by *H-NMR and *C-NMR spectroscopy, LIFDI-MS, elemental analysis and
single-crystal x-ray diffraction (SC-XRD). Thereby, SC-X-ray analysis of H,CbzNO, revealed,
that it crystallizes in the monoclinic crystal system P 2:/c with antiparallel linker packing
throughout the unit cell. The solvated chromophore exhibits an aromatic emission band at
360 nm as well as an intramolecular charge transfer emission band at 420 nm. This charge
transfer band red-shifts with increasing solvent polarity with the characteristics of a twisted-
intramolecular charge transfer transition (TICT) between the carbazole unit and the nitro
group. Furthermore, in more polar surroundings this TICT-state will be further stabilized due
to the increased dipole moment upon twisting of the chromophores alongside the C-N axis.
As a consequence, the TICT state will stronger contribute to the emission (Fig. 23).
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Fig. 23: Excitation-emission-matrices (EEM) of Pr.CbzNO: in different solvents: a) toluene, b) THF, c) DCM, d)

acetonitrile and e) ethanol.

However, in very polar solvents like ethanol and acetonitrile, this TICT state is potentially
lowered leading to a charge-separation, which in turn is quenching the TICT fluorescence (Fig.
24).
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Fig. 24: A pictorial description of the interplay between LE and CT states in the push-pull chromophore and how

the solvent reaction field shapes the excited state PES.
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Additionally, Solid-state photoluminescence spectroscopy of the chromophore showed, that it

is a green emitting chromophore with contributions from 1r-stacked excimer formation.

The conceptualization and original draft preparation of this manuscript, the experiments and
the chemical characterization was performed by the author of this thesis. Methodology, review
and editing was performed by the author of this thesis in collaboration with D. C. Mayer, E.
Thyrhaug, A. Pothig, J. Hauer and R. A. Fischer. UV/Vis and photoluminescence spectroscopy
was done by E. Thyrhaug.

Reprinted with permission from Elsevier, copyright 2021.1%3

Weishaupl, S. J.; Mayer, D. C.; Thyrhaug, E.; Hauer, J.; Péthig, A.; Fischer, R. A., A
nitrophenyl-carbazole based push-pull linker as a building block for non-linear optical active
coordination polymers: A structural and photophysical study. Dyes and Pigments 2021, 186,
109012.
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ABSTRACT
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Non-linear optical effects (NLO) such as mulii-photon absorption, second harmonic generation (SHG) etc. have a
wide range of applications. Nevertheless, the performance of many NLO-active organic dyes is limited by their
thermal stability and photobleaching. These problems can be overcome by integrating the dyes into coordination
polymers or metal-organic framewarks. Here, we present a siruciural and photophysical study of dipropyl-9-{4-
nitrophenyl}-carbazole-3,6-dicarboxylate, 8 new “push-pull” organic dye molecule designed as a chromophore
linker for NLO-active coordination polymers. Structure determination of & single-crystal showed that it crys-
tallizes in 8 monoclinic crystal system P 2,/¢. The solvated chromophore exhibits two aromatic absorption bands
at 250 nm and 275 nm as well as broad long wavelength band at 350 nm, which we assign to an intramolecular
charge transfer state. Photoluminescence measurements in solvents of different polarities revealed two main
effects: In nonpolar solvents, the spectrum shows an emission band at 360 nm, whereas in solvents with a higher
polarity, the emission maximum broadens and redshifts. Solid-state emission measurement of sample powder
exhihits an emission band at 520 nm which is redshifted compared to the measurements in solution, due o
exrimer formation in the solid-state. The optical as well as solvation-related properties of the investigated
pigment render it to be a versatile ligand in coordination polymers.

1. Introduction

surpassing often found drawbacks with classical NLO materials (e.g.
limited performance, toxicity, photostability, non-polar arrangements

Coordination polymers (CPs) and metal-organic frameworks (MOFs)
featuring chromophore linkers as building blocks have been recognized
as a promising solid-state material class for non-linear optical (NLO)
applications, as their high chemical tunability, among other effects,
enables to organize chromophore molecules in a defined oriented
fashion [1].

To date, NLO studies on CPs and MOFs have been focusing on sec-
ond- and third-harmonic generation (SHG, THG) as well as multi-photon
absorption (MPA) properties [2-5). These studies follow a common
strategy, to assemble small NLO active organic building blocks in
achieving highly functional crystalline solid-state materials, meanwhile

* Corresponding author.
** Corresponding author.

ete.) [6,7]. Such an approach, however, requires comparatively small
NLO-active chromophore linker molecules, with the desired optical
properties and good crystallization tendencies.

NLO properties of chromophores have systematically been investi-
gated within the electronic push-pull concept (2], which reveals a strong
correlation between both the NLO-activity and the intramolecular
charge transfer (ICT) characteristics and the size or structure of the
charge transfer network. The NLO response was shown to be tailored by
(i) connecting electron donors and acceptors of various electronic na-
ture, (i) assuring efficient donor-acceptor interaction (iii) extent,
composition and steric arrangement of r-electron bridges (iv) reduction
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of the bond-length alternation of the r-bridges and (v) planarization of
the r-electron system [8,9].

In general, the photophysical (including NLO) properties of coordi-
nation polymers can be influenced by each of their components - both
the organic linkers as well as the metal nodes as well as the excitonic
coupling between the linker molecules [10]. For example, photoactive
ions capable of metal-centered transitions can be used, e.g. lanthanides,
steering the photophysical properties of the material solely by choice of
the metal [11]. Often the situation is more complex, exhibiting a delicate
interplay of (also photo-inactive) metal ions, especially transition metal
ions, and chromophore linkers. Hereby, metal-to-ligand charge transfer
(MLCT) as well as ligand-to-metal charge transfer (LMCT) can introduce
new charge transfer bands, which possibly allow for a higher NLO
response of the material compared to the isolated linker. As stated
above, the emission properties of organic chromophores are well un-
derstood and can be specifically tailored towards desired applications.
Therefore, tailoring the organic chromophores within linker platforms is
also the method of choice for optimizing photoactive coordination
compounds and networks. Additionally, there are two further advan-
tages: First, the incorporation of linker molecules inside a framework
usually increases their emission effidency, through limitation of radia-
tionless energy decays as a result of a restriction of conformational
changes in the coordinated chromophore [12). Second, by arranging the
chromophores in a rigid framework a dense packing of the chromo-
phores is enabled, whereas fluorescence quenching via aggregation
(which is usually observed in highly concentrated solutions) is pre-
vented [12). Based on this, we identified dicarboxy-functionalized car-
bazoles as highly promising donor building blocks within the push-pull
linker design of prospective NLO-photoactive coordination polymers or
MOFs [14-16].

Herein, we report the synthesis and complete characterization of a
new potential push-pull linker, comprising a carbazole donor and a
-NOs acceptor group. Both are linked via a phenylene bridge, mimicking
the well-studied showecase NLO chromophore p-nitroaniline (PNA) [17].
The carbazole moiety is equipped with carboxylic add groups, which
should enable an incorporation into framework structures. 9-(4-nitro-
phenyl)-carbazole-3,6-dicarboxylic acid (HaCbzNOg, 8) was synthesized
in a multi-step procedure starting from carbazole. The molecule was
characterized by NMR spectroscopy, mass spectrometry and elemental
analysis. Single-crystal X-ray diffraction (SCXRD) analysis reveals an
antiparallel packing motif, minimizing the overall dipole-moment of the
unitcell, a behavior often found for polar molecules [12,19). Finally, the
absorption and emission behavior were studied in solution as well as in
solid state. The spectroscopic findings were corroborated with the help
of electronic structure calculations at the level of time-dependent den-
sity functional theory (TD-DFT). The spectroscopic results and the
theoretical calculations show the formation of an ICT state, proving
HaChaNOy as a highly prospective NLO ligand for future CP and MOF
synthesis.

2. Experimental
2.1. Material and methods

All purchased reagents were received from chemical suppliers and
used without any further purification if not otherwise stated. All re-
actions with air and moisture sensitive compounds were carried out
under standard Schlenk techniques using Argon 4.6 (Westfalen) or in a
glove box (UNIlab, M. Braun). Required glass ware was flame-dried in
vacuo prior to use. Elemental analysis was performed at the micro an-
alytic laboratory at the Technical University of Munich. Analysis of C, H
and N values was conducted by flash combustion method at 1800 *C.
NMR spectra were recorded on a Bruker AV400 at room temperatire at
400 MHz. ESI-MS was performed on a LCQ fleet and MS 0 from Thermo
Fischer Scientific. LIFDI-MS spectra were measured at a Waters Micro-
mass LCT TOF mass spectrometer equipped with an LIFDI jon source
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(LIFDI 700) from Linden CMS GmbH. Single-crystal X-ray diffraction
data was collected on a BRUKER D8 Venture system equipped with a Mo
TXS rotating anode (J. = 0.71073 A) and a CMOS photen 100 detector.
UV/VIS spectra were recorded on a double beam Lambda 365 UV-Vis
spectrophotometer from PerkinElmer. Fluorescence measurements were
recorded on an FS5 spectrofluorometer from Edinburgh Instruments.
Cyelic voltammetry measurements were conducted on a BioLogic SP-
200. Melting point analysis was performed on a Biichi M-565.

22 Computations] methods

All gquantum mechanical calculations were performed using the
Gaussian09  software  package [20]. The long-range corrected
coulomb-attenuated exchange-correlation functional cam-B3LYP [21]
and the basis set def2TZVP were employed as implemented in the soft-
ware package. Theoretical absorption spectra were caleulated on the
level of time-dependent DFT using the above functional and basis set. No
symmetry or internal coordinate constraints were applied during the
optimization. The optimized geometry was verified as being a true
minimum by the absence of negative eigenfrequencies in the vibrational
frequency analysis.

2.3 Synthesis

3.6-Dibromocarbazole {2} A solution of N-bromosuccinimide
(22.35 g, 125 mmol) in 50 mL DMF was slowly added through a syringe
pump to a stirring solution of carbazole 1 (10 g, 59.80 mmol) in 20 mL
DMF in an ice bath. After 24 h of reaction time, the mixture was poured
into 600 mL ice water and then filtered through a suction filter to give a
dark grey powder. The crude product was recrystallized with Ethanol to
give a grey powder of 3,6-Dibromocarbazole 2 (18,68 g, 96%). 'H NMR
(400 MHz, 298K, DMSO-dg) & (ppm) = 7.47 (d, J = 8.6 Hz, 2H), 7.53 (dd,
J=2.0,8.6 Hz, 2H), 8.43 (d, J = 1.9, 2H), 11.59 (s, 1H, N-H). '*C NMR
(101 MHz, 298K, DMSO-dy) & (ppm) = 110.96, 113.18, 123.35, 123.29,
128.70, 138,78,

Carbazole-3,6-Dicarbonitrile (3): 3,6-Dibromocarbazole 2 (9.75 g,
30.0 mmol) and dppf (100 mg, 0.18 mmol) were added to a 100 mL
Schlenk flask and solved in 30 mL DMF and 0.3 mL water. The sus-
pension was degassed via bubbling argon for 1 h through the mixture.
Subsequently, Zn(CN)a (4.21 g 36 mmol), zinc powder (78 mg, 1.2
mmol), Zn{0Ac): - 2 H20 (0.26 g, 1.2 mmol) and Pda(dbals - dba (69.5
myg, 0,06 mmol) were added under a positive pressure of argon. This
mixture was heated to 110 *C for 2 days. The suspension was subse-
quently cooled and then poured into a 100 mL mixture of HaO/NH4Cl/
NH3 (5/4/1) and filtered through a suction filter. The filter cake was
washed with the same volume of the above mixture, toluene (3 x 30 mL)
and MeOH (3 x 30 mL) to give a grey solid. The crude product was
recrystallized with DMF to give a white solid (3) (5.2 g, 81%). 'H NMR
(400 MHz, 298K, DMSO-dg) 4 (ppm) = 7.72 (d, J = 8.5 Hz, 2H), 7.85 (d,
J = 9.9 Hz, 2H), 8.80 (s, 2H), 12.38 (s, 1H, N-H). "*C NMR (101 MHz,
298K, DMSO-dg) 5 (ppm) = 101.74, 112.84, 120.10, 121.85, 126.8,
129.93, 142.32.

Carbazole-3,6-dicarboxylic acid (4): Carbazole-3,6-Dicarbonitrile
3 (4.2 g, 19.3 mmol) was suspended in an aqueous NaOH solution
(12.45 g in 150 mL). To this solution Cul (37,5 mg, 0.195 mmol) was
added and then quickly heated to 125 *C for 2 days, until the starting
material was dissolved. Afterwards active carbon was added, and the
mixture was again heated to 125 °C for 2 h. After cooling, the suspension
was filtered through celite, which was pre-washed with ag. NaOH-
solution. The filtrate was acidified with & M HCl-solution to give a
white precipitate. The precipitate was filtered, washed with water and
then dried to give a withe solid (4) (4.0 g, 85%). IH NMR (400 MHz,
298K, CDCly) & (ppm) = 7.60 (d, J = 8.5 Hz, 2H), 8.06 (d, J = 8.4 Hz,
2H), 8.85 (5, 2H), 12.04 (s, 1H, N-H), 12.69 (bs, 2H, COOH). 13C NMR
{101 MHz, 298K, DMS0-dg) 4 (ppm) = 111.13, 122.00, 122.27, 122.79,
127.65, 143.12, 167.94.
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Dipropyl-carbazole-3,6-dicarboxylate (5) Carbazole-3,6-
dicarboxylic acid 4 (4.0 g, 15.64 mmaol) was suspended in 100 mL 1-
propanol. To this suspension, conc. sulfuric acid (2 mL) was added
and then refluxed at 110 °C for 24 h. After cooling, the suspension was
concentrated on a rotary evaporator and extracted with 200 mlL
dichloromethane. The organic Layer was washed with ag. NaHCOy (150
mL) and then dried with MgS0,. The solvent was evaporated to give a
yellowish solid (5) (4.5 g, 84%). 'H NMR (400 MHz, 298K, CDCly) &
(ppm) = 109 (L, J = 7.4 Hz, 6H), 1.87 (h, J = 7.2 Hz, 4H), 4.36 (1, ] =
6.7 Hz, 4H), 7.47 (d, J = 8.5 Hz, 2H), 8.18 (dd, J = 1.5 Hz, 2H), 8.86 (s,
2H). "¢ NMR (101 MHz, 298K, CDCla) & (ppm) = 10.77, 22.40, 66.67,
110.64, 122.89, 123.19, 128.28, 142.85, 167.35.

Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate
(PraCbzNOy) (6): Dipropyl-carbazole-3,6-dicarbox-ylate 5 (0.87 g,
2,56 mmol), 1-iodo-4-nitrobenzene (0.638 g, 2.56 mmol), KgPO, (2,18
g, 10,3 mmol), N,N'-dimethylethylenediamine (0.18 mL, 1.67 mmol)
and Cul (73.15 mg, 0.39 mmol) were dissolved in 20 mL dry toluene ina
50 mL Schlenk flask and heated to 115 °C for 2 days. After cooling, the
suspension was dissolved in 100 mL ag. NH,CL extracted with EtOAe (3
x 50 mL). The organic phase was combined and then dried with Mg50,.
The solvent was evaporated on a rotary evaporator to give an orange
solid. The crude product was then subjected to column chromatography
(100% dichloromethane, Ry = 0.75) to give a yellow powder (843 mg,
729%). mp 227 °C; 'H NMR (400 MHz, 298K, CDCly) 8 (ppm) = 1.09 (t, J
= 7.4 Hz, 6H), 1.88 (b, J = 6.7 Hz, 4H), 4.37 (t, J = 6.7 Hz, 4H), 7.46 (d,
J=8.7 Hz, 2H), 7.81 (d, 8.9 Hz, 2H), 8.20 (dd, J = 1.4 Hz, 2H), 8.54 (d, J
= 8.9 Hz, 2H), 8.92 (s, 2H). '3C NMR (101 MHz, 298K, CDCla) 4 (ppm)
= 1.16, 10.75, 22.37, 66.86, 109,65, 123.30, 123.90, 124.39, 125.94,
127.45, 128.76, 143.35, 166.86. LIFDI-MS: m/z [M]**: caleulated for
CoppHagOgNa: 460.16; found: 459.55. EA: caleulated for CagHayOgNa: C,
67.82; H, 5.25; N, 6.08; found: C, 67.35; H, 5.27; N, 5.87.

Dipropyl-9-(4-phenyl)-carbazole-3,6-dicarboxylate  (PraCbzH)
(7): Dipropyl-carbazole-3,6-dicarboxylate (0.3 g, 0.88 mmol), iodo-
benzene (0.18 g, 0.88 mmol), K3POy (0.750 g, 3.54 mmol), DMEDA
(0.06 mL, 0,58 mmal) and Cul (25.5 mg, 0.13 mmal) were dissolved in
10 mL dry toluene in a 50 mL Schlenk flask and heated to 115 °C for 3
days. After cooling, the suspension was dissolved in 60 mL ag. NH4Cl-
solution, extracted with EtOAc (4 x 30 mL). The organic phase was
combined and then dried with Mg80,. The solvent was evaporated on a
rotary evaporator, to give a brown solid. The crude product was then
subjected to column chromatography (100% dichloromethane, Ry=0.8)
to give a white powder (6) (295 mg, 80%). mp 133 °C; IH NMR (400
MHz, 298K, CDCly) 5 (ppm) = 1.09 (t, J = 7.4 Hz, 6H), 1.88 (h, J = 6.7
Hz, 4H), 4.37 (1, J = 6.7 Hz, 4H), 7.46 (d, J = 8.7 Hz, 2H), 7.81 (d, 8.9
Hz, 2H) 8.20 (dd, J = 1.4 Hz, 2H), 8.54 (d, J = 8.9 Hz, 2H), 8.92 (s, 2H).
¢ NMR (101 MHz, 298K, CDCly) & (ppm) = 1.16, 10.75, 22.37, 66.86,
109.65, 123.30, 123.90, 124.39, 125.94, 127.45, 12876, 143.35,
166.86. EA: caleulated for CagHagO4N: C, 75.16; H, 6.07; N, 3.37; found:
C, 74.99; H, 6.07; N, 3.52.

9-{4-nitrophenyl)-carbazole-3,6-dicarboxylic acid (HzCbzNO3)
(8): Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (500 mg,
1.2 mmiol) was dissolved in 50 mL THF, aq. NaOH-solution (0.25 gin 10
mL water) and 7.5 mL MeOH. This mixture was refluxed for 12 h at
90 °C. After cooling, the solvent was evaporated and 100 mL water was
added. The suspension was filtered and subsequently acidified with 3 m
HCl-solution. The precipitate was filtered, washed thoroughly with
water and then dried, to give a yellow solid (310 mg, 84%). 'H NMR
(400 MHz, 298K, DMS0-dg) 5 (ppm) = 7.59 (d, J = 9.0 Hz, 2H), 8.04 (d,
J = 9.0 Hz, 2H), 8.11 (dd, J = 1.6 Hz, 8.7 Hz, 2H), 8.55 (d, J = 9.0 Hz,
2H), 9.00 (s, 2H), 12.89 (bs, 2H, COOH). *C NMR (101 MHz, 298K,
DMSO-dg) 4 (ppm) = 110.12, 123.07, 123.11, 124.18, 125.76, 127.85,
128.49, 141,69, 142.76, 146,44, 167.48. ESI-MS: m/z [M — H]: ealcu-
lated for CaHi20sNa2: 375.313; found: 375.14. EA: calculated for
CzoHi206N2 - 0.75 Ha0: C, 61.62: H, 3.49; N, 7.19; found: C, 61.80; H,
3.47; N, 7.02.

9-(4-phenyl)-carbazole-3,6-dicarboxylic acid (HyChzH) (9): The

Dyyes and Pigments xxx {xooee) wxx

literature known compound 9-(4-phenyl}-carbazole-3,6-dicarboxylic
acid [22] was synthesized in a saponifaction reaction, using the analo-
gous reaction conditions to that described for 8. 'H NMR (400 MHz,
298K, DMSO-dg) 6 (ppm) = 7.43 (d, J = 8.7 Hz, 2H), 7.58-7.79 (m, 5H),
810 (dd, J = 1.6 Hz, 8.7 Hz, 2H), 8.98 (s, 2H), 12.82 (bs, 2H). "*C NMR
(101 MHz, 298K, DMSO-dy) & (ppm) = 109.87, 122.46, 123.01, 123.36,
127.00, 128.27, 128.65, 130.40, 135.78, 143.49, 167.62.

3. Results and discussion

3.1 Synthesis

The dipolar push-pull chromophore dipropyl-9-(4-nitrophenyl)-
carbazole-3,6-dicarboxylate (PraCbzNOz) & was synthesized in a six
step synthesis procedure starting from carbazole 1 (Fig. 1). Bromination
of 1 vielded 3,6-dibromocarbazole 2, which was subsequently reacted to
carbazole-3,6-dicarbonitrile 3 in a modified Negishi coupling reaction
[23,24]. Alkaline hydrolysis of 3 followed by acidic precipitation gave 3,
G-carbazole-dicarboxylic acid 4. It turned out that the low solubility and
acidic behavior of 4 hampered N-hetero cross-coupling reactions of
Buchwald-Hartwig or Ullman type. Consequently, to enhance the solu-
bility of the carbazole donor precursor 4, the corresponding propyl ester
5 was synthesized in an acid-catalyzed esterification reaction. Further-
more, different Ullmann and Buchwald-Hartwig coupling reaction at-
tempts were screened under varying reactions conditions finally
vielding the desired product 6 (compare the experimental part for a
detailed procedure). A modified Ullmann reaction procedure following
work by Eddaoudi et al. results in high yield and excellent purity [25]. As
the compound should be used as a building block for CP synthesis in
pursuing work, & was hydrolyzed by alkaline esterification finally giving
the corresponding carboxylic acid 8. Please note that all optical char-
acterization methods discussed in the following paragraphs were con-
ducted on 6 due to the higher solubility of the latter in differing organic
solvents. The effects of the propyl ester group of 6 on optical properties
are marginal, as the absorption and emission behavior are determined
by the push-pull system, as will be shown in the following paragraphs.

3.2, Photophysical characterization in solution

3.2.1. UV/VIS spectroscopy

The photophysical properties of & were studied using UV/Vis spec-
troscopy in solvents of different polarity (Fig. Za). In all solvents the
absorption spectra show two strong absorption bands centered at 250
nm and 275 nm, as well as weaker bands around 300 nm and a char-
acteristic broad absorption band centered at approximately 355 nm. We
pursue two strategies to assign the origin of these spectral features: )
comparison with the spectra of the reference compound dipropyl-9-(4-
phenyl)-carbazole-3,6-dicarboxylate (PryChaH) 7 (Fig. 2, yellow), and
i) comparison with quantum chemical calculations of the absorption
spectrum.

Compound 6 and the reference 7 differ in molecular structure only
bry the p-nitro group (Fig. 2¢), which implies that any spectral differences
report on the influence of the nitro acceptor group on the molecular
photophysics of the push-pull chromophore. The similarity of the short-
wavelength range of the spectra suggest that the features below 300 nm
can be assigned to z-x* transitions located at the carbazole moiety. In the
long-wavelength range, however, we observe significant differences. In
particular, the absorbance spectra of 7 have only minor bands red-
shifted with respect to the z-n* transitions (Fig. 2). Thus, the long-
wavelength band at 6 is clearly induced by the electron accepting
—NO;z group. While introducing electron-withdrawing groups may result
in charge-transfer transitions, the modest solvatochromy of the band
shows that these transitions are associated with only a minor change in
permanent dipole moment.

To obtain further insight into the electronic structure of &, and to
corroborate our assignments of the spectroscopic data, we perform a
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Fig. 2. a) Side-by-side comparison of the absorbances of 6 in different solvents with increasing polarity, from toluene to ethanol, as well as 7 in DCM. b) Zoom-in of
the outlined area (dashed box) in the left panel focusing on the absorption of the charge transfer state. ¢) Molecular structure of chromophores 6 and 7.

quantum chemical analysis of the compound’s absorption spectra. This
was done at the level of TD-DFT using the long-range corrected cam-
B3LYP functional and def2TZVP as basis ser (50 excited states, Fig. 3).
The calculated UV/VIS spectrum is in good accordance with the
experimental absorbance spectrum and shows two main groupings of
transitions in the UV region centered at 180 nm and 240 nm. Qualitative
(visual) comparison of the most contributing Kohn-Sham maolecular
orbitals (K5-MOs) of these excitations show that these transitions are
maostly of z-n* character and located at the carbazole moiety (not
shown). The band at approximately 310 nm however, involves sub-
stantial transfer of charge-density towards the nitrobenzene moiety, and
the 55—5; transition can thus be assigned to a charge-transfer excitation.
Fig. 3b shows the KS-MOs most strongly involved in the S; transition,
where the transfer of electron density from the donating carbazole to the

electron accepting nitro group upon photo excitation is clearly
illustrated.

3.2.2. Photoluminescence and excitation spectroscopy

To unravel the emission properties of this new organic chromophore,
we conducted a detailed photoluminescence (PL) spectroscopic inves-
tigation. Excitation-emission-matrices (EEM) of 6 were measured in
order to study the excitation-wavelength dependent fluorescence
behavior in different polar surroundings (Fig. 4). The collected data
point towards a subtle interplay of a locally excted (LE) state at the
carbazole moiety and a twisted intramolecular charge-transfer (TICT)
state involving the carbazole donor and nitro acceptor as a function of
solvent polarity (Fig. 5). The EEMs reveal the formation of two contri-
butions. In solvents of low polarity (toluene, Fig. 4a) the spectra show a
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Fig. 3. a) Theoretical UV/VIS spectrum of & (50 excited states, gaussian broadening) b) Charge transfer excitation of & located from the carbazole moiety to the
phenyl ring (51, 310 nm, oscillator strength f, transition dipole moment tdm [D], HOMO (left) — LUMO (rightd).
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LE and CT states in the push-pull chromophore 6 and how the solvent reaction field shapes the excited state

PES. a) In non-polar solvents, the lowest state will hold z-x* character. b) In more polar solvents the TICT state will be lowered due to stabilization by the reaction
field, nesullins in an equilibration with the LE state. c) Pinnlly, at strong-polar solvents the TICT state gets close to the S, surface, resulting in a large increase in non-

Aati p g its ribution to

single emissive state, with a PL maximum at ~ 360 nm. By increasing the
solvent’s polarity, an additional emission band appears which redshifts
and broadens distinctively (* 430 nm in THF, Fig. 4b; ~ 570 nm in DCM).
Finally, in vcry polar and protic solvents such as ethanol, the long-

contri ishes (Fig. 4d and e). The EEMs show no
long- wavclength contribution to the emission signal, and the spectra are
remarkably similar to the spectra in low-polar solvents. To gain further
insights, we also measured an EEM of 7, following a similar strategy as
presented in the UV/Vis spectroscopic studies with the aim to under-
stand the influence of the -NO2 substituent. Interestingly, the EEM of 7
in DCM reveal two emission bands, with lowest-energy transitions at
(~290 nm) and (~360 nm), respectively.

Taken the above into consideration, the dual-emission behavior of 6
can be understood within a TICT-model. In less polar solvents the lowest
cncrgy state will show LE character with a narrow PL band and a

atapp ly 360 nm. Via comparison of EEMs of 6 and 7
displayed in Fig. 4, we assign this LE state to be largely located at the
carbazole moiety. However, in more polar surroundings TICT states will
be stabilized, due to the increased dipole moment through twisting of
the chromophore alongside the C-N single bond. Consequently, the TICT
state will contribute stronger to the emission band - which is most
pronounced in DCM. Finally, in very polar and protic surroundings (here
acetonitrile and ethanol) the TICT state is potentially lowered to a strong
extent, with the typical reduction in transition moment due to the
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extensive charge-separation, likely leading to essentially complete fluorescence and excitation spectroscopy. Fig. 7a shows the emission
quenching of the TICT emission. Instead, the EEMs clearly show that spectrum measured at different excitation wavelengths (280 nm and
only the LE ¢mission remains in these cases. Fig. 5 displays the interplay 425 nm, respectively) with an emission band located at 540 nm for both
of LE and TICT states of 6 in different polar surroundings. Note that such excitations. This is different, compared to the photoluminescence mea-
an approach of describing the excited state dynamics is commonly used surements in solution, where two emission bands can be seen: a LE band
for push-pull chromophores [26-28]. In summary, the static excitation at 360 nm, as well as a solvent dependent red-shifting ICT. Furthermore,
and emission spectroscopic analysis of 6 reveals a highly interesting the solid-state spectrum shows two contributing transitions, as apparent
photophysical behavior of the linker molecule, in particular showing a from the excitation spectrum (red line in Fig. 7a), which we assign to
strong dependency on the polarity of the chromophore environment. carbazole based n-n* transitions (280 nm) and the charge transfer state
Presumably, these effects can be exploited further in sensor systems (e. (425 nm). To support our assignments, we also measured emission and
£, guest molecule detection) through controlled chromophore packing excitation spectra for powdered 7 and compared it to 6 (Fig. 7h).
in a coordination polymer. Interestingly, 7 shows very similar emission - centered at 520 nm- but
the excitation spectrum reveals only one absorptive transition. Based on
these findings and the packing of the carbazole moieties into dimers
with a distance of ~3.4 A in the crystal structure, the solid-state emis-
sion of 6 (and 7) appears to eriginate from a n-stacked sandwich excimer
formation, which has been observed 2001 in photoluminescence studies
on carbazole dimers [29].

For a future incorporation of the chromophore in a CP, a similar

3.3, Crystal structure analysis

Single crystals suitable for single crystal X-ray diffraction (SCXRD)
analysis were obtained by slow diffusion of pentane into a concentrated
solution of 6 in chloroform. Fig. ca shows the molecular structure of &
and its ing along the crystallographic a and b-axis (Fig. 6b and ¢). . ) ) N
The nm?:zilflfrystaﬂgims inrﬁl: :Dg:-l::]in.ic space group P 21/c with a effect can be :xp-nl:.tbd, since a high .:hramnphm: density W_I'Ifllbut
single molecule of 6 in the asymmetric unit and four molecules per unit uorescence guenching should be achievable. On top, an additional
cell (Z = 4). The mean bond lengths found for the molecular structure  20Vantage of these coordination materials compared to the crystallized
from SCXRD analysis lay in ranges as expected for organic molecules of ~ Unker itself is, that the photophysical properties can be potentially
such types (Table $1). The carbazole unit and the nitrophenylene group :nmm]]nd mdeﬁn:d amngmcfnucfth: ch.mrlnuphnr:s, whereas this is
hold a torsional angle of 52.50°. Interestingly, the ~NO, group and the intringically limited in an organic crystlal. This leads to a rm_-;arkabl:
phenylene ring have a dihedral angle of almost 0°, proofing both enlargement of the thﬁ.?ld of mga:m: chromophores, _dd:b:mtdy
molecule fragments to lay in a single plane. As can nicely been seen in Pad“:dl and a.rrang_td mn snl'd'sfam mmnah’. thereby steering the pho-
Fig. 6b, the polar molecule crystallizes diametral in the gc-plane, mini-  "0Physical properties of the solid-state material
mizing the overall dipole moment of the unit cell Furthermore, the
maolecule propagates along the crystallographic b-axis in a co-planar
fashion, with a mean center-to-center distance of ~ 3.4 A. Additional
intermolecular hydrogen bonds of the type Copm-H--0 involving the
ester group and the nitrophenylene group with characteristic distances
ranging from 2.4 A to2.8 A, contribute to the overall packing as found in
the crystal structure. In summary, the SCXRD analysis reveals that the
packing motif of & is mainly governed by electrostatic as well as inter-
molecular interactions (minimization of dipole moments, ©-x in-
teractions of the carbazole moiety and Carar-H---0 interactions).

4. Conclusions

In conclusion, we have synthesized a novel dipolar “push-pull”
chromophore  dipropyl-9-(4-nitrophenyl}-carbazole-3,6-dicarboxylate
via an modified Ulmonn-coupling reaction, which should be used in
further studies for the synthesis of NLO active CPs and MOFs. The
chromophore was characterized by 'H NMR and *C NMR spectroscopy,
LIFDI-MS and elemental analysis as well as SCXRD. The optical studies
of chromophore & in solution showed two aromatic absorption bands at
250 nm and 275 nm as well as a broad long wavelength absorption band
at 350 nm with characteristics of an ICT transition. The PL measure-
3.4. Solid-state photoluminescence and excitation spectroscopy ments in solvents of differing polarity, revealed an interesting interplay
between locally excited states, centered at the carbazole moiety, and a

In order to characterize the photophysical properties in the solid- twisted intramolecular charge transfer state between the carbazole
state, powder samples of 6 were investigated with solid-state

5525

Fig. 6. Hydrogen atoms are omitted for clarity. a) ORTEP representation of the single-crystal structure of & with thermal ellipsoids shown at the 50% probability
level. b) Alternating packing of & alongside the a/c plane. ¢) Co-planar packing of 6 alongside the b/ plane with a mean chromophore distance of 3.367 A

&
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Fig. 7. a) Solid-State emission (blue and yellow line, i., = 280 nm, 425 nm) and excitation spectrum (red line, 4,,, = 600 nm) of 6. b) Solid-State emission (yellow
line, 4,, = 240 nm) and excitation spectrum (red line, A, = 520 nm) of 7. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

donor and the nitro acceptor group. The solid-state emissi
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y R, Nemec L, Nalla V, llenlu: S, Samoé M, Reuter K, Fischer RA. Multi-

ments exhibited 6 as a greenish emitter with contributions from
n-stacked excimer formation. Taking all these photophyslcal pmperﬁa

41

in account, the newly synthesized dipolar “push-pull” ch
presentsltselfasahighlylntcresﬂngbuﬂdmgblockmsmdywithlna

structural-photophysical-property-relationship investigation on poten-
tial NLO active CPs or MOFs in the future.
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3.2 Coordination Polymers based on Carbazole-Derived Chromophore Linkers
for Optimized Multiphoton Absorption: A Structural and Photophysical
Study

Coordination polymers are a prominent material class towards NLO activity, since they are
known to be chemical and thermal robust. Hereby, we report the synthesis and
characterization of three novel highly MPA active coordination polymers
Zny(sbcd)(DMAC)2(H20)15, Sr(fbcd)(DMAC)o.25(H20)35 and Ba(fbcd)(DMAC)2.5(H20)15, based
on two carbazole-containing chromophore linkers: the previously reported 9,9’-stilbene-bis-
carbazole-3,6-dicarboxylic acid (Hssbcd) and the new 2,7-fluorene-9,9’-dimethyl-bis-
carbazole-3,6-dicarboxylic acid (Hifbcd). Thereby, the organic linkers were synthesized in a
multi-step synthesis procedure with an Ullmann C-N coupling as a main reaction. The reported
materials were investigated using H-NMR/ 3C-NMR spectroscopy, LIFDI-MS, elemental
analysis and single-crystal X-ray diffraction. X-ray structure determination revealed, that the
zinc-based CP crystallizes in a sql network topology with the triclinic unit P -1, whereas the
isostructural barium and strontium-based CP are showing a 4,8-connecting net topology with
the triclinic unit cell P -1 for strontium and a monoclinic unit cell P 2:/n for barium. Steady-state
spectroscopy of the coordination polymers compared to the solvated linker molecules
revealed a redshift of approximately 50 nm, which presumably emerges from excitonic
interactions of the chromophores inside the framework. Furthermore, Z-scan measurements
of the synthesized materials with a fully automated setup based on a broadband
(femtosecond) oscillator to obtain excitation wavelength dependant two-photon excitation
spectra were performed. The Z-scan results showed large two-photon cross sections @ in
the range of 2100 to 33300 GM, which is an enhancement of three orders of magnitude

compared to the solvated linkers (Fig. 25).
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Fig. 25: Comparison of the two-photon absorption cross sections of the three coordination polymers. Color coding:
Blue = Sr(fbcd)(DMAC)o.25(H20)3.5, Red = Ba(fbcd)(DMAC)2.5(H20)1.5, Black = Znz2(sbcd)(DMAC)2(H20)1.s.
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Thereby, Sr(focd)(DMAC)o.25(H20)35 showed the highest 2PA cross section, which seems to
originate from the smaller carbazole-carbazole distance compared to the isostructural barium

CP, which is mainly responsible for the MPA activity (Fig. 26).

Fig. 26: Smaller carbazole-carbazole distance of the Sr-CP compared to Ba-CP leading to a higher 2PA cross

section.

Furthermore, strontium is a “harder” ion than barium, which can in principle polarize the charge

transfer character more and therefore render higher MPA cross sections.
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synthesis, structural characterization (PXRD, SC-XRD and Pawley fitting) and steady state
spectroscopy was done by the author of this thesis under the supervision of R. A. Fischer. Z-
scan measurements were performed Y. Cui and H. Syed. Furthermore, S. N. Deger supported
the material synthesis in the context of his research internship and Bachelor’'s thesis which

were conducted under supervision of this author.

Reprinted with permission from American Chemical Society, copyright 2022.1%4

S. J. Weishaupl', Y. Cuif, S. Deger, H. Syed, A. P6thig, A. Ovsianikov, J. Hauer and R. A.
Fischer, Chemistry of Materials, 2022.

TThese authors contributed equally to this work.

40



Downloaded via TU MUENCHEN on August 20, 2022 at 14:55:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

[L] ieiacs

pubs.acs.org/cm

Coordination Polymers Based on Carbazole-Derived Chromophore
Linkers for Optimized Multiphoton Absorption: A Structural and

Photophysical Study

Sebastian J. Weishaupl," Yang Cui," Simon N. Deger, Hamad Syed, Aleksandr Ovsianikov,
Jirgen Hauer,* Alexander Pothig,* and Roland A. Fischer™

'} Cite This: https://doi.org/10.1021/acs.chemmater.2c01525

I: I Read Online

ACCESS |

|l Metrics & More [

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Multiphoton absorption (MPA), as a subgroup of
non-linear optical effects, is of high interest in modern materials
research since it has a great applicability in optoelectronics.
However, most of the commonly used materials featuring MPA
properties are chromophore molecules, which are limited by their
thermal stability and uncontrolled aggregation in high-concen-
tration solutions. A prominent material class which could in
principle overcome these problems are metal—organic frameworks
and coordination polymers (CPs) as they can be modularly tuned
to possess chemical and thermal stability. In addition, by
incorporating chromophores as linkers in the framework, their
molecular properties can be retained or even enhanced. In this

Optimized Multiphoton Absorption
of Coordination Polymers
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article, we report the synthesis and characterization of three new and highly MPA-active CPs, Zn,(sbcd)(DMAc),(H,0), s,
Sr(fbed) (DMAc),5(H,0)55, and Ba(fbed)(DMAc),5(H,0),5, based on two carbazole-containing chromophore linkers: a
previously reported 9,9'-stilbene-bis-carbazole-3,6-dicarboxylic acid (H,sbcd) and the new 2,7-fluorene-9,9’-dimethyl-bis-carbazole-
3,6-dicarboxylic acid (H,fbcd). Single-crystal structure analysis of the zinc-based CP reveals a sql network, whereas the barium- and
strontium-based CPs are isostructural, showing a 4,8-c network topology. Z-scan analysis of the networks shows large two-photon
absorption cross-sections 6 0f 2100 to 33,300 GM, which is an enhancement of up to 3 orders of magnitude in comparison to the
solvated linker and is also one of the highest MPA-cross-sections reported for CPs up to date.

B INTRODUCTION

Non-linear optics (NLO) is the study of light-induced
phenomena with above-linear scaling with respect to the
incident light intensity.' NLO-related effects such as second-
harmonic generation or multiphoton absorption (MPA) have a
wide range of applications ranging from 3D-data storage and
optical limiting to bio-imaging.” In this respect, coordination
polymers (CPs) or metal—organic frameworks (MOFs)
featuring chromophore linkers are a promising material class
as they are known to be chemically versatile and stable even
under intense light conditions.* ™

CPs or MOFs are a hybrid material class comprising
inorganic metal nodes—often built from metal-oxo-clusters—
bridged by organic linkers often having dicarboxylic acids or
pyridyls as donor groups.” The versatility in the choice of
linker and metal nodes explains the enormous variability of
these materials. Molecular linker properties, for example,
regarding photo- or electrocatalytic activity, can be transferred
directly into a solid framework, preserving the properties of the
monomer unit. Furthermore, interactions of the molecules
within the framework allow for additional and directed
modifications of the linker properties.’

© XXXX American Chemical Society

7 ACS Publications A

Accordingly, MPA-active molecules inside an MOF can
show an enhanced MPA cross-section as compared to the
uncoordinated molecule.*""" This enhancement can be
explained by structural rigidity and multi-chromophore effects
such as excitonic coupling, all of which are due to the special
steric arrangements of the linkers in the MOF. The relative
orientation of the linkers can also be engineered using different
metals or different additives in order to synthesize a variety of
topologies to directly influence the optical properties of the
MOEF.">"'* Additionally, an appropriate choice of metal
centers may open charge transfer channels such as ligand-to-
metal charge transfer or metal-to-ligand charge transfer.'® Such
extra decay channels may heavily influence the photophysical
properties of the solid-state material.
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Figure 1. Overview of the synthesized and characterized materials in this work.

The properties of the linker molecule are another decisive
factor when synthesizing MPA-active MOFs or CPs. For
example, a strong intramolecular charge-transfer character is
known to be beneficial for a large MPA cross-section.'®'”
Hence, chromophores bearing electron-pushing groups (elec-
tron donor), electron-pulling groups (electron acceptor), or
both connected with large aromatic systems are molecular
designs sought after when aiming for an MPA-active linker.'*"”
In this context, carbazoles show desirable properties as they act
as electron donors.””*' From the point of view of
optoelectronic research, carbazoles are well established systems
due to their chemical stability, robustness, and generally
desirable electronic properties.

In this article, we report the synthesis and photophysical
characterization of two carbazole-based MPA-active chromo-
phore linkers, namely, the new 2,7-fluorene-9,9'-dimethyl-bis-
carbazole-3,6-dicarboxylic acid (H,fbcd) and 9,9’-stilbene-bis-
carbazole-3,6-dicarboxylic acid (H,sbcd), which were recently
reported first by Krause et al. for gas sorption studies
incorporated in a copper MOF in 2020.*> Furthermore,
three different CPs were successfully synthesized employing a
solvothermal synthesis strategy, resulting in single-crystalline
materials of Zn,(sbcd)(DMAc),(H,0),5, Sr(fbed)-
(DMAc)g,5(H,0);5, and Ba(fbed)(DMAc), s(H,0), 5 with
the above-mentioned linkers incorporated (Figure 1). Their
corresponding crystal structures were determined, revealing
that all materials are 2D CPs: the zinc-based stilbene CP
crystallizes in the sql topology, whereas the fluorene-based
main-group metal CPs crystallize in a 4,8-c net topology with
two linker molecules anti-parallel arranged to each other. Z-
scan measurements of the synthesized materials were
performed with a fully automated setup based on a tunable
femtosecond oscillator to obtain excitation-wavelength-de-
pendent two-photon excitation spectra.”® The results on the
CP materials showed large two-photon absorption cross-
sections 6 in the range of 2100—33,300 GM, which is an
enhancement of up to 3 orders of magnitude as compared to
the free linker in solution. Hence, MOFs or CPs with

specifically designed linker molecules represent ideal candi-
dates for MPA-active materials.

B EXPERIMENTAL SECTION

Material and Methods. All purchased reagents were received
from chemical suppliers and used without any further purification if
not otherwise stated. Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicar-
boxylate was synthesized following the previous published synthesis
procedure.” All reactions with air- and moisture-sensitive compounds
were carried out under standard Schlenk techniques using Argon 4.6
(Westfalen) or in a glovebox (UNIlab, M. Braun). Required glassware
was flame-dried in vacuo prior to use. Elemental analysis was
performed at the micro analytic laboratory at the Technical University
of Munich. Analysis of C, H, and N values was conducted by the flash
combustion method at 1800 °C. NMR spectra were recorded on a
Bruker AV400 at room temperature at 400 MHz. LIFDI-MS data
were recorded on an Exactive Plus Orbitrap system by Thermo Fisher
Scientific equipped with an ion source (LIFDI) from LINDEN CMS
GmbH.** Single-crystal X-ray diffraction (SC-XRD) data were
collected on a BRUKER D8 Venture system equipped with a Mo
TXS rotating anode (4 = 0.71073 A) and a CMOS photon 100
detector (for detailed information, see the Supporting Information).
Capillary PXRD measurements were recorded in transmission
geometry on a Stoe STADI P diffractometer equipped with Mo
radiation (4 = 0.7093 A), a curved Ge(111) monochromator, and a
Dectris Mythen 1K detector. UV/Vis spectra in solution were
recorded on a double-beam Lambda 365 UV—Vis spectrophotometer
from PerkinElmer. Diffuse reflectance UV/vis measurements of
sample powder were performed on a Shimadzu UV-3600 Plus UV—
Vis—NIR spectrophotometer by fixing it between two quartz glass
slides. Fluorescence measurements were recorded on an FS$
spectrofluorometer from Edinburgh Instruments either in solution
(linker) or in a PMMA matrix (CPs). IR measurements were
conducted on a PerkinElmer Frontier FT-IR spectrometer. Excitation-
wavelength-dependent Z-scans were performed using a femtosecond
oscillator as part of an experimental setup designed previously.”

Synthesis. 4,4'-Dibromostilbene 2. To a suspension of zinc
powder (6.00 g, 90.69 mmol, 5.60 equiv) in THF (150 mL) at 0 °C,
slowly, TiCl, (S mL, 8.61 g 45.34 mmol, 2.80 equiv) is added via a
syringe. Subsequently, the reaction mixture is heated to 80 °C, and
bromobenzaldehyde (3.00 g, 16.2 mmol, 1.00 equiv) and THF (50
mL) is added and heated for S h at reflux. After completion, saturated
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NaHCO; solution is added dropwise at room temperature. Afterward,
the organic layer is separated and the water is extracted with
chloroform (3 X 100 mL). The combined organic layers are dried
with magnesium sulfate, filtered, and then concentrated on a rotary
evaporator to yield a white solid (2.56 g, 93%). '"H NMR (400 MHz,
CDCLy): 8 (ppm) 7.02 (s, 2H), 7.36 (d, ] = 8.47 Hz, 4H), 7.48 (d, ] =
8.45 Hz, 4H).

4,4'-Diiodostilbene 3. 2.5 M nBuLi solution (5.45 mL, 13.6 mmol,
4.60 equiv) was slowly dropped into a mixture of trans-4,4'-
dibromostilbene (6) (1.00 g, 2.96 mmol, 1.00 equiv) in THF (150
mL) at —78 °C. Then the yellow solution was stirred at —78 °C for 4
h. Afterward, it was warmed up to 0 °C, whereby the color of the
solution was changed from yellow to grayish yellow. The reaction
mixture was cooled down again to —78 °C, and a solution of iodine
(2.82 g, 11.1 mmol, 3.75 equiv) in THF (48 mL) was added. Finally,
the reddish-brown solution was quenched with a solution of sodium
thiosulfate (2 spatulas Na,$,0; in 150 mL H,0) and filtrated through
a glass filter. The filter cake was then washed multi-times with water
and dried at 100 °C to get a yellowish solid (1.07 g, 100%). '"H NMR
(400 MHz, CDCL,): & (ppm) 7.04 (d, 4H), 726 (d, ] = 142 Hz),
7.70 (dd, J = 8.3, 1.9 Hz, 4H).

Dipropyl-9,9'-(stilbyl)-bis-(carbazole-3,6-dicarboxylate) 4
(Prysbed). Dipropyl-carbazole-3,6-dicarboxylate (0.785 g, 2.32
mmol, 2 equiv), 4,4-iodostilbene (0.5 g 1.16 mmol, 1 equiv),
K,PO, (1.97 g, 9.26 mmol, 8 equiv), DMEDA (0.186 mL, 1.74 mmol,
1.5 equiv), and Cul (66 mg, 0.34 mmol, 0.3 equiv) were dissolved in
15 mL of dry toluene in a 50 mL Schlenk flask and heated to 115 °C
for 3 days. After cooling, the suspension was dissolved in 60 mL of aq.
NH,CI solution, extracted with chloroform (3 X 50 mL). The organic
phases were combined and then dried with MgSO,. The solvent was
evaporated on a rotary evaporator to give a brown solid. The crude
product was then dissolved in § mL of dichloromethane (DCM) and
added dropwise to 35 mL of MeCN in a centrifuge tube. The
precipitate was collected by centrifugation and washed with MeCN
twice to give pale-yellow powder. Subsequently, the raw product is
then subjected to column chromatography (DCM 100%) to give an
off-white powder (810 mg, 0.94 mmol, 82%). '"H NMR (400 MHz,
CDCL): 6 (ppm) 1.12 (t, ] = 7.4 Hz, 12H, CH,), 1.89 (h, ] = 7.2 Hz,
8H), 4.38 (t, ] = 6.7 Hz, 8H), 7.26 (d, 4H), 7.49 (d, J = 8.5 Hz, 4H),
7.69 (d, ] = 14.2 Hz, 2H), 7.86 (dd, ] = 8.3, 1.9 Hz, 4H), 8.23 (dd, ] =
1.5 Hz, 4H), 8.89 (s, 4H). 3C NMR (101 MHz, 298 K, CDCL,) &
(ppm) 10.76, 22.43, 66.72, 109.94, 123.18, 123.41, 123.48, 127.52,
128.40, 128.42, 129.05, 136.14, 137.35, 144.27, 167.20. LIFDI-MS:
m/z [M]" caled for Cg4HgoN,Oy, 854.3562; found, 854.3545. EA
caled for Cg,HyoN,Oy: C, 75.86; H, 5.89; N, 3.28; found: C, 74.76; H,
5.87; N, 3.45.

9,9'-(Stilbyl)-bis-(carbazole-3,6-dicarboxylic acid) 5 (H,sbcd). To
a solution of Prysbed (450 mg, 0.59 mmol, 1.00 equiv) in 150 mL of
THF and 15 mL of MeOH, an aqueous NaOH solution (2.5 g in 250
mL of water) is added and heated for 18 h at 90 °C. After completion
of the reaction, THF and MeOH are removed under vacuum on a
rotary evaporator. Subsequently, the aqueous phase is acidified with a
2 N HCl solution till it reacts acidic. The resulting white precipitate is
filtered, washed with water, and then dried, giving a white powder
(335 mg, 0.48 mmol, 85%). "H NMR (400 MHz, 298 K, DMSO-dg)
5 (ppm) 7.52 (d, 4H), 7.61 (s, 2H) 7.74 (d, 4H), 8.02 (d, 4H), 8.12
(dd, 4H), 8.99 (s, 4H), 12.81 (s, 4H); *C NMR (101 MHz, 298 K,
DMSO-dg) & (ppm) 110.03, 122.56, 123.03, 123.05, 123.45, 127.26,
128.32, 128.43, 128.79, 137.18, 143.44, 167.63; LIFDI-MS: m/z [M]*
caled for C,H,4N,Oq 686.1684; found, 686.1667. EA calcd for
CyuHyN,Og: C, 73.46; H, 3.82; N, 4.08. Found: C, 70.87; H, 4.2; N,
4.02.

2,7-Diiodofluorene 6. A Schlenk flask is filled with 5.00 g (30.05
mmol, 1.00 equiv) of fluorene, 40.70 mL of acetic acid, 8.15 mL of
water, and 1.22 mL of conc. H,SO, and heated up to 80 °C to
dissolve fluorene completely. Subsequently, the mixture is cooled
down to 60 °C, treated with 5.10 g (20.08 mmol, 0.67 equiv) of I, and
2.30 g (10.09 mmol, 0.34 equiv) of HilOy, and stirred for 4 h. The
violet-red solution is filtered and recrystallized with 100 mL n-hexane.
The precipitation is dried to a fine orange-yellow powder. "H NMR

(400 MHz, CDCL,): & (ppm) 7.87 (d, J = 1.5 Hz, 2H), 7.70 (dd, J =
8.0, 1.6 Hz, 2H), 7.49 (d, ] = 8.0 Hz, 2H), 3.83 (s, 2H).
2,7-Diiodo-9,9-dimethyl fluorene 7. In a Schlenk flask, 4.17 g
(9.97 mmol, 1.00 equiv) of 2,7-diiodofluorene is dissolved in 30 mL
of dry THF and cooled down to 0 °C. Afterward, 2.56 g (26.64 mmol,
2.67 equiv) of Na'OBu is added to the mixture and stirred at room
temperature for 2 h. At 0 °C, the mixture is treated with 1.86 mL
(29.88 mmol, 3.00 equiv) of Mel and stirred overnight at room
temperature. Subsequently, the dark-yellow solution is filtered with
Celite and evaporated to a bright orange-yellow powder. The crude
product is recrystallized with 30 mL of toluene to give an orange-
brown powder. 'H NMR (400 MHz, CDCl,): & (ppm) 7.74 (d, ] =
1.6 Hz, 2H), 7.66 (dd, ] = 8.0, 1.6 Hz, 2H), 7.43 (d, ] = 8.0 Hz, 2H),
1.45 (s, 6H).
Dipropyl-2,7-flourene-9,9-dimethyl-bis-carbazole-3,6-dicarboxy-
late 8 (Pr,fbcd). 9,9-Dimethyl-2,7-diiodofluorene (500 mg, 1.12
mmol, 1.00 equiv), carbazole-3,6-dipropyl-ester (761 mg, 2.24 mmol,
2.00 equiv), Cul (64.04 mg, 0,336 mmol, 0.3 equiv), DMEDA (0.18
mL, 1.68 mmol,1.5 equiv), and K;PO, (1.90 g, 8.97 mmol, 8.00
equiv) are dissolved in 15 mL of dry toluene to give a yellow
suspension, which is heated to 115 °C for 2 days under an argon
atmosphere. The resulting brown solution is extracted with chloro-
form (3 X SO mL) and NH,CI solution, the organic phases are
combined and dried with MgSO,, and the solvent is subsequently
removed under vacuum. The resulting brown solid is redissolved in a
small amount of DCM and is then poured dropwise into 35 mL of
acetonitrile. The white precipitate is then centrifuged and washed
three times with acetonitrile. The remaining off-white solid is then
subjected to column chromatography (DCM 100%) to give a white
powder (732 mg, 0.84 mmol, 75%). "H NMR (400 MHz, CDCl,): &
(ppm) 1.11 (t, ] = 7.5 Hz, 12H), 1.66 (s, 6H), 1.89 (h, J = 7.2 Hz,
8H), 4.38 (t, ] = 6.7 Hz, 8H), 7.48 (d, ] = 8.7 Hz, 4H), 7.61 (dd, ] =
8.0, 1.9 Hz, 2H), 7.68 (d, ] = 1.9 Hz, 2H), 8.07 (d, J = 8.0 Hz, 2H),
821 (dd, J = 8.6, 1.7 Hz, 4H), 9.00-8.96 (m, 4H). *C NMR (400
MHz, CDCL): 10.76, 22.39, 27.20, 47.81, 66.68, 109.90, 121.69,
121.95, 123.17, 123.34, 123.36, 128.38, 136.10, 138.48, 144.37,
156.14, 167.16. LIFDI-MS: m/z [M]* caled for CgHg,N,Oq,
868.3718; found, 868.3694. EA calcd for CHy,N,Og: C, 76.02; H,
6.03; N, 3.22. Found: C, 75.20; H, 5.92; N, 3.21.
2,7-Fluorene-9,9-dimethyl-bis-carbazole-3,6-dicarboxylic Acid 9
(H,fbcd). To a solution of Pr,fbed (450 mg, 0.57 mmol, 1.00 equiv) in
150 mL of THF and 15 mL of MeOH, an aqueous NaOH solution
(2.5 g in 250 mL of water) is added and heated for 18 h at 90 °C.
After completion of the reaction, THF and MeOH are removed under
vacuum on a rotary evaporator. Subsequently, the aqueous phase is
acidified with a 2 N HCI solution until it reacts acidic. The resulting
white precipitate is filtered, washed with water, and then dried, giving
a white powder (336 mg, 0.48 mmol, 84%). 'H NMR (400 MHz,
DMSO): & (ppm) 1.63 (s, 6H), 7.52 (d, ] = 8.6 Hz, 2H), 7.72 (dd, ] =
8.0, 1.9 Hz, 2H), 8.01 (d, ] = 1.9 Hz, 2H), 8.14 (dd, ] = 8.7 Hz, 1.7
Hz, 4H), 8.30 (d, J = 8.1 Hz, 2H), 9.01 (d, J = 1.7 Hz, 4H). *C NMR
(400 MHz, DMSO-dy): 5 (ppm) 27.40, 47.51, 110.04, 121.82, 122.31,
122,53, 123.04, 12342, 126.14, 128.34, 13525, 137.89, 143.62,
156.08, 167.63. LIEDI-MS: m/z [M]* calcd for C,yHyN,Oq,
700.1840; found, 700.1830. EA caled for Cy3HyN,Oq: C, 73.71; H,
4.03; N, 4.00. Found: C, 70.07; H, 4.25; N, 2.97.
2Zn,(sbcd)(DMAC),(H,0); 5. In a 4 mL screw cap vial, 10 mg of
H,sbed and 11.12 mg of Zn(NO;), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.5 mL) and heated at 90 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give white frost-flower shaped crystals (6.6 mg, 45%). EA calcd for
Zn,C,,H,,N,042C,H,0-1.5H,0: C, 58.67; H, 4.33; N, 5.47; Zn,
12.77. Found: C, $8.71; H, 4.52; N, 5.81; Zn, 12.3.
Sr(fbcd)(DMAC)25(H;0)35. In a 4 mL screw cap vial, 10 mg of
H,fbed and 9.24 mg of Sr(NO,), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.5 mL) and heated at 100 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give a white crystalline needle (5.2 mg, 42%). EA caled for
SrC43H,6N,040.25C,Hy0-3.5H,0: C, 60.46; H, 3.89; N, 3.6. Found:
C, 60.67; H, 4.08; N, 3.62.
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Figure 2. Multi-step synthesis procedure toward the carbazole-based linkers Hysbed 5 and Hyfbed 9.

Figure 3. (a) Depiction of a monolayer cut-out of the Zn,(sbcd) (DMAc),(H,0), s 2D-CP. (b) Depiction of the SBU containing two Zn*" atoms
with four coordinated oxygen atoms and representation of the four-connecting stilbene linker. (c) Depiction of the crystal structure of the network
alongside the a-axis. (d) Schematic representation of the underlying network topology of the sql-network topology alongside the a-axis. (e)
Depiction of the parallel packing of the network layers with a mean chromophore distance of 6.98 A alongside the ab-plane. (f) Schematic
representation of the underlying network topology along the c-axis. Note: hydrogen atoms are omitted for clarity. Color coding: gray = carbon, blue
= nitrogen, red = oxygen, and light gray = zinc.
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Ba(fbcd)(DMAC), 5(H;0); 5. In a 4 mL screw cap vial, 10 mg of
H,fbed and 11.12 mg of Ba(NO;), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.25 mL) and heated at 100 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give white crystalline needles (6.7 mg, 43%). EA caled for
BaC,3H,eN,042.5C,H,0-1.5H,0: C, 58.9; H, 4.8; N, 6.01. Found:
C, 58.9; H, 4.87; N, 6.01.

B RESULTS AND DISCUSSION

Synthesis of the Carbazole-Based Donor—z—Donor-
Linker Molecules. The synthesis of the chromophore units
(Figure 2) that were incorporated in the CP starts with the
carbazole donor 1 synthesis, which was previously published by
our group in 2020 (cf. Supporting Information).”’ Being a
reliable synthesis method for C—N hetero-coupling reactions
for carbazoles, the Ullmann reaction using copper as a metal
catalyst was employed. Therefore, first, the halogenated
aromatic cores have to be synthesized in order to subsequently
couple them with the carbazole moiety.

For the synthesis of the stilbene core, a McMurry reaction
with 4-bromobenzaldehyde using titanium tetrachloride as a
reduction agent was performed, yielding 4,4'-dibromostilbene
2 according to a synthesis procedure by Jeong and co-
workers.”> In principle, 2 could be used directly for a
subsequent Ullmann reaction as it was reported earlier by
Krause et al. in 2020.”> However, we found that the reaction
time of 10 days can be significantly reduced via an additional
synthetic step to substitute the bromine atoms with iodine,
making the molecule more reactive toward the coupling.
Within this improved synthesis, a bromine—iodine exchange
reaction was performed using butyllithium for the bromine—
metal exchange, followed by addition of iodine solution in
THF for the metal—iodine exchange to yield 3. Finally, via
Ullmann reaction following our previously reported protocol,
the stilbene core is coupled to the carbazole moiety using a
copper catalyst ligated with two molecules of N,N-
dimethylethylenediamine, leading to 4 in good purity and
yields. As a last step toward the final linker, the ester groups are
saponificated via alkaline hydrolysis reaction with NaOH,
yielding $ in excellent purity.

For the synthesis of the fluorene core, first, the terminal 2
and 7 positions were subjected to a substitution reaction using
a periodic acid and elemental iodine in a solvent mixture of
acetic acid, water, and sulfuric acid toward 6, in accordance
with Tsutsui and co-workers from 2001.>° Afterward, the two
protons at position 9 of the synthesized 2,7-diiodofluorene
have to be substituted since they would hinder the following
Ullmann reaction due to their acidic character. This was done
according to an adapted synthesis procedure from a
publication by West et al, where first the fluorene is
deprotonated with potassium-tert-butoxide and afterward by
adding methyliodine as an electrophilic reagent, yielding 9,9'-
dimethyl-2,7-diiodofluorene 7.*” The aromatic core is then
also coupled with the carbazole moiety using the same
conditions and the same work-up procedure as for 4, resulting
in excellent yields and purity for 8 and later on after alkaline
hydrolysis for 9.

SC-XRD Analysis of the Coordination Polymers. SC-
XRD Analysis of Zn,(sbcd)(DMAC),(H;0); 5. After 2 days
reaction time of a one-batch solvothermal synthesis using
Zn(NO;),, DMACc, and water, small frost flower-shaped single
crystals could be obtained, which were analyzed via SC-XRD.
It revealed that the CP Zn,(sbcd)(DMAc),(H,0), 5 crystal-

lizes in the triclinic space group P-1 with its unit cell
parameters of a = 9.256(3) A, b = 11.735(4) A, and ¢ =
12.319(4) A and the respective cell angles of a = 73.267(10)°,
S =78.637(8)°, and y = 68.362° with two linker-node moieties
per unit cell (Z = 2).

In Figure 3a, a monolayer cut-out of the CP is depicted,
showing that two carboxylic acid group atoms connect two
zinc centers, forming a Zn,Oy cluster as a secondary building
unit (SBU) with two water molecules on the top of each
tetrahedron (Figure 3b). These SBUs in turn connect four
linker molecules, which leads to a 2D sheet-like sql-network
topology. Alongside the b/c-plane, the shifted stacking of each
layer can be seen in Figure 3¢, which means that the carbazole
units are lying over the stilbene moieties. This is further
illustrated in a schematic representation of the whole network
in Figure 3d. This can also be observed in Figure 3e,f alongside
the c-axis, where the side view of the packing is depicted, which
reveals an interchromophoric distance of 6.98 A.

In Figure 4, the powder X-ray diffractogram of Zn,(sbcd)-
(DMAC),(H,0), 5 is depicted, which shows a high degree of

—Zn,(sbed)(DMAC),(H;0); 5
Fit (R, = 5.01)
Difference
Bragg Position

P
GoF =4.95

Intensity [-]
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207
Figure 4. Plot of the powder XRD data of the Zn,(sbed)-

(DMACc),(H,0), s network (dark gray), the simulated Pawley fit
(green), the difference plot (blue), and the Bragg positions (orange).

crystallinity and intense reflections at 3.75, 4.50, 6.11, 9.95,
7.58, 9.02, and 10.11°. Pawley fit on the data reveals an R,
value of 5.01% and a goodness of fit (GoF) of 4.95, which
shows that the proposed structure model is in good agreement
with the bulk material.

SC-XRD Analysis of Sr(fbcd)(DMACc),,5(H,0);s and Ba-
(focd)(DMAC), 5(H,0), 5. After 2 days of solvothermal synthesis
using H,fbcd as a linker mixed with either strontium or barium
in a dimethylacetamide/water mixture, needle-shaped single
crystals suitable for SC-XRD could be obtained. Analysis of
single crystals of the strontium CP revealed that it crystallizes
in the triclinic space P-1 with the unit cell lengths of a =
10.076(3) A, b = 12.140(3) A, and ¢ = 23.401(6) A and cell
angles of @ = 93.793(7)°, f = 90.197(8)°, and y = 93.276(8)°
with two linker-node moieties per unit cell (Z = 2). The
barium-based CP crystallizes in the monoclinic space group
P2,/n with the cell axis lengths of a = 12.1780(10) A, b =
20.5805(17) A, and ¢ = 46.760(4) A and its monoclinic angle
of # = 90.270(2)° with four linker-node moieties per unit cell
(z=4).
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Figure 5. (a) Side view alongside the a/c-plane of the 2D coordination network of Sr(fbcd) (DMAc),,5(H,0); 5. (b) Depiction of a monolayer cut-
out of Sr(fbed)(DMAc)g,5(H,0)s5 along the a-axis. (c) Side view alongside the b/c-plane of the 2D coordination network of
Ba(fbed)(DMAC), s(H,0), 5. (d) Depiction of a monolayer cut-out of Ba(fbed)(DMAc),(H,0),s along the b-axis. (e) Depiction of the
Sr,0,, SBU (left) containing two coordinated DMAc molecules and the Ba,O 5 SBU (right) containing three coordinated DMAc molecules and
representation of the four-connecting fluorene-based linker. (f) Schematic representation of the underlying 4,8-c network topology for both CPs.
Note: hydrogen atoms are omitted for clarity. Color coding: gray = carbon, blue = nitrogen, red = oxygen, light green = strontium, and dark green =
barium.
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Figure 6. Plot of the measured powder XRD data (dark gray), the simulated Pawley fit (green), the difference plot (blue), and the Bragg positions
(orange) of (a) Sr(fbed)(DMAc)y,5(H,0);5 and (b) Ba(fbed) (DMAc), (H,0), 5.
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Figure 7. (a) UV/vis spectra of the linker Pr,(sbcd) in DCM solution (black) and its corresponding zinc CP (red) in the solid state. (b) Emission
spectra of the linker Pr,(sbcd) in DCM solution (black) and its corresponding CP (red) in the solid state. (c) UV/vis spectra of the linker
Pr(fbed) in DCM solution (black) and its corresponding strontium CP (blue) and barium CP (red) in the solid state. (d) Emission spectra of the
linker Pr,(fbcd) in DCM solution (black) and its corresponding strontium CP (blue) and barium CP (red) in the solid state.

In Figure Sa, Sr(fbed)(DMAc),,5(H,0)55 2D layers are
depicted, which are parallel-packed alongside the a/c-plane
with an intralayer chromophore distance of 3.39 A and an
interlayer distance of 10.08 A. This monolayer can be seen in
Figure Sb, which shows a parallel packing of always pairs of
two chromophores with an inversed fluorene center. For the
barium-based Ba(fbcd)(DMAc),(H,0),s CP, the same
packing of chromophores is observed with a slightly larger
intralayer chromophore distance of 3.65 A and a smaller
interlayer distance of 9.044 A (Figure Sc,d). However, their
overall topology of a 4,8-c network (Figure Sf) is the same for
both CPs, which renders them being isostructural. A main
difference can be observed in their SBUs because the
strontium-based SBU has two strontium ions with two
dimethylacetamide molecules coordinated at each metal
forming a Sr,O,, metal-oxo-cluster, whereas the barium-
based CP has a Ba,O,; metal oxo-cluster with three
dimethylacetamide molecules coordinated to the SBU (Figure
Se).

In Figure 6, the measured powder X-ray diffractogram of the
CPs is depicted, which also shows a high degree of crystallinity
for both materials. The strontium-based CP shows intense
reflections at 5.32, 6.98, and 11.97°, whereas the barium-based
CP shows 4.23, 5.18, 6.94, 7.73, 10.29, and 11.87°. Pawley fit
on both networks reveals a Ry, value of 3.20% for Sr-CP and
7.22% for Ba-CP as well as a goodness of fit (GoF) of 1.63 and
2.10, respectively, which indicates that structure models agree
very well with the respective bulk material.

Photophysical Characterization of the CPs and Their
Linkers. Steady-State Spectroscopy of CPs and Linkers. For
a primary investigation of the photophysical properties of the
synthesized materials, steady-state spectroscopy was performed
(Figure 7) along with IR spectroscopy (cf. Figure S10). The
absorption spectrum of the stilbene-based linker molecule
shows four absorption bands located at 250, 270, 320, and 350

nm, which can be mainly attributed to n—z* and 7—7*
transitions as the linker molecule is dominated by its aromatic
core structure (Figure 7a). However, the absorption spectrum
of the respective CP shows a red shift of absorption bands of
approximately 50 nm, leading to a broad strong absorption
around 400 nm. When we assume that the solvent-related
effects to the absorption spectra are negligible (Figure S18)
and note that the linker and CP spectra were measured in
DCM and in the solid state, respectively, the observed red shift
can be explained by the excitonic interaction of the
chromophores within the CP as the same trend can be seen
for solid linker powder (Figure S19). In this environment, the
interchromophore distance is strongly reduced as compared to
the solvated, isolated chromophores.”® A red shift of a similar
magnitude is also observed when comparing the emission
spectrum of the free linker with the emission spectrum of the
CP in Figure 7b. We note that the transition in the visible
range (above 550 nm in Figure 7a) is due to scattered light and
does not represent a molecular transition; accordingly, the
stilbene-based CP is a white powder. The absorption spectrum
of the fluorene-based linker molecule shows two absorption
bands located at 290 and 320 nm, tentatively attributed to
transitions of the aromatic rings of the fluorene linker. The
respective CP absorption spectra are broadened and featureless
as compared to the linker. This holds true regardless of the
choice of metal, that is, Sr or Ba (Figure 7c). The emission
spectra however reveal a clear 50 nm red shift of the CPs
(Figure 7d).

Z-Scan Measurements. Nonlinear optical properties of CPs
Zny(sbed)(DMAc),(H,0),5, Sr(fbed)(DMAc)g,5(H,0)55,
and Ba(fbcd)(DMAc),(H,0), s were characterized using
the open-aperture Z-scan tecl'u'u'que,l""l which is a method
that allows one to extract two-photon absorption coefficient /3
by fitting the measured Z-scan traces (see the Supporting
Information for more details). Afterward, values of two-photon

https://doi.org/10.1021/acs.chemmater.2c01525
Chem. Mater. XXXX, XXX, XXX—XXX

47



Chemistry of Materials

pubs.acs.org/cm

Table 1. Two-Photon Absorption (Action) Cross-Sections of the Reported CPs/MOFs over Excitation Wavelengths Ranging

from 550 to 960 nm

CPs/MOFs 2PA cross-section 6 (10° GM)
Zn,(sbed) (DMAC),(H,0), 5 2.137-15.838
St(fbed) (DMAC)g35(H;0)s 5 20.724—33.355
Ba(fbed)(DMAc), s(H,0), 3.054—10.415
Zn,(benzoate),(An2Py), 0.89
Z1/CO,CFy/ TCPEy e
Zr/OH/TCPE g

Zrg0,(OH)5(ETTC),(H,0),4
Zn,(TCPPE) (complex 1)

absorption cross-section 6 can be calculated accordingly and
expressed in the unit of Goppert-Mayer GM (1 GM = 107%°
cm*s-photon™"molecule™). All three CP samples were
prepared in a PMMA film with a thickness of c.a. 0.05 mm
attached on a 1 mm thick quartz glass substrate; the calculated
concentrations are in the range of 28—55 mM (see sample
preparation, Supporting Information Section S8).

The preparation of MOF/CP samples for a given nonlinear
characterization technique has proved to be challenging.
Medishetty et al. and Quah et al. performed the measurements
based on solid-state multiphoton excited fluorescence
(SSMPEF) by packing MOF powders in a thin quartz cuvette
to measure the MPA-induced fluorescence detected orthogo-
nally with respect to the excitation beam.***! In order to do so,
one needs to find a standard sample as a reference (e.g,, solid
perylene or rhodamine dyes). In our method, we disperse the
fine ground CP crystals in the PMMA film, which brings us
several advantages. As compared to solid-state powders, the
sample concentration can be defined more properly. This is
advantageous for the Z-scan technique as it is transmission-
based and sets demands for an optimal concentration regime.
In the context of the measurements presented here, Z-scan is
advantageous as the two-photon absorption cross-sections are
measured directly and no reference sample is required. Unlike
Z-scan, fluorescence-based methods (e.g, SSMPEF) require
information of quantum efficiency # to calculate the 2PA cross-
section 6%, If 7 is not known, 2PA action cross-section 76 is
a commonly accepted parameter to quantify 2PA cross-section
(Table 1).

The excitation range of the employed femtosecond oscillator
is from 700 to 950 nm. Zn,(sbed)(DMAc),(H,0), 5 gives 6®
values in the range of 2137—15,838 GM. The H,fbcd-based
CPs Sr(fbed)(DMAc),5(H,0)55 (20,724—33,355 GM) and
Ba(fbcd)(DMAC), 5(H,0), 5 (3054—10,415 GM) exhibit ¢!
values that are 1 order of magnitude higher (Figure 8).
Furthermore, Sr(fbcd)(DMAc),,5(H,0)55 shows two-photon
cross-section values that are outcompeting most of the
common state-of-the-art materials like organic lumophores,
which normally show cross-sections in the range of 1 X 10° to
1 X 10° GM.*** Additionally, for Hjtcpe-based MOFs
(Hytcpe = tetrakis[4-(4-carboxyphenyl)phenyl]ethylene),
Medishetty et al. observed a maximum 76'? value of 3582
GM (Table 1). The appreciable enhancement of two-photon
absorption of three CPs discussed here is attributed to the
replacement of Hytcpe (55 GM) with linkers exhibit'm% higher
2PA cross-sections, for example, Hyfbed (170 GM).”” When
retaining Hyfbcd as a linker but selecting different metal ions,
strontium-based materials exhibit a 3-fold increase of ¢
values when compared to the barium CP. Both barium and
strontium have the same charge, but the latter has a smaller ion

2PA action cross-section 110(2) (10 GM) literature
this work
this work
this work
36
3.582 30
2.59 30
2217 37
1.2 X 10° to 7.4 X 10* 38
x10%
= 40
= ©- Si(fbed)(DMAC)o(H:0)s 5
g “©- Ba(fbed)(DMAC)a 5(H20) 15
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o
.2
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Figure 8. Comparison of the two-photon absorption cross-sections of
the three CPs. Color coding: blue = Sr(fbcd) (DMAc),,5(H,0);5, red
= Ba(fbcd)(DMAc), (H,0),5, and black = Zn,(sbcd)-
(DMAc),(H,0), 5. The error is estimated as 10%, mainly from the
laser stabilities™ and the determination of sample thicknesses.

radius, making strontium a “harder” ion; strontium can in turn
polarize the chromophore more, which leads to an increase of
the charge-transfer character of the chromophore. Similar
effects are reported in the literature, showing that the choice of
metal ions has an influence on the charge-transfer character.™
When examining the structure of Sr(fbed)(DMAc),,5(H,0)55
and Ba(fbcd)(DMAC), s(H,0), 5, we find that the carbazole—
carbazole distance between the layers is decreased in the
strontium case (3.39 vs 3.65 A). It is the carbazole units that
define the charge-transfer character of the ligand and therewith
the 2PA cross-section.'** Therefore, we hypothesize that the
above-mentioned structural differences are another factor
explaining the altered two-photon activity observed for the
two CPs.

B CONCLUSIONS AND OUTLOOK

In conclusion, we have synthesized and photophysically
characterized two MPA-active chromophores, Hysbcd and
H,fbcd, which were successfully incorporated into three MPA-
active CPs. These CPs (Zn,(sbcd)(DMAc),(H,0),5, Sr-
(fbed) (DMAC),5(H,0)s 5, and Ba(fbed)(DMAC), 5(H,0),5)
were investigated through single-crystal XRD, revealing that
the three CPs are 2D CPs. The zinc-based CP shows an sql-
network topology, whereas the main group CPs show a 4,8-c
net topology. Steady-state spectroscopy of the free linkers
compared to networks displays a red shift of the absorption
and emission bands, which is due to dipole interactions of the
chromophores inside the solid framework. Investigation of the
MPA properties using the Z-scan technique showed that the
three CPs exhibit high two-photon absorption cross-sections
o? of 10,415—33,355 GM, which are among highest cross-
sections reported for MPA-active CPs (Table 1) Very
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recently, Vittal and co-workers synthesized five MOF
complexes utilizing H,tcpe.” Surprisingly, one of the obtained
complexes showed extremely large 76 values (1.2 X 10° to
7.4 X 107 GM), which are among the highest 76 values
reported for MOFs/CPs up to date (Table 1).

As a perspective, we aim to further develop the MPA
efficiency of these CP materials by combining the presented
strong multiphoton absorbing chromophores (H,sbcd and
H,fbcd) with the topological approach published by Vittal and
co-workers,*® which will potentially lead to modular tunable
MPA materials significantly outcompeting the state of the art.
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3.3 A Perylenediimide-Based Zinc-Coordination Polymer for Photosensitized

Singlet-Oxygen Generation

Perylenediimides (PDI) are well-known organic dyes caused by their outstanding
optoelectronical applicability. However, there are only a few examples of PDI based
coordination polymers, which are used for photocatalysis. In this manuscript, we report the
synthesis and characterization of a novel zinc based 2-coordination polymer Zn(tpbd)(DMF)3
with the already literature known linker molecule 1,6,7,12-tetrachloroperylenediimide-N,N*-di-
benzoic acid (Hztpbd). The CP and the respective linker were fully investigated including single
crystal x-ray diffraction. SC-x-ray analysis revealed that both linker and CP crystallize in the
monoclinic space group C 2/c with a strong aggregation of the incorporated linker. Absorption
measurements of the CP shows, that absorption band are red- and blue-shifting compared to
the solvated linker, which can be attributed to H-type aggregation and additional charge
transfer of the framework, leading also to a limited quantum efficiency. Finally, Zn(tpbd)(DMF)3
and Hatpdb was tested for photosensitization of triplet oxygen to singlet at 512 nm using 1,3-

diphenylisobenzofurane (DBPF) as trapping agent.
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Fig. 27: (a) Stacked UV/Vis spectra of 1,3-diphenylisobenzofurane (DBPF) showing the decrease in absorption
over time for the reaction with the Zn-based CP used as photosensitizer with a 512 nm LED. (b) decrease of the

absorption maxima of DBPF at 416 nm with the CP and the respective linker as well as the control experiments.

Thereby, the Hatpdb shows activity towards photosensitization, which can be retained upon
incorporation in CP. This is, up to now, the first example of a PDI-based CP successfully tested

towards singlet oxygen generation.

This manuscript was written by two shared-first authors and edited by R. A. Fischer and
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this author. The structural and photophysical characterization was done by the author of this

thesis.

Reprinted with permission from Energies in 2022.10°

Deger, S. N.T; Weishaupl, S. J. T; Pothig, A.; Fischer, R. A., A Perylenediimide-Based Zinc-
Coordination Polymer for Photosensitized Singlet-Oxygen Generation. Energies 2022, 15 (7),
2437.

TThese authors contributed equally to this work.

52



energies

Article

A Perylenediimide-Based Zinc-Coordination Polymer for
Photosensitized Singlet-Oxygen Generation

Simon N. Deger !, Sebastian J. Weishaupl *, Alexander Péthig * and Roland A. Fischer *

check for
updates

Citation: Deger, S.N.; Weishaupl, SJ.;
Pothig, A.; Fischer, RA. A
Perylenediimide-Based
Zinc-Coordination Polymer for
Photosensitized Singlet-Oxygen
Generation. Energies 2022, 15, 2437.
https:/ /doi.org/10.3390/en15072437

Academic Editor: Claudio Mele

Received: 18 February 2022
Accepted: 21 March 2022
Published: 25 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Chair of Inorganic and Metal-Organic Chemistry, Catalysis Research Center, Ernst-Otto-Fischer-Strafe 1,
85748 Garching, Germany; simon.deger@tum.de (S.N.D.); sebastian.weishaeupl@tum.de (S.J.W.)

* Correspondence: alexander.poethig@tum.de (A.P.); roland.fischer@tum.de (R.A.F)

t These authors contributed equally to this work.

Abstract: In the face of anthropogenic global warming the design and synthesis of materials, which
enable energy transfer processes using sunlight as an energy source, are of high interest. Perylenedi-
imides are a highly absorbing class of chromophores suitable for sunlight absorption and conversion.
Therefore, metal-organic frameworks (MOFs) and coordination polymers (CPs) with incorporated or-
ganic perylene chromophores are highly interesting materials both for applied, but also fundamental,
photophysical research. MOFs/CPs have the advantage of a modular adjustability of interchro-
mophoric distances and angles, and the choice of metal nodes can be used to further tune the material
towards the desired photophysical properties. In the present paper, we present a study using a
reported organic perylenediimide (PDI) chromophore (H,tpdb) as a linker to be incorporated into
coordination polymer and test towards applicability within the photochemical 'O, generation. In
detail, a novel zinc 2D -coordination polymer Zn(tpdb)(DMF); is reported, which is synthesized
using a solvothermal synthesis with Zn(NOj3), and a ditopic organic perylene linker. Both the linker
and Zn-CP are fully characterized, including SC-XRD, showing a strong aggregation of tightly packed
chromophores in the solid state. The photophysical properties are examined and discussed, including
the observed shifts within the absorption spectra of the CP are compared to the linker in solution.
These shifts are mainly attributed to the for PDIs known H-type aggregation and an additional charge
transfer in the framework structure, causing a limited quantum yield of the emission. Finally, the
photosensitization of triplet oxygen to singlet oxygen using 1,3-diphenylisobenzofurane (DBPF) as
a trapping agent is investigated both for the free linker and the Zn-CP, showing that the perylene
chromophore is an efficient photosensitizer and its activity can, in principle, be retained after its
incorporation in the coordination polymer.

Keywords: perylene diimide; metal-organic framework; singlet oxygen; photosensitizer; H-type ag-
gregation

1. Introduction

In the light of anthropogenic global warming, a conversion of greenhouse gases (e.g.,
CO, and NOy) into valuable chemicals is the focus of current research [1]. In nature,
light-absorbing dyes, such as chlorophyll, are utilized to convert light into energy-rich
organic compounds, primarily carbohydrates, from low-energy inorganic substances, such
as carbon dioxide and water [2,3].

Therefore, translating the fundamental reactions of natural photosynthesis into an
efficient, robust, and economic artificial leaf is a significant task [2,4,5]. In order to be able
to design and fabricate high-performance synthetic materials, a deep understanding of
related energy transfer processes inside these compounds is of utmost importance.

Metal-organic frameworks (MOFs) are a class of porous, polymeric, and multifunc-
tional hybrid materials. They consist of metal ions and organic bridging ligands, and
therefore the respective research is located at the interface between molecular coordination

Energies 2022, 15, 2437. https:/ /doi.org/10.3390/en15072437
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chemistry and materials science [6]. In the presented study, the metal ions serve as nodes of
a crystalline lattice. They govern the structure and topology of the material n combination
with the directionality of the organic linkers [7].

Additionally, the wide range of possible metal nodes as well as the different design
concepts of the organic linker molecules offer a variety of magnetic, electrical, optical,
and catalytic properties that can be incorporated into these materials. For instance, MOFs
have been applied in catalysis, gas storage, telecommunications, photovoltaics, or sensor
technology applications [8-13].

With respect to the photochemical properties of the material, MOF chemistry offers
a precise control of pore size and interchromophoric distances and angles, therefore, in
principle, providing synthetic tools to fundamentally study energy-transfer processes and
the reactivity of the material [9,14].

Concerning the choice of chromophore linkers, rylene dyes are a very prominent
class of organic dye molecules. Initially applied for industrial use as red dyes and as
pigments in automotive finishes [15], they became widely used in manifold industrial
applications as well as in modern research [16], due to their outstanding chemical, thermal,
and optical stability [17-19]. In addition, they exhibit remarkable optoelectronic properties,
e.g., as excellent light-harvesting materials, since they strongly absorb visible light with
high fluorescence quantum yields in solution [20]. Furthermore, they possess a large
conjugated 7t-system, as well as high molar absorption coefficients, which results in strong
intermolecular coupling [21].

One of the potential photochemical applications of perylene dyes is the photosensitized
singlet-oxygen generation, e.g., within photodynamic therapy [22]. In this process, the
photosensitizer, in this case the perylene chromophore, is excited and transfers the absorbed
energy to a triplet oxygen >0, to generate singlet oxygen 'O, [23]. As a consequence, the
generated 'O, has a higher reactivity and electrophilicity than >O,, which makes it more
applicable in photochemical and photobiological processes, since the singlet oxygen rapidly
reacts with nearby biomolecules leading to destructive reactions, which then causes, for
example, the death of cancer cells [24,25]. Such an incorporation of organic chromophores
into a rigid framework for photosensitization reactions is already successfully applied for
many porphyrin-based metal-organic frameworks [26-28].

Herein, we present the synthesis and characterization of a new 2D zinc coordination-
polymer Zn(tpbd)(DMF)3 with the already known perylenediimide (PDI)-based linker
molecule 1,6,7,12-tetrachloroperylenediimide-N,N’-di(benzoic acid) (Hatpdb). Similarly
Hupp et al. reported a crystalline PDI-zinc framework in 2009, with a different powder
pattern, and therefore crystal phase, to the material reported in the present work [29]. Single-
crystal X-ray diffraction analysis (SC-XRD) of the materials revealed parallel chromophore
packing featuring interchromophoric distances of 3.6 A, showing a red and blue shifting of
the absorption band known indicating as head-to-head aggregation.

Finally, the material was tested in the photosensitization reaction of triplet oxygen to
generate singlet oxygen using 1,3-diphenylisobenzofurane as 'O, trapper, proving that
Zn(tpdb)(DMF); can be used as an effective material in photochemical reactions. This
makes the herein presented material the first example of a PDI-based coordination polymer
that is used for photosensitized singlet-oxygen generation.

2. Experimental
2.1. Materials and Method

All utilized chemicals were received from common chemical suppliers and were used
without further purification. All air-sensitive reactions were carried out under argon at-
mosphere (Argon 4.6) using the standard Schlenk techniques. The determination of the
elemental composition was performed by the flash combustion method at 1800 °C, on-
ducted by the Microanalytical Lab at the Technical University of Munich. NMR spectra
were measured on a Bruker AV400 at ambient temperature at 400 MHz. UV /Vis spec-
troscopical measurements in solution were performed using a PerkinElmer Lambda 365
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UV/Vis spectrometer equipped with a xenon lamp. UV/Vis spectroscopical measurements
for solid-state samples were performed on a SHIMADZU UV-3600 Plus with Ba,SO4 as
blank. Solution as well as solid-state fluorescence measurements were carried out using
an Edinburgh Instruments FS5 spectrofluorometer equipped with a xenon lamp. BET
measurements were performed on a 3Flex Physisorption from Micromeritics Instrument
Corp. (Norcross, GA, USA). Single-crystal XRD measurements were conducted in the
SC-XRD laboratory of the Catalysis Research Center at the Technical University of Munich
(for details cf. Supplementary Materials).

2.2. Synthesis

1,6,7,12-tetrachloro-perylene-3,4,9,10-tetracarboxylic anhydride 1: the synthesis was
performed according to a literature-known synthesis [30]. In a 100 mL Schlenk flask, 1 g of
perylene-3,4,9,10-tetracarboxylic acid anhydride 1 (2.5 mmol, 1 eq.) and 0.17 g of iodine
(0.68 mmol, 0.27 eq.) in 6.55 mL of chlorosulfonic acid were stirred for 2 days at 70 °C
under argon atmosphere. After completion, the reaction mixture was slowly poured into
500 mL of ice water. Subsequently, the precipitating orange solid was filtered, washed with
water, and dried to produce a bright orange powder (1.32 g, 2.49 mmol, 99%). 'H-NMR
(400 mHz, CDCI3): 8 (ppm) = 8.75 (s, 4H).

1,6,7,12-tetrachloroperylenediimide-N,N’-di-benzoic acid (H,tpbd) 2: the synthesis
was performed with a modified literature synthesis [31]. In a 100 mL round bottom flask,
1 g of 1(1.89 mmol, 1 eq.) and 3.88 g of 4-aminobenzoic acid 3 (28.3 mmol, 15 eq.) were
dissolved in 25 mL of propionic acid and stirred for 2 days at 160 °C. After the completion
of the reaction, the reaction mixture was poured into 100 mL of water and subsequently
filtered off. The filtrate is washed with 100 mL of water/methanol (1:1), and afterwards the
orange solid was dried to constant weight (1.1 g, 1.89 mmol, 79%).

'H-NMR (400 mHz, DMSO-d6): & (ppm) = 13.20 (s, 2H, COOH), 8.64 (s, 4H), 8.16-8.12
(m, 4H), 7.61-7.56 (m, 4H).

Zn(tpdb)(DMF)3 3: in a 4 mL screw-cap vial, Zn(NO3); (15.0 mg, 0.05 mmol, 3.8 eq.)
and Htpbd 2 (10.0 mg, 0.013 pmol. 1 eq.) were dissolved in 3 mL of DME. Afterwards, the
solution was sonicated and placed for 96 h at 90 °C in an oven. The precipitated solid was
then filtered and dried to constant weight to produce orange needles of Zn(tpbd)(DMF)3 3
(4.13 mg, 0.0039 mmol, 30%).

Elemental analysis (%) calc. for Zn(tpdb)(DMF);: C, 53.17; H, 3.17; N, 6.66; Zn, 6.22;
Cl, 13.49; found C, 53.57; H, 2.78; N, 6.03; Zn, 6.2; Cl, 13.0.

2.3. 10, Evolution Experiments

In a glovebox, a 20 mL phototube was filled with 1.25 mg (4.62 mmol, 1 eq.) of DBPF
and 1 eq. of the respective photosensitizer 2 or 3. A total of 5 mL of dried acetonitrile
was added with argon counter flow, and subsequently the suspension was stirred for
30 min in the dark to achieve the adsorption/desorption equilibrium under an oxygen
atmosphere. Afterwards, an LED with a wavelength of 512 nm was used and at defined
time intervals, aliquots of the reaction solution were obtained, diluted, and investigated
byUV /Vis-spectroscopy.

3. Results and Discussion
3.1. Linker and CP Synthesis

The PDI-based linker 2 was synthesized in a two-step synthesis procedure starting
from perylene-3,4,9,10-tetracarboxylic acid anhydride (Figure 1). In the first step, the bay
area positions of the perylene core were chlorinated to twist the aromatic system and later
enhance the solubility of the linker for CP synthesis [32]. Subsequently, 1 was reacted with
4-amino benzoic acid to obtain an orange powder of Hytpbd 2 in good yields of 79% and
excellent purity.
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Figure 1. Three-step synthesis procedure to obtain 3, starting from perylene-3,4,9,10-tetracarboxylic
acid anhydride.

Then, 10 mg of 2 were used in a solvothermal synthesis reaction towards novel
coordination polymers with 3.8 eq. of Zn(NO3); in 3 mL of DMF for 4 days at 90 °C in an
oven. Following this, orange single crystals of Zn(tpdb)(DMF); 3 were obtained, which
were filtered off and washed with DME

In comparison to the other CPs or MOFs, the solvothermal synthesis applied here is
comparably uncomplicated (compare Table 1), as it requires no preformation of SBUs or
additional additives (e.g., MeOH, trifluoroacetic acid).

Table 1. Table of different literature-known MOF synthesis approaches.

MOF Name Linker Metal Salt ~ Temperature Solvent Additives Refs.
R1-7-BDC, 2,6-NDC,
MOE-5, IRMOF(2-20) BPDC, HPDC, PDC, Zn(NO3)» 85° to 105 °C (DMF/DEF), Hy0,, NEt; [6,33]
TPDC chlorobenzene
[Zny(TPOM)(NDC),] TPOM, H,NDC Zn(NO3)» 100 °C DMF H,O [34]
{[Zn(p-4- 4-hydrazinebenzoic o
hzba) 2 4(H20)n e Zn(OAc), 110°C EtOH H,0 [35]

3.2. Crystal Structure Analysis of Hytpbd

Small single crystals of Hytpbd for single-crystal X-ray diffraction (SCXRD) analysis
were obtained by controlled crystal growth through the slow diffusion of pentane into a
linker solution of 2 (THF). In Figure 2a, the molecular structure, as well as the packing
alongside the crystallographic a and c axis, are depicted (Figure 2b,c).
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Figure 2. (a) ORTEP representation of the molecular structure of the linker molecule Hatpbd 2 in the
solid state, with displacement ellipsoids shown at the 50% probability level. (b) Parallel packing of 2
alongside the b-c plane showing a mean linker distance of 8.4 A. (c) Packing of the 2 alongside the
a-b plane showing an alternating arrangement along the c-axis. Hydrogen atoms and co-crystallized
solvent are omitted for clarity. Color coding: gray = carbon, blue = nitrogen, red = oxygen, and green
= chlorine.

The chromophore molecule crystallizes in the monoclinic space group C 2/c with unit
cell lengths of a = 35.229(4) A, b = 12.367(13) A and ¢ = 21.757(3) A, and monoclinic angle
=119.954(6)°. The asymmetric unit shows a single molecule of the PDI linker, accompanied
by two co-crystallized THF molecules. As expected, the substituted PDI core twists by
35°, compared to the unsubstituted PDI chromophores, caused by the steric demand of
the chlorine atoms [32]. This also has an impact on the solubility, since 7t stacking of the
benzene rings is less favored, which makes the molecule more soluble. Interestingly, one
of the benzene rings of the benzoic acid group is rotated out of the PDI-imide moiety by
roughly 90°, whereas the opposing one shows a respective torsion angle of 78°. The view
along the a-axis shows the parallel packing of the linker molecules (Figure 2b), with a
center-to-center chromophore distance of 8.4 A. Additionally, in Figure 2c, the alternating
packing of the PDI along the a-b plane is depicted.

3.3. Crystal Structure Analysis of Zn(tpbd)(DMF)3

The SC-XRD analysis of the synthesized coordination polymer revealed that the
material crystallizes in the monoclinic space group C 2/c with unit cell parameters of
a = 50.894(3) A, b = 19.971(12) A and ¢ = 16.31(10) A, as well as monoclinic angle
B = 91.825(2)°. Two linker molecules and two zinc atoms are present in the asymmet-
ric unit.

In Figure 3a,b the 2D crystalline network is depicted along the c-axis and the b-axis,
showing the linker molecules being arranged as parallel, as well as head-to-tail oriented,
to each other. This can also be seen from the topology analysis shown in Figure 3c,d,
revealing a four-connecting uninodal net, with an alternating packing that is similar to the
linker in the solid state. Additionally, each zinc atom bridges two linkers and additionally
coordinates two dimethylformamide molecules, forming a tetrahedral zinc-oxo cluster
(Figure 3e). In Figure 3f, the head-to-head chromophore packing of the chromophore is
depicted, with a distance of 3.6 A, and a head-to-tail center of gravity distance of 27.3 A,
which has a great influence on the photophysical behavior of the material.
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Figure 3. (a) Depiction of the crystal structure of the Zn(tpbd)(DMF); network along the c-axis.
(b) Parallel packing of chromophore linkers in the 2D framework along the a-c plane. (¢) Underlying
network topology of the 4-c uninodal net alongside the c-axis (color coding cf. Figure 3e). (d) Depic-
tion of the parallel packing of the underlying network along the b-axis (color coding cf. Figure 3e).
(e) Zn**-containing tetrahedral SBU (zinc = gray, carbon = dark gray, oxygen = red, and nitrogen =
blue), and the representation of the two-connecting linkers. (f) Depiction of the head-to-head and
head-to-tail arrangement of the linker molecule inside the framework. Hydrogen atoms are omitted
for clarity. Color coding: gray = carbon, blue = nitrogen, red = oxygen, green = chlorine, and light
gray = zinc.

The powder X-ray diffractogram of the coordination polymer is depicted in Figure 4,
which shows high crystallinity and pronounced reflections at 3.59°, 7.01°, and 10.75°,
compared to the already-known literature compound presented by Hupp et al., showing
reflections at 7°, 21°, and 39°. Furthermore, the previously published material showed a
high surface area, whereas Zn(tpdb) shows no porosity (cf. Figure S8), proving that the
reported material in the present study is a novel framework. Pawley fitting on this data
revealed only a small deviation of the fitted curve and measured data, and an Rwp of 2.59%
and a GoF of 1.92, which supports the determined structure model.
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Figure 4. Experimental powder X-ray diffractogram of the Zn(tpdb)-CP (gray), the simulated Pawley
fit on the measured data (green), the difference plot (blue), and the Bragg positions (orange).

3.4. Photophysical Characterization of Htpdb and Zn(tpdb)(DMF)3

Following the structural investigation of Zn(tpdb)(DMF); and H,tpdb, the photophys-
ical properties of both compounds were examined. The UV /Vis spectrum of 2 shows an
absorption band with a maximum absorption at 516 nm, which is comparable to other
common perylene chromophores [32]. In contrast, the absorption properties of the CP are
different (cf. Figure 5). The respective UV /Vis spectrum shows additional absorption bands
with bathochromic and hypochromic shifts. Therefore, the light absorption improved upon
the incorporation of the chromophore into the MOF, thus covering a broader spectral range
of the electromagnetic spectrum.

—— Zn(tpdb)
—— H,tpdb

=

S

g

o

w

Q

©

T T T - T T
200 300 400 500 600 700 800

wavelenght [nm]

Figure 5. Solid state UV /Vis spectrum of 3 (blue) in comparison to 2 (orange) in the DMF solution.
This shows a shift in the spectra of the absorption band of 3, compared to the absorption band of 2.
Additional to the original absorption band of 2, 3 shows absorption bands at 760 nm, 260 nm, and
440 nm, which are shifting hypsochromic and bathochromic.
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The two mainly discussed aggregation types are the head-to-tail (J-type) and head-to-
head (H-type) aggregates (Figure 6) [21].

H-type aggregates promote n-type mobility, which is helpful in electronic devices,
while J-type aggregates elevate exciton mobility for optical devices and applications [22].
Furthermore, H-type aggregates are associated with a hypsochromic shift of the bands in
the spectrum and J-type aggregates with a bathochromic shift (cf. Figure 6) [23].

Thus, the UV /Vis spectrum of Zn(tpdb)(DMF); points towards H-type aggregation
behavior, as the absorption band at 516 nm shifts hypsochromic (cf. Figure 5). Further-
more, bathochromic shifting compared to the absorption band of 2 can be observed in the
absorption bands of 3. This shift in the spectrum can be most likely attributed to a charge
transfer in the head-to-tail direction of the chromophores (along the crystallographic c-axis),
since the transition dipole moments of the chromophores are aligned longitudinally to each
other (Figure 3f). Additionally, J-type aggregates might be a possible explanation, but are
supposed to be unlikely for PDI dyes in extended MOF structures [36,37].

arrangement
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Figure 6. Jablonski diagram of the comparison of the absorption and emission behavior of J- and H-

type aggregates [38].

These attributions are supported by an inspection of the emission spectra of 2 and
coordination polymer 3 (Figure S4). The CP shows a low-emission intensity when com-
pared to 2, which can be explained by the high contribution of H-type aggregates, as
observed in the UV /Vis spectrum. In general, H-type aggregates quench the emission of
the chromophores and promote radiationless energy decay after an internal conversion to
the lowest excited state following Kasha's rule (Figure 6) [39]. The remaining emission of 3,
despite the presence of H-type aggregates, might be explained by the defects or emission
from the surface of the CP, as in both cases, the H-type aggregation might be disturbed.

3.5. Photosensitization Studies

Since we observed the dominant influence of H-type aggregation in 3 within the
photophysical studies, the evolution of singlet oxygen under visible light irradiation was
tested as the aggregation behavior was shown to be advantageous, compared to unaggre-
gated chromophores in MOFs in the evolution of 'O, [40]. This reaction has already been
reported for different kinds of PDI assemblies, for example, polymers and metal-organic
polyhedrons [41,42]. It has also been successfully transferred into MOFs [43], and we
present the first example of a PDI linker-based CP within this application.

60



Energies 2022, 15, 2437

9of 12

(a)

The activity of the photosensitizer is monitored with 1,3-diphenylisobenzofurane
(DBPF), as it is a known !O,-trapping agent and the reaction can be monitored via UV/Vis
spectroscopy following the decrease in the absorption intensity of the aromatic band of
DBPF at 416 nm (Figure 7) [44].

Absorption

So

0,

Figure 7. Schematic representation of the photosensitized oxygen activation process applied in this
work: (a) reaction of 'O, with 1,3-Diphenylisobenzofuran (DBPF) to obtain the peroxide bridged
UV /Vis inactive species. (b) Jablonski diagram of the excitation from the 30,-to-10, trough inter-
system crossing enhanced by H-type aggregates adapted from [45].

First, 2 was studied to observe if the chromophore shows any activity. Using a 1:1
molar ratio of linker DBPF in MeCN under argon, an oxygen atmosphere was applied after
measuring the first data point, and, subsequently, further data points were recorded after
fixed time intervals. Then, 2 was observed to show a high activity towards singlet-oxygen
generation, as can be observed in the UV /Vis spectrum (Figure 8a and Figure S5). After six
minutes, DBPF is completely consumed by 'O, generated by the dispersed linker in MeCN.
To check if this activity is retained in the coordination polymer, the performance of 3 was
tested using the same conditions described for 2. To our delight, we were able to observe
that 3 also successfully generates 'O, upon light irradiation, as the absorption band of DBPF
completely seizes (Figure 8b). We checked that 3 was still stable after the reaction and it
remained in a crystalline state (Figure S10). Additionally, control experiments were carried
out to test the stability of DBPF under light irradiation and in the presence of 3 without light.
These show the stability of DBPF under the chosen conditions (Figure 8a, Figures S7 and S8).
In direct comparison, the photosensitization process using 3 is approximately three times
slower compared to the 2 (Figure 8a), potentially caused by diffusion limitations within the
dispersed CP particles. This is in accordance with previous studies, which also compared
the homogenous catalysis of PDI chromophores to a heterogenous catalyst incorporating
the same PDIs, showing a decreased 'O,-evolution activity upon incorporation [42]. This
is also consistent with several other studies, which show that the use of solid materials
decelerates the 10, exciation [46]. However, to the best of our knowledge, this is the first
example of a PDI-based CP being successfully used as a photosensitizer for singlet-oxygen
generation. In general, the incorporation into CPs or MOFs offers key advantages towards
future material development, including the modulation of chromophore alignment and
material porosity, to specifically address the aggregation and potential diffusion limitations.
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Figure 8. UV/Vis spectroscopic data monitoring the photosensitized 0, evolution using linker 2
and CP 3: (a) stacked UV/Vis spectra of 1,3-diphenylisobenzofurane (DBPF) showing the decrease
in absorption over time for the reaction with the 3 used as a photosensitizer with a 512 nm LED.
(b) Decrease in the absorption maxima of DBPF at 416 nm measured from the share of starting
absorption at t = 0 min. The decrease in the absorption of DBPF with 3 and linker 2 under light
irradiation are presented. In comparison, the control experiments of the DBPF solution with only
3 (black) or only light irradiated (blue) are shown over the duration of 40 min. (a) Stacked UV /Vis
spectra of DBPF showing the decrease in absorption over time for the reaction with 3 used as a
photosensitizer.

4. Conclusions

We synthesized and structurally characterized a new 2D-coordination polymer Zn
(tpdb)(DMF); 3 based on a PDI-based ditopic linker Hptpdb 2. The photophysical prop-
erties of the linker and the CP were investigated, revealing a low quantum yield of the
luminescence of the CP compared to that of the linker, most likely being caused by H-type
aggregation associated with radiationless energy decay within the CP. However, the CP
shows desirable absorption properties, since the material covers a broad range of the elec-
tromagnetic spectrum desired in mimicking the photosynthesis. Therefore, both the linker
and CP were investigated concerning their activity in the photosensitized 'O, evolution,
which is known to be promoted by the aggregation of chromophores. Ultimately, the
linker shows activity, which can be retained upon its incorporation into the PDI-based CP,
although it is slowed down by a factor of approximately three. Nevertheless, to the best
of our knowledge, this is the first example of a PDI-based CP successfully employed for
singlet-oxygen generation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15072437 /s1, Figure S1: Thermal gravimetric analysis of Zn(tpdb)
from 25 °C to 800 °C with a rate of 10 K min~!. The weight loss of 10% starting at 150 °C indicates the
loss of weight the in the structure included water. The subsequent weight loss of 5% starting at 300 °C
corresponds to the stored DMF in the structure. The CP structure is then stable until 400 °C. At this
temperature, the CP starts to decompose. Figure S2: '"H-NMR of 1,6,7,12-tetrachloro-perylene-3,4,9,10-
tetracarboxylic anhydride (1) in CDCl; showing a single singulett, according to the H atoms in the
bay area of the perylene. Figure S3: 'H-NMR of 1,6,7,12-tetrachloroperylenediimide-N,N’-di-benzoic
acid (2) in DMSO-d6 showing a singlet at 13.2 ppm for the carboxylic acid groups and an additional
singlet at 8.64 ppm for the H atoms in the bay area of the perylene. Additionally, two multipletts
can be observed, accounting for the aromatic H atoms of the benzoic acid at 8.15 ppm and 7.59 ppm.
Figure S4: Comparison of the emission behavior of 2 and 3. The linker shows a much stronger
emission than the CP (compare QY(Hxtpbd) = 0.9 vs. QY(Zn(tpbd)) = < 0.01), suggesting H-type
aggregated perylenes, which show a high n-type mobility and quenching of the absorbed light energy,
not allowing for directed energy transfer. Figure S5: UV /Vis of the decrease in absorption intensity
of DBPF during the reaction with 1O, produced by linker 2. Figure S6: Control experiment of DBPF
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with CP 3 and without light irradiation over the duration of 40 min. Figure S7: Control experiment of
DBPF without CP 3 and with light irradiation over the duration of 40 min. Figure S8: BET data of
Zn(tpdb)(DMF); showing the low surface area of it because of missing pores and the layer structure
of the 2D coordination polymer. (a) Semi-log plot of the nitrogen isotherm at 77 K of Zn(tpdb)(DMF)3.
(b) BET plot with linear-fit control parameters and calculated monolayer capacity (Q). Figure S9: IR
data of (a) linker 2 and (b) CP 3. Figure S10: PXRD of the CP after catalysis.
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4 Conclusion and Outlook

The research conducted in the context of this PhD-thesis can be divided into two parts, namely
chromophore based MPA active coordination polymers and the synthesis of PDI based

coordination polymers for photocatalytic applications.

4.1 Chromophore based MPA active coordination polymers

In the first part of this thesis, the successful synthesis and photophysical characterization of
the novel dipolar push/pull chromophore dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic
acid (H.CbzNO,) were demonstrated. Optical studies of the solvated chromophore showed a
broad long wavelength absorption with contributions of a TICT transition. This is further
underpinned by the fact, that the absorption band is red-shifting with increasing solvent
polarity. PL spectroscopy of the solid-state powder reveals an emission band located at
520 nm, which originates from excimer formation.

Additionally, we have synthesized three novel highly MPA active CPs derived from the
carbazole containing chromophores 9,9'-stilbene-bis-carbazole-3,6-dicarboxylic acid (Hssbcd)
and the new 2,7-fluorene-9,9’-dimethyl-bis-carbazole-3,6-dicarboxylic acid (Hsfbcd). The
structure of the novel CPs (Zny(sbcd)(DMAC)2(H20)15, Sr(fbocd)(DMAC)o.25(H20)s5 and
Ba(fbcd)(DMAC)25(H20)1.5) was investigated using single-crystal x-ray diffraction revealing
that the materials are 2D coordination polymers. Thereby, the zinc-based CP shows a sql
network topology, whereas the main-group based CPs are showing a 4,8-connecting net.
Steady-state spectroscopy of the network exhibits a red-shift of the absorption and the
emission bands, which can be attributed to excitonic dipole interactions. Investigation of the
MPA properties using the Z-Scan technique showed high two-photon cross sections with o®
of 10415-33355 GM, which is also one of the highest cross sections ever reported for CPs.
As a perspective, in order to further enhance the MPA efficiency of the CPs, the here
presented strong MPA chromophores Hasfbcd and Hisbcd can be combined with the
topological approach recently published by Vittal and co-workers,*® which will potentially

render even higher MPA active coordination polymers.
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4.2 Perylene based coordination polymers for photocatalytic applications

In the second part of this thesis, the synthesis and characterization of a new 2D-coordination
polymer Zn(tpbd)(DMF); based on the PDI linker Hatpdb were shown. Steady state
spectroscopy of the CP was performed revealing a low quantum efficiency compared to the
solvated linker, which is based on the H-aggregation formation and therefore quenching the
fluorescence. Furthermore, due to the good absorption properties covering a broad range of
the electromagnetic spectrum, both the CP and the linker were investigated towards a
photosensitization reaction at 512 nm of triplet oxygen to singlet oxygen using 1,3-
diphenylisobenzofurane (DBPF) as trapping agent. Thereby, the linker shows a great activity
as photosensitizer, which can be retained upon incorporation in the coordination polymer. This
is also, to the best of our knowledge, the first example of a PDI based coordination polymers
that shows such activity.

In future studies, this photocatalytic activity can be further exploited by either using different
substrates to react with the photocatalyst, or by using the generated singlet oxygen for organic
synthesis reactions. Furthermore, the synthesized materials can be investigated towards their

MPA activity, since perylenes are known for high MPA cross sections.
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I NMR spectroscopy
1.1 Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (6)
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Figure S1: 'H-NMR spectrum of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate in CDCls.
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Figure S 2: 3C-NMR of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (Pr2CbzNOz) in CDCls.
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Figure 83: COSY-spectrum of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (ProCbzNO2) in CDCls.
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Figure S4: HMBC-spectrum of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate (Pr2CbzNOz) in CDCls.



1.2 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic acid (8)
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Figure S5: 'TH-NMR of 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic acid in DMSO-de.
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Figure S6: 3C-NMR of 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic acid (H2CbzNO:) in DMSO-ds.
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2 Cyclic voltammetry measurements

2.1 Cyclic voltammetry of compound 6
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Figure S7: CV of compound 6 (ImM) in DCM using TBAPF; as electrolyte (0.1M) with a scan rate of 100mV/s. The CV was

measured using two glassy carbon electrodes and an Ag/AgNOs-reference.

3 Crystallographic data

Single crystals of the compound were grown by slowly diffusion of a pentane solution to a
dichloromethane solution of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate. The crystals grow
as clear, bright-yellow small needles with an approximately size of 10 x 25 x 40 um. X-ray intensity
data of the compound was collected at 100(2)K using a Bruker D8 Venture diffractometer equipped
with a Helios optic monochromator, a Photon 100 CMOS detector and a Mo IMS microsource (Mo-K,
radiation). The raw area detector data frames were reduced and corrected for absorption effects using
the SAINT and SADABS programs with multi-scan absorption correction. Final unit cell parameters
were determined by least-squares refinement of the respective independent reflections taken from the
data sets. The structure was solved by intrinsic phasing with SHELXT. Difference Fourier calculations
and full-matrix least-squares refinements against F> were performed by SHELXL-2014/7 (Sheldrick,

2014). All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms

6
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could not be located in the Fourier maps and were calculated in ideal positions using a riding model

(d(C-H) = 0.95 A, Uso(H) = Ugo(C)). CCDC deposition number: 2032744.

3.1 Crystal structure report of 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic

acid (7)

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(0000)

Diffractometer

Theta range for data collection
Index ranges

Reflections collected

WeiSel AP8498-100
CaeH24N205

460.47

100(2)K

0.710173 A

0.010 x 0.025 x 0.040 mm
yellow fragment
monoclinic

P12l/c1
a=16.7529(16) A
b=4.2179(4) A
¢=31.624(3) A

2228.5(4) A

4

1.372 g/cm?®

0.098 mm"'

968

Bruker D8 Venture Duo IMS

2.44 t025.35°

a=90°
B=94.227(3)°

y=90°

-20<=h<=20, -5<=k<=5, -38<=[<=38

80119
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Independent reflections

Coverage of independent reflections

Absorption correction
Refinement method
Refinement program

Function minimized

Data / restrains / parameters

Goodness-of-fit on F?
A/Gmalx

Final R indices

Weighting scheme

Largest diff. peak and hole

RMS. Deviation from mean

4053 [R(int) = 0.0417]

99.9%

Multi-Scan

Full-matrix least-squares on F2
SHELXL-2014/7 (Sheldrick, 2014)

T w(F-F2)?

4053/0/403

1.076

0.001

3538 data; I>26(I) R1 =0.0367, wR2 = 0.0844
All data R1 =0.0445, wR2 = 0.0902
w = 1/[62(Fo2)+(0.0352P)%+1.3271P]
where P = (Fo’+2F2)/3

0.0192 and -0.247 eA

0.040 eA

3.2 Bond lengths of 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic acid (7)

Table S1: Table of Bond lengths of 9-(4-nitrophenyl)-carbazole-3,6-dicarboxylic acid in the crystal structure.

01-C19
N1-C4
C1-C2
C1-C19
02-C20
N2-06
C2-C3
03-C23
C3-C4
04-C23
C5-Co

1.2148(18)
1.3948(18)
1.393(2)
1.482(2)
1.4638(18)
1.2262(19)
1.393(2)
1.3435(17)
1.4131(19)
1.2146(17)
1.377(2)

NI-C12 1.3941(18)
NI-CI3 1.4232(18)
C1-C6 1.404(2)
02-C19 1.3411(18)
N2-05 1.225(2)
N2-C16 1.4701(19)
C2-H3 0.968(16)
03-C24 1.4570(18)
C3-C7 1.452(2)
C4-C5 1.392(2)
C5-H2 0.986(16)
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Co-H1
C8-C7
C7-C12
C9-C23
C10-HS
C11-H6
C18-C13
C17-C16
C16-C15
C15-H10
C14-H9
C22-H17
C22-H15
C21-H14
C20-H11
C24-C25
C24-H24
C26-H18
C26-H20
C25-H21

0.980(18)
1.395(2)
1.4122(19)
1.480(2)
0.984(16)
0.962(16)
1.391(2)
1.380(2)
1.382(2)
0.950(18)
0.970(16)
1.02(3)
1.00(2)
1.00(2)
0.993(19)
1.503(2)
0.970(17)
1.04(2)
0.99(2)
1.02(2)

C8-C9
C8-H4
C9-C10
C10-C11
Cl11-Cl2
C18-C17
C18-H7
C17-H8
C15-C14
C14-C13
C22-C21
C22-H16
C21-C20
C21-H13
C20-H12
C24-H23
C26-C25
C26-H19
C25-H22

1.394(2)
0.985(16)
1.405(2)
1.377(2)
1.389(2)
1.384(2)
0.974(17)
0.941(18)
1.379(2)
1.397(2)
1.520(2)
1.01(2)
1.503(2)
1.002(18)
1.004(17)
0.993(19)
1.517
1.04(3)
1.030(17)

4 EEMs of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate
(6) and dipropyl-9-(4-phenyl)-carbazole-3,6-dicarboxylate (7)
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Figure S8: Excitation-emission-matrices (EEM) of 6 (left) and 7 (right) in solid state. Note the different scaling of the x/y axis
for clarity reasons.

5 DFT calculations

5.1 GaussView representation of dipropyl-9-(4-nitrophenyl)-carbazole-3,6-
dicarboxylate (6)

Figure S9: Gaussview representation of 6. Color coding of the atoms: red = oxygen; grey = carbon; white = hydrogen;
blue = nitrogen.

5.2 Coordinates and Energies of the Gaussian09-calculations of 6
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X
-1.797153000
0.537228000
1.788132000
-1.031932000
-3.306671000
2.362519000
7.411738000
-1.374909000
-3.306821000
-2.415172000
-0.367934000
-1.797386000
-2.415239000
0.976088000
7.972627000
0.537029000
1.329422000
7.972822000
2.362396000
0.312805000
-1.374984000
5.834514000
-0.367968000
3.346689000
-1.032060000
3.346310000
0.312661000
5.834130000
1.329313000
-4.207722000
3.892798000
-6.846999000
5.272991000
-5.832287000
5.942114000
-5.107791000
5.272769000
-6.846976000
3.892578000
-5.761749000
3.197928000
-6.465191000
0.976034000
-4.275615000
-2.054322000
-5.832021000

Y
5.264794000
4.456950000
-0.000054000
3.014536000
3.618648000
2.786593000
-0.000076000
1.672661000
-3.618492000
1.381330000
0.722344000
-5.264669000
-1.381222000
1.127639000
-0.621804000
-4.456969000
2.471084000
0.621680000
-2.786693000
3.399826000
-1.672586000
1.188300000
-0.722318000
1.173514000
-3.014476000
-1.173667000
-3.399834000
-1.188480000
-2.471140000
5.299684000
0.670286000
-2.674118000
0.678191000
3.877879000
-0.000078000
2.416201000
-0.678346000
2.673768000
-0.670440000
3.166155000
-0.000069000
4.620731000
-1.127679000
5.158709000
4.090059000
-3.878389000

z
-0.156326000
-0.097216000
-0.000394000
-0.078759000
-0.069957000
-0.051986000
0.000218000
-0.046720000
0.069997000
-0.035437000
-0.027207000
0.157206000
0.035680000
-0.044912000
0.876497000
0.096957000
-0.061917000
-0.875917000
0.051122000
-0.081557000
0.046763000
-1.767051000
0.027024000
-1.785288000
0.078787000
1.784844000
0.081295000
1.767109000
0.061366000
0.716864000
-1.000205000
-1.373758000
-0.999461000
2.164566000
0.000052000
1.498973000
0.999421000
1.373110000
0.999873000
-0.821166000
-0.000237000
-0.146115000
0.044434000
-1.037796000
-0.106212000
-2.164652000
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-2.054495000
-4.207882000
-5.877280000
-6.465378000
-5.677639000
-5.762005000
-4.355498000
-5.107806000
-4.355689000
-4.275931000
-5.877248000
-5.677793000

-4.089946000
-5.299841000
3.170051000

-4.620429000
3.878023000

-3.165619000
4.598543000

-2.416416000
-4.598309000
-5.158055000
-3.170286000
-3.877782000

Sum of electronic and thermal enthalpies = -1565.394954 a.u.

Sum of electronic and thermal free Energies = -1565.492690 a.u.

0.106575000
-0.716127000
1.334702000
0.146216000
0.003269000
0.820851000
-0.105939000
-1.499428000
0.106338000
1.038467000
-1.335035000
-0.003325000

5.3 Excitation energies and oscillator strengths of compound 6

Excited State 1:
111 ->122
116 -> 122
121 -> 122
121 -> 126

Excited State 2:

111 ->122
111 -> 126
111 ->127
121 -> 122

Excited State 3:

120 -> 124
121 -> 123

Excited State 4:

109 -> 122
109 -> 126
109 -> 127

Excited State 5:

120 -> 122
120 > 123

Singlet-A  3.9855eV 311.09 nm f=0.2607 <S**2>=0.000

-0.28814
-0.12101
0.59890
0.10876

Singlet-A  4.0941 eV 302.84 nm {=0.0703 <S**2>=0.000

0.58643
-0.14450
-0.18367

0.29055

Singlet-A  4.4154 eV 280.80 nm {=0.0034 <S**2>=0.000

0.34392
0.58244

Singlet-A  4.5640 eV 271.66 nm {=0.0008 <S**2>=0.000

0.65276
-0.15550
-0.19140

Singlet-A 4.6186 eV 268.45 nm {=0.0000 <S**2>=0.000

0.46999
0.36803
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120 -> 126
121 -> 124
Excited State 6:
120 -> 122
120 > 123
120 -> 126
121 -> 124
Excited State 7:
115 -> 122
116 -> 125
121 > 125
Excited State 8:
114 -> 124
115 ->122
119 -> 123
120 > 122
120 -> 123
120 > 126
120 -> 127
121 -> 124
121 -> 128
Excited State 9:
116 -> 122
120 > 124
121 -> 123
121 -> 126
Excited State 10:
115->122
119 > 122
121 > 124
121 -> 125
Excited State 11:
117 -> 122
117 -> 123

0.13128
-0.30026
Singlet-A  4.6481 eV 266.74 nm {=0.0436 <S**2>=0.000
0.44039
-0.25690
0.15681
0.43208
Singlet-A  4.8594 eV 255.14 nm {=0.0061 <S**2>=0.000
-0.43802
-0.22050
0.48096
Singlet-A  5.0896 eV 243.60 nm {=0.7448 <S**2>=0.000
0.11110
-0.11488
0.14866
-0.21502
0.42006
0.22255
-0.11775
0.35401
0.12883
Singlet-A  5.2788 eV 234.87 nm f=0.1618 <S**2>=0.000
-0.16987
0.45790
-0.36130
-0.29426
Singlet-A  5.3311 eV 232.57 nm {=0.0785 <S**2>=0.000
0.46393
-0.10740
0.13008
0.47635
Singlet-A  5.3480eV 231.83 nm {=0.0018 <S**2>=0.000
-0.11704
-0.10573
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117 -> 126
117 -> 127
117 -> 135
118 -> 124
118 > 142
Excited State 12:
117 -> 124
117 -> 142
118 -> 122
118 -> 123
118 > 126
118 -> 127
118 -> 135
Excited State 13:
114 -> 122
116 -> 122
121 > 122
121 > 126
121 -> 127
Excited State 14:
116 -> 122
119 > 124
120 -> 124
120 > 128
121 -> 123
121 -> 126
Excited State 15:
114 -> 124
119 > 123
119 > 126
120 -> 122
120 -> 123
120 -> 126
120 -> 127

-0.37446
0.16046
0.11702
0.48513
-0.12283
Singlet-A 5.3507 eV 231.72 nm {=0.0021 <S**2>=0.000
0.48670
-0.12310
-0.11787
-0.10600
-0.37639
0.16147
0.11763
Singlet-A  5.4773 eV 226.36 nm {=0.3489 <S**2>=0.000
0.14415
0.56946
0.14671
-0.24069
0.14527
Singlet-A  5.5237eV 224.46 nm {=0.2746 <S**2>=0.000
0.21121
0.14797
0.36886
-0.10603
-0.11975
0.47458
Singlet-A  5.5668 ¢V 222.72 nm {=0.6757 <S**2>=0.000
0.11363
0.23458
-0.11697
-0.12043
-0.31226
0.44430
-0.10697
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121 -> 124
121 ->128
Excited State 16:
120 -> 125
Excited State 17:
115 ->122
119 -> 122
119 -> 126
120 -> 126
Excited State 18:
119> 123
120 -> 126
121 -> 128
Excited State 19:
115-> 125
116 -> 126
116 -> 127
119 > 124
120 -> 128
121 -> 122
121 -> 126
121 -> 127
Excited State 20:
110 > 122
115 ->122
115 -> 127
116 -> 125
Excited State 21:
114 -> 122
114 -> 123
115 -> 125
116 -> 127
119 -> 124
119 -> 125

-0.21910
0.14899
Singlet-A
0.68850
Singlet-A
0.11307
0.65648
0.12667
0.10227
Singlet-A
0.41653
-0.38380
0.35876
Singlet-A
0.11508
-0.12950
-0.10372
-0.30653
0.20216
-0.12270
0.20619
0.46274
Singlet-A
0.57247
0.14716
-0.10328
-0.30701
Singlet-A
-0.10451
-0.12093
0.19899
-0.10108
0.41672
-0.11475

5.8831eV 210.75 nm {=0.0064 <S**2>=0.000

5.9014 eV 210.09 nm f=0.0155 <S**2>=0.000

6.1712eV 20091 nm {=0.0004 <S**2>=0.000

6.2297 eV 199.02 nm {=0.0003 <S**2>=0.000

6.3733 eV 194.54 nm f=0.0189 <S**2>=0.000

6.4608 eV 191.90 nm f=0.1135 <S**2>=0.000
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120 -> 128
121 -> 126
121 -> 127
Excited State 22:
116 > 124
119 > 123
119 -> 126
121 -> 128
Excited State 23:
112 ->122
114 > 122
114 -> 126
115->125
116 -> 122
119 -> 124
Excited State 24:
110> 122
114 > 125
115->122
115-> 126
115 -> 127
116 -> 125
Excited State 25:
114 > 122
115->125
119 -> 124
119 -> 125
120 -> 128
121 > 127
Excited State 26:
100 -> 123
117 -> 122
117 -> 123
118 -> 128

-0.17943
-0.15449
0.37616
Singlet-A
0.12643
0.45515
0.19618
-0.43780
Singlet-A
-0.17557
0.55523
0.10943
-0.13434
-0.19137
0.22423
Singlet-A
0.38432
0.10773
-0.18155
0.15632
0.23983
0.43438
Singlet-A
0.22293
0.52291
-0.16096
-0.14979
-0.15525
-0.19305
Singlet-A
0.10097
-0.16429
0.63028
-0.19299

6.5263 eV 189.98 nm f=0.0386 <S**2>=0.000

6.6833 eV 185.51 nm {=0.0769 <S**2>=0.000

6.7007 eV 185.03 nm f=0.1429 <S**2>=0.000

6.7814 eV 182.83 nm f=0.5662 <S**2>=0.000

6.8069 eV 182.15nm f=0.0000 <S**2>=0.000

16

82



Excited State 27:
117 -> 128
118 -> 122
118 -> 123

Excited State 28:
117 -> 122
117 -> 123

Excited State 29:
118 -> 122
118 -> 123

Excited State 30:
113> 124
114 -> 122
114 -> 123
115-> 125
116 -> 123
119 > 124
120 > 128

Excited State 31:
114 -> 124
116 -> 124
119 -> 126
119 > 127
121 > 124
121 -> 128
121 -> 130

Excited State 32:
114 -> 124
119 -> 126
120 > 122
120 -> 126
120 -> 127

Excited State 33:
119 -> 126

Singlet-A  6.8243 eV 181.68 nm {=0.0003 <S**2>=0.000
-0.19224
-0.21167
0.62646
Singlet-A  6.8425eV 181.20 nm f=0.0006 <S**2>=0.000
0.66914
0.14293
Singlet-A  6.8518 eV 180.95 nm {=0.0001 <S**2>=0.000
0.65734
0.18642
Singlet-A  6.8775eV 180.27 nm f=0.0152 <S**2>=0.000
0.10844
-0.12103
-0.17603
0.11774
0.25847
0.16704
0.51143
Singlet-A  6.9207 eV 179.15 nm {=0.0163 <S**2>=0.000
-0.19892
0.22168
0.44868
-0.10210
-0.10188
0.33015
0.12294
Singlet-A  7.0063 eV 176.96 nm {=0.0106 <S**2>=0.000
-0.17546
-0.11352
-0.11031
0.16193
0.62005
Singlet-A  7.0353 eV 176.23 nm {=0.0123 <S**2>=0.000
-0.12534
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121 -> 129
121 ->130
121 -> 136
Excited State 34:
114 > 123
115-> 125
116 -> 123
116 -> 127
119 -> 124
119 -> 125
Excited State 35:
112> 122
112 ->123
112 -> 126
113 -> 124
114 > 123
116 -> 123
119 > 125
Excited State 36:
112 -> 124
113 ->122
113> 123
113> 126
113 > 127
114 -> 124
119 -> 126
120 -> 127
Excited State 37:
96 -> 122
112> 122
112 ->123
112 -> 126
113-> 124
116 -> 123

-0.20500
0.58074
0.24794

Singlet-A

0.15253
0.21372
-0.21287
-0.11206
0.14784
0.53362

Singlet-A

0.10157
0.18489
0.12737
-0.21418
-0.29677
0.31287
0.36971

Singlet-A

0.37058
-0.24427
-0.15124
-0.30832

0.10511

0.28026

0.20823

0.11926

Singlet-A

0.10525
-0.21432
-0.12473
-0.25372
0.39944
0.24937

7.0602eV 175.61 nm f=0.1014 <S**2>=0.000

7.1034 eV 174.54 nm {=0.2709 <S**2>=0.000

7.1698 eV 172.93 nm {=0.0972 <S**2>=0.000

7.1818 eV 172.64 nm {=0.0004 <S**2>=0.000
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119->124  -0.10124
119 -> 125 0.11703
120->128  -0.21756
Excited State 38:  Singlet-A  7.2253 eV 171.60 nm f=0.0060 <S**2>=0.000
95 -> 122 0.20489
96 -> 122 0.47252
98 -> 122 0.15996
101->122 -0.18129
104 -> 122 0.19425
106 -> 122 0.23492
121 -> 127 -0.10948
Excited State 39:  Singlet-A  7.2438 eV 171.16 nm f=0.0013 <S**2>=0.000
112->124  -0.31399
113> 122 0.10089
114 -> 124 0.40950
116 -> 124 -0.21153
119 -> 126 0.20960
120 -> 127 0.20942
Excited State 40:  Singlet-A  7.3214 eV 169.35 nm {=0.0006 <S**2>=0.000
113->124  -0.10811
114 -> 123 0.47166
114 -> 126 0.11285
116 -> 123 0.34562
116 -> 126  -0.22110
119 -> 124 0.13774
Excited State 41:  Singlet-A  7.3994 eV 167.56 nm f=0.0053 <S**2>=0.000
121 -> 129 0.59399
121 -> 130 0.19733
121 -> 132 0.23392
121-> 140  -0.11204
Excited State 42:  Singlet-A  7.4106 eV 167.31 nm f=0.0000 <S**2>=0.000
120 -> 129 0.48202
120->130  -0.37798
120 -> 132 0.15838
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120 -> 136
Excited State 43:
111->124
111 -> 125
Excited State 44:
103 -> 123
105 -> 123
108 -> 123
115->123
116 -> 124
Excited State 45:
114 -> 124
115->123
115-> 126
116 -> 124
116 -> 125
119 -> 126
Excited State 46:
103 -> 124
112 ->122
114 -> 122
114 > 123
115> 124
116 -> 123
116 -> 126
116 -> 127
119 -> 128
121 -> 135
121 -> 137
Excited State 47:
100 -> 122
100 -> 123
100 -> 126
103 -> 124

-0.25560
Singlet-A  7.4535¢V 166.34 nm {=0.0005 <S**2>=0.000
0.12238
0.67841
Singlet-A  7.4745eV 165.88 nm f=0.0186 <S**2>=0.000
-0.24019
0.13277
-0.10903
0.56371
0.12272
Singlet-A  7.4954 eV 165.41 nm f=0.0181 <S**2>=0.000
0.25789
-0.11695
0.11236
0.52774
-0.15291
-0.19799
Singlet-A  7.5598 eV 164.01 nm f=0.0208 <S**2>=0.000
-0.14870
0.15907
0.12788
0.13373
0.19913
0.15263
0.41698
0.13581
-0.13718
-0.11549
0.10292
Singlet-A  7.5659 eV 163.87 nm {=0.0070 <S**2>=0.000
-0.10537
-0.10750
-0.19511
0.34443
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105 -> 124
108 -> 124
114 -> 126
115-> 124
116 > 126
Excited State 48:
100 -> 124
103 -> 122
103 -> 123
103 -> 126
105 > 123
105 -> 126
107 -> 124
108 -> 123
108 -> 126
115->123
115> 126
117 > 124
Excited State 49:
120 -> 129
120 -> 130
120 -> 132
120 -> 136
120 -> 140
Excited State 50:
103 -> 123
113 -> 122
114 -> 124
115> 126
115> 127
116 -> 124
116 -> 125

-0.20484
0.23336
-0.10168
-0.16841
0.19935
Singlet-A  7.5673 eV 163.84 nm {=0.0094 <S**2>=0.000
-0.25393
0.16318
0.22613
0.17205
-0.12798
-0.11137
-0.11048
0.12439
0.11697
0.31816
-0.22861
-0.10443
Singlet-A  7.6105eV 162.91 nm {=0.0011 <S**2>=0.000
0.37937
0.43703
0.21724
0.21015
-0.10147
Singlet-A  7.6228 eV 162.65 nm {=0.0971 <S**2>=0.000
-0.13727
0.43087
0.12762
-0.29342
-0.26291
0.13117
0.18457
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1. Synthetic procedures of the carbazole precursor

All reactions were carried out following our 2020 already published synthesis procedure.

sz(dba):,
Zn(OA::)2
H Zn(CN),
N-bromosuccinimide dppf
—_— —_—
(DMF) Q (DMF) NC Q
0°Cc 120°C
96% 81%
Cul o
(NaOH,q)| '2° "€

85%

‘ WSO
(1 propanol)
ProOC Q 110°c | HOOC

S-4 COOPr 84% $-3 COOH

Fig. S1: Synthesis route towards the carbazole precursor.

3,6-Dibromocarbazole (S-1): A solution of N-bromosuccinimide (22.35 g, 125 mmol) in 50 mL DMF
was slowly added through a syringe pump to a stirring solution of carbazole (10 g, 59.80 mmol) in 20 mL
DMF in an ice bath. After 24 hours of reaction time, the mixture was poured into 600 mL ice water and
then filtered through a suction filter to give a dark grey powder. The crude product was recrystallized with
Ethanol to give a grey powder of 3,6-Dibromocarbazole (18,68 g, 96%). 'H-NMR (400 MHz, 298K,
DMSO-de) & (ppm) = 7.47 (d, J = 8.6 Hz, 2H), 7.53 (dd, J = 2.0, 8.6 Hz, 2H), 8.43 (d, J = 1.9, 2H), 11.59
(s, 1H, N-H). *C-NMR (101 MHz, 298K, DMSO-de) § (ppm) = 110.96, 113.18, 123.35, 123.29, 128.70,
138.78.

Carbazole-3,6-Dicarbonitrile (S-2): 3,6-Dibromocarbazole (9.75 g, 30.0 mmol) and dppf (100 mg, 0.18
mmol) were added to a 100 mL Schlenk flask and solved in 30 mL DMF and 0.3 mL water. The suspension
was degassed via bubbling argon for 1 hour through the mixture. Subsequently, Zn(CN), (4.21 g, 36 mmol),
zinc powder (78 mg, 1.2 mmol), Zn(OAc) - 2 H>O (0.26 g, 1.2 mmol) and Pd»(dba); - dba (69.5 mg, 0,06

mmol) were added under a positive pressure of argon. This mixture was heated to 110 °C for 2 days. The
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suspension was subsequently cooled and then poured into a 100 mL mixture of H,O/NH4CI/NH3 (5/4/1)
and filtered through a suction filter. The filter cake was washed with the same volume of the above mixture,
toluene (3 x 30 mL) and MeOH (3 x 30 mL) to give a grey solid. The crude product was recrystallized with
DMF to give a white solid (5.2 g, 81%). '"H-NMR (400 MHz, 298K, DMSO-ds) 8 (ppm) = 7.72 (d, J = 8.5
Hz, 2H), 7.85 (d, J = 9.9 Hz, 2H), 8.80 (s, 2H), 12.38 (s, 1H, N-H). 3*C-NMR (101 MHz, 298K, DMSO-
ds) & (ppm) = 101.74, 112.84, 120.10, 121.85, 126.8, 129.93, 142.32.

Carbazole-3,6-dicarboxylic acid (S-3): Carbazole-3,6-Dicarbonitrile (4.2 g, 19.3 mmol) was suspended
in an aqueous NaOH solution (12.45 g in 150 mL). To this solution Cul (37,5 mg, 0.195 mmol) was added
and then quickly heated to 125 °C for 2 days, until the starting material was dissolved. Afterwards active
carbon was added, and the mixture was again heated to 125 °C for 2 hours. After cooling, the suspension
was filtered through celite, which was pre-washed with aq. NaOH-solution. The filtrate was acidified with
6M HCl-solution to give a white precipitate. The precipitate was filtered, washed with water and then dried
to give a withe solid (4.0 g, 85%). '"H-NMR (400 MHz, 298K, CDCls) § (ppm) = 7.60 (d, J = 8.5 Hz, 2H),
8.06 (d, J = 8.4 Hz, 2H), 8.85 (s, 2H), 12.04 (s, 1H, N-H), 12.69 (bs, 2H, COOH). *C-NMR (101 MHz,
298K, DMSO-d6) & (ppm) = 111.13, 122.00, 122.27, 122.79, 127.65, 143.12, 167.94.

Dipropyl-carbazole-3,6-dicarboxylate (S-4): Carbazole-3,6-dicarboxylic acid 4 (4.0 g, 15.64 mmol) was
suspended in 100 mL 1-propanol. To this suspension, conc. sulfuric acid (2 mL) was added and then
refluxed at 110 °C for 24 hours. After cooling, the suspension was concentrated on a rotary evaporator and
extracted with 200 mL dichloromethane. The organic layer was washed with aq. NaHCO3 (150 mL) and
then dried with MgSO4. The solvent was evaporated to give a yellowish solid (4.5 g, 84%). '"H NMR (400
MHz, 298K, CDCI3) § (ppm) = 1.09 (t, ] = 7.4 Hz, 6H), 1.87 (h, ] = 7.2 Hz, 4H), 4.36 (t, ] = 6.7 Hz, 4H),
7.47 (d, J = 8.5 Hz, 2H), 8.18 (dd, J = 1.5 Hz, 2H), 8.86 (s, 2H). *C-NMR (101 MHz, 298K, CDCl;) &

(ppm) = 10.77, 22.40, 66.67, 110.64, 122.89, 123.19, 128.28, 142.85, 167.35.
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2. NMR spectroscopy

2.1 Prysbed
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Fig. S2: '"H-NMR of Prssbed with the respective chemical shifts in CDCls.
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Fig. S3: *C-NMR of Prssbed with the respective chemical shifts in CDCls.
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2.2 Hasbed
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Fig. S4: '"H-NMR of Hasbed with the respective chemical shifts in DMSO-de.
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Fig. S5: *C-NMR of Hasbed with the respective chemical shifts in DMSO-ds.
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2.3 Prafbed
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Fig. S6: '"H-NMR of Prsfbed with the respective chemical shifts in CDCls.
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Fig. S7: ®*C-NMR of Prsfbcd with the respective chemical shifts in CDCls.
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2.4 Hafbed
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Fig. S8: 'H-NMR of Hafbcd with the respective chemical shifts in DMSO-ds.
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Fig. S9: BC-NMR of Hafbed with the respective chemical shifts in DMSO-ds.
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3. IR analysis of the coordination polymers and their linkers
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Fig. S10: IR spectrum of (a) Haifbed, (b) Zny(sbcd)(DMAc):(H20)15, (c) Hafbed,

(d) Sr(fbed)(DMACc)s.25(H20)s.5 and (e) Ba(fbed)(DMAC)2.5(H20)1.5.
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4. Thermogravimetric analysis (TGA) of the coordination polymers

The TGA was carried out with a TGA/DSC 3+ STAR system from METTLER TOLEDO, to which a gas

analysis system from THERMOStar was connected. The sample was filled into a crucible, which was tared

beforehand, and the sample was weighed in the device.

(b)

(@)

90

80

m/my, (%)

704

60

Zny(sbed)(DMAC),(H,0), §

(©)

T T T
200 400 600 800
T[°C]

80

704

60

m/m, (%)

40

304

Ba(fbed)(DMAC), «(H,0), <

Fig. SII:

T T T T
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TGA of the three coordination polymers

1000

m/m, (%)

100

80

60

404

204

Sr(fbed)(DMAC), ,<(H,0); 5

T T T T
200 400 600 800 1000
T[°C]

(@) Zna(sbed)(DMAC)(H,0)15, (b)

Sr(fbed)(DMAC)o.25(H20)3.5 and (c) Ba(tbed)(DMAc)2.5(H20)1.5 with a heating rate of 10 K/min.
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5. Z-scan data processing

The Z-scan setup is based on a high power femtosecond tunable oscillator (MaiTai DeepSee, Spectra
Physics, Santa Clara, USA) with wavelength ranging from 690 to 1040 nm at a repetition rate of 81 MHz.
The estimated pulse duration of the laser was 70 fs at 800 nm (central wavelength) and increased to 113 fs
at lower wavelengths. The average power of the pulse (c.a. 70 fs) was about 3 W. The combination of
Brewster-angle polarizer and half-wave plate were employed to tune the input power to the sample. The
laser was directed to the custom-built mechanical chopper (142 Hz rotation frequency gives 78 ps on-time)
and it decreases the exposure time of the sample to eliminate thermal effects. The laser pulses were focused
onto the coordination polymers film samples by an achromatic doublet lens with focal length of 200 mm
(AC254-200-B, Thorlabs). The sample was fixed on the motorized translation stage (LCS16-025-2(4)5,
SMAC) and moved along the beam propagation direction z through monitoring the transmitted light from
the sample by a photodiode (PDA100A-EC, Thorlabs) along with an oscilloscope (DS4024, Rigol).
Moreover, a reference photodiode was used to compensate the signal fluctuations.! Nonlinear absorption
studies were carried out by open-aperture Z-scan at various wavelengths from 700 nm to 950 nm with a

spectral increment of 10 nm to comprehensively figure out the spectral dependent nonlinear absorption.

The measured Z-scan trace was fitted using the following equation

1 BloLes
Tnurm. =1 =
) 2v21+ (ZiR)2 M

where

—ad

and

In2 Py,
Iy=4 ’—— (3)
e m MZ2AzgRt
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Two-photon absorption (2PA) coefficient 8 can be then extracted by fitting Equation (1), and, 2PA cross

section 6 is calculated by

c@) = Eﬂ

4 g .
7 Npp x 103 (" s photon™ molecule™) @

Related parameters are listed below:
Thorm.(2): normalized transmittance in terms of sample positon z
B: two-photon absorption coefficient

Iy: on-axis intensity of the laser

Leg: effective optical path

zg: Rayleigh length of the focusing beam

a: linear (one-photon) absorption coefficient
d: sample thickness

P,y average power of the laser

M?2: beam quality factor

A: excitation wavelength

R: repetition rate of the pulsed laser

7: laser pulse duration

h: Planck constant

c: speed of light in vacuum

Nj,: Avogadro constant

p: sample concentration

15
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Fig. S12: Z-scan traces and data fitting for Ba(fbcd)(DMACc),5(H20), 5 at different excitation wavelengths.
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Fig. S13: Z-scan traces and data fitting for Sr(fbcd)(DMAc)o25(H20); 5 at different excitation wavelengths.
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Norm. transmittance

Fig. S14: Z-scan traces and data fitting for Zn,(sbcd)(DMAc)>(H,0), 5 at different excitation wavelengths.

Table S1: Two-photon absorption coefficients f(4) in the unit of cm/GW and two-photon absorption
cross-section values ¢® (1) in the unit of GM at different excitation wavelengths are tabulated. On-axis
laser intensity for each samples are: Zny(sbcd)(DMAc),(H.O)is, 20-28 GW/cm?;

Ba(fbcd)(DMAc)2 s(H20)1 5, 28-39 GW/em?; Sr(fbed)(DMAC)02s(H20)s 5, 13-21 GW/em?..

Wavelength Zny(sbed)(DMAC)2(H20)15 | Ba(fbed)(DMAC)25(H20)15 | Sr(fbed)(DMAC)o.25(H20)3.5
[nm] B ) B @ B el
700 11.4 13922.80 6.2 10360.56 31 26885.96
710 6.7 8066.91 49 8073.24 344 29415.20
720 6.4 7599.59 53 8609.86 30 25297.51
730 5 5855.89 6.5 10415.49 32 26614.04
740 5.7 6585.69 43 6797.18 254 20839.91
750 5.66 2918.17 4 6238.03 25.6 20723.68
760 2.86 3216.68 6.7 10312.68 28.4 22687.87
770 34 3774.58 33 5012.68 29 22865.50
780 33 3617.09 33 4949.30 30 23347.95
790 3.58 3874.42 3.34 4946.48 30.4 23362.57
800 2 2136.90 2.8 4094.37 33.6 25497.08
810 2.1 2216.16 2.9 4187.32 35 26235.38
820 2.34 2439.73 3:l 4422.54 36.6 27097.95
830 2.66 2740.09 33 4650.70 38.2 27938.60
840 3.3 3358.72 3.2 4456.34 35 25299.71

17
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850 3.9 3922.80 3 4128.17 42 30000

860 4.62 4592.90 29 3945.07 47 33179.82
870 5.5 5405.04 2.86 3845.49 47.8 33355.26
880 55 5343.28 3.1 4121.13 45 31045.32
890 5.4 5186.82 3 3942.25 46 31381.58
900 6.7 6364.38 2.7 3509.44 47 31703.22
910 8.8 8267.63 247 3470.85 47.6 31754.36
920 12.8 11888.83 2.6 3305.63 48.8 32200.29
930 14.4 13237.26 2.64 3319.72 494 32251.46
940 15.5 14097.79 2.72 3384.51 49.4 31907.89
950 17.6 15838.39 2.48 3053.52 50 31951.75

6. Single crystal X-ray diffraction

X-ray intensity data of the compound was collected at 100K using a Bruker D8 Venture diffractometer
equipped with a Helios optic monochromator, a Photon 100 CMOS detector and a Mo IMS microsource
(Mo-K, radiation). The raw area detector data frames were reduced and corrected for absorption effects
using the SAINT and SADABS programs with multi-scan absorption correction. Final unit cell parameters
were determined by fast fourier transform refinement of the respective independent reflections taken from
the data sets. The structure was solved by autostructure with SHELXT. Difference Fourier calculations and
full-matrix least-squares refinements against F? were performed by SHELXL-2014/7 (Sheldrick, 2014). All
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were refined

by a mixture of independent and constrained refinement.
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6.1 Single-crystal report of Zny(sbed)(DMACc)>(H,0), s (CCDC deposition number: )

Fig. S15: ORTEP representation of the single-crystal structure of Znx(sbed)(DMAc)>(H20), 5 with thermal

ellipsoids shown at the 50% probability level.

Crystal data znsbed_Om
Chemical formula C21H1NOsZn-CsHoNO
M, 509.82
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Crystal system, space group
Temperature (K)

a, b, c(A)

a, B, v ()

V(A%

VA

Radiation type

u (mm™)

Crystal size (mm)
Data collection

Diffractometer
Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [/> 20(/)] reflections

Rin
(sin 0/A)max (A7)

Refinement

R[F? > 20(F?)], wR(F?), S
No. of reflections
No. of parameters

No. of restraints

H-atom treatment

ApmaXy Apmin (e A‘:‘)

Triclinic, P -1
103
9.256 (3), 11.735 (4), 12.319 (4)

73.267 (10), 78.637 (8), 68.362 (10)

1184.9 (7)
2

Mo Ka.

1.08
0.29 x0.12 x 0.07

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.550, 0.745

13863, 4247, 2440

H atoms treated by a mixture of independent and constrained
refinement

W = 1/[ZX(FO?) + (0.1315P)* + 18.4592P] WHERE P = (FO?
+2FCH/3

1.71, =0.94
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6.2 Single-crystal report of Sr(fbcd)(DMAc)o.25(H20)3.5 (CCDC deposition number: )

Fig. S16: ORTEP representation of the single-crystal structure of Sr(fbcd)(DMACc)o.25(H20)3.5 with thermal

ellipsoids shown at the 50% probability level.

Crystal data

weise43_0ma_sq

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, b, c(A)

o, B,y (%)

V(A%

A

Radiation type

p (mm™)

CsHaeN205Sr-2(0H) (C4HsNO)
907.42

Triclinic, P -1

100

10.076 (3), 12.140 (3), 23.401 (6)

93.793 (7), 90.197 (8), 93.276 (8)

2851.5 (13)
2

Mo Ka
1.00
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Crystal size (mm)
Data collection

Diffractometer
Absorption correction

Tmm, Tmax

No. of measured, independent and
observed [/ > 20(/)] reflections

Rinl
(sin 0/0)max (A7)

Refinement

R[F? > 20(F%)], wR(F?), S
No. of reflections
No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (e A_3)

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.660, 0.739

122464, 11211, 8779

<

112

0.617

—
—
|38
—
—

572
9

~

H atoms treated by a mixture of independent and constrained
refinement

W = 1/[ZX(FO?) + (0.172P)* + 35.4396P] WHERE P = (FO?
+2FCH/3

7.39,-1.36

6.3 Single-crystal report of Ba(fbcd)(DMAc)2.5(H20)1.5 (CCDC deposition number: )
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Fig. S17: ORTEP representation of the single-crystal structure of Ba(fbcd)(DMAc),.s(H20); s with thermal

ellipsoids shown at the 50% probability level.

Crystal data

weise40_m_0Om_sq

Chemical formula

M;

Crystal system, space group

Temperature (K)
a, b, c (A)

B ()

V(A%

VA

Radiation type

u (mm™)

Crystal size (mm)

CgsHagBaaN4O)6- 3(CsHoNO)- (H20)
1963.33

Monoclinic, P 2\/n

100

12.178 (1), 20.5805 (17), 46.760 (4)
90.270 (2)

117193 (17)

[~
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Data collection

Diffractometer
Absorption correction

Tmim Tmax

No. of measured, independent and
observed [/ > 2a(])] reflections

Rim
(5in0/Mmax (A-")

Refinement

R[F? > 20(F?)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmux, Apmin (e A“E)

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.702, 0.745

312603, 23047, 21570

0.050
0.617

H atoms treated by a mixture of independent and constrained
refinement

W = 1/[EX(FO?) + (0.0225P)* + 172.6567P] WHERE P = (FO?
+2FC*/3

2.78,-3.72

7. Steady-state spectroscopy of likers and CPs

7.1 Solvent-dependent absorption spectra of Prysbed linker
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Fig. S18: UV/VIS absorption spectra of Prssbcd measured in different solvents
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7.2 Diffuse reflectance spectra of linkers and their corresponding CPs

(a) (b)
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Fig S19: Diffuse reflectance spectra of solid-state linkers and corresponding solid-state CPs. (a) UV/Vis
spectra of the linker Pry(sbed) (black) and its corresponding zinc-CP (red) in solid-state. (b) Emission
spectra of the linker Pry(sbed) (black) and its corresponding CP (red) in solid-state. (c) UV/Vis spectra of
the linker Pry(fbcd) (black) and its corresponding strontium-CP (blue) and barium-CP (red) in solid-state.
(d) Emission spectra of the linker Prs(fbed) (black) and its corresponding strontium-CP (blue) and barium-

CP (red) in solid-state.
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8. Sample preparation of CPs for the Z-scan measurements

All three CP crystalline powders are finely grinded to the uniform powders. Each CP powder was weighted
(see Table S2) and mixed with 0.5 g PMMA (1.18 g/mL) powder into 5 mL DCM and was stirred for 2h in
the solution. Afterwards PMMA films of the resulting dispersions were produced using the “doctor blading”

technique with subsequent evaporation of the DCM.

Table S2: Parameters used to calculate the concentration of CPs in PMMA-film state.

CPs Molecular weight [g/mol] Mass [mg] Concentration [mol/L]
Zny(sbed)(DMACc)2(H20)1.5 1014.41 16.7 0.0389
Ba(fbcd)(DMAC)2.5(H20) 1.5 1080.30 13.0 0.0284
Sr(fbed)(DMAC)0.25(H20)s.5 871.13 20.2 0.0547

9. References
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1. Analytical Methods

Surface Area Determination (BET)

Adsorption measurements with N2 (99.999 vol%) at 77 K were carried out on a 3Flex Physisorption from Micromeritics
Instrument Corp., which uses a manometric method to determine the amount adsorbed under an equilibrated gas pres-
sure.

Adsorption data was processed using the 3Flex Software Version 5.01 by Micromeritics Instrument Corp. and plotted
in OriginPro 2019b by OriginLab Corp. To create open access data, prevent issues with data mining, and facilitate ma-
chine learning, all isotherms are presented as adsorption information files in the SI [1]. The conversion of measurement
files was performed using an open access web application. [2]

The activated samples were transferred into pre-weighed sample tubes and capped with Micromeritics Check Seals.
The samples were subsequently heated at 60 °C for 12 hours under a dynamic vacuum of ~ 10-3 mbar using SmartVac
Prep by Micromeritics Instrument Corp. to ensure the absence of unwanted adsorbates and identical pre-measurement
states of all the samples. The mass of the adsorbent was then recorded. The free space of the sample tube was determined
prior to measuring each adsorption isotherm using helium (99.999 vol%). A water bath was used to maintain tempera-
tures from 5-25 °C; a liquid nitrogen bath was used for measurements at 77 K.

Nuclear Magnetic Resonance Spectroscopy (NMR)

TH-NMR spectra were recorded on a BRUKER AVIII 400 US with 400 MHz ("H). The chemical shifts  were referenced
on the residue of the proton signals of the used solvents and specified in parts per million (ppm). The determined data
are shown in the following presented sequence: chemical shift in ppm (multiplicity, coupling constant, integral, and
assignment). The following abbreviations were used in the assignment of the signals: s — singulett, m —

multiplett.

Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction measurements were carried out on a Rigaku MiniFlex 600-C diffractometer. The diffractome-
ter is equipped with a 600 W X-ray tube and a D/teX Ultra silicon strip detector and a scan width of 2@ = 3-50°.

Solid State UV/Vis (SS-UV/Vis)

The UV/Vis spectra of solids were recorded on a UV-3600 Plus from SHIMADZU at a wavelength range of 200 nm-800
nm. The sample was sandwiched between two quartz microscope plates from Alfa Aesar and measured at room tem-
perature.
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UVI/Vis Spectroscopy

UV/Vis spectra were measured on a Lambda 365 UV/Vis Spectrometer form Perkin Elmer at a wavelength range of 0—
900 nm. The spectrometer uses a tungstenhalogen and deuterium interface.

Elemental Analysis

The elemental analysis was carried out in the Microanalytical Laboratory at the Technical University of Munich. The
analyses for carbon, chlorine hydrogen, nitrogen, and zinc were carried out with a flash 88 combustion method at 1800
°C with an ELEMENTAL analyzer from HEK-ATECH. All data are presented in %.

Thermogravimetric Analysis (TGA)

The TGA was carried out with a TGA/DSC 3+ STAR system from METTLER TOLEDO, to which a gas analysis system
from THERMOStar was connected. The sample was filled into a crucible, which was tared beforehand, and the sample
was weighed in the device.

Single-Crystal X-Ray Diffraction (SC-XRD)

X-ray intensity data of the compound was collected at 100(2)K using a Bruker D8 Venture diffractometer equipped with
a Helios optic monochromator, a Photon 2 CPAD detector, and a Mo IMS micro source (Mo-Ka radiation) (compound
2) or a Photon 100 CMOS detector and a TXS rotating anode (Mo-Ka radiation) (compound 3). The raw area detector
data frames were reduced and corrected for absorption effects using the SAINT and SADABS programs with multi-
scan absorption correction. Final unit cell parameters were determined by fast Fourier transform refinement of the re-
spective independent reflections ontained from the data sets. The structure was solved using SHELXT. Difference Fou-
rier calculations and full-matrix least-squares refinements against F> were performed by SHELXL-2014/7 (Sheldrick,
2014). All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were calcu-
lated in ideal positions using a riding model.

FZLIDTESCETI ce Spectroscupy

A FS5 Spectrofluorometer from Edinburgh Instruments was used for the fluorescence measurements. As the light
source, a 150 W CW ozone-free xenon arc lamp was used and a Czerny-Turner design monochromator with a dual
grating turret. The detector used was a Photomultiplier R928P with a spectral coverage of 200 nm-900 nm.

2. Synthetic Procedures

1,6,7,12-tetrachloro-perylene-3,4,9,10-tetracarboxylic anhydride 1: the synthesis was performed according to a litera-
ture-known synthesis. [18] In a 100 mL Schlenk flask, 1 g of perylene-3,4,9,10-tetracarboxylic acid anhydride 1 (2.5
mmol, 1 eq.) and 0.17 g of iodine (0.68 mmol, 0.27 eq.) in 6.55 mL of chlorsulfonic acid were stirred for 2 days at 70 °C
under argon atmosphere. After completion, the reaction mixture was slowly poured into 500 mL of ice water. Subse-
quently, the precipitating orange solid was filtered, washed with water, and dried to produce a bright orange powder
(1.32 g, 2.49 mmol, 99%). "H-NMR (400 mHz, CDCI3): d (ppm) = 8.74 (s, 4H).

1,6,7,12-tetrachloroperylenediimide-N,N'-di-benzoic acid (Hztpbd) 2: the synthesis was performed with a modified
literature synthesis [19]. In a 100 mL round bottom flask, 1 g of 1 (1.89 mmol, 1 eq.) and 3.88 g 4-aminobenzoic acid 3
(28.3 mmol, 15 eq.) were dissolved in 25 mL of propionic acid and stirred for 2 days at 160°C. After the completion of
the reaction, the reaction mixture was poured into 100 mL of water and subsequently filtered off. The filtrate was
washed with 100 mL of water/methanol (1:1), and afterwards the orange solid was dried to constant weight (1.1 g, 1.89
mmol, 82%).

"H-NMR (400 mHz, DMSO-d6): d (ppm) = 13.20 (s, 2H, COOH), 8.64 (s, 4H), 8.21- 8.05 (m, 4H), 7.65-7.56 (m, 4H).

Zn(tpdb)(DMF)s 3: in a 4 mL screw-cap vial, Zn(NOs)2 (15.0 mg, 0.05 mmol, 3.8 eq.) and Hatpbd 2 (10.0 mg, 0.013 pmol.
1 eq.) were dissolved in 3 mL of DMF. Afterwards, the solution was sonicated and placed for 96 h at 90°C in an oven.
The precipitated solid was then filtered and dried to constant weight to produce orange needles of Zn(tpbd)(DMF)s 3
(4.13 mg, 0.0039 mmol, 30%)

Elemental analysis (%) calc. for Zn(tpdb)(DMF)s: C, 53.17; H, 3.17; N, 6.66; Zn, 6.22; Cl, 13.49; found C, 53.57; H, 2.78; N,
6.03; Zn, 6.2; Cl, 13.0.
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102-Evolution Experiments

In a glovebox, a 20 mL phototube was filled with 1.25 mg (4.62 mmol, 1 eq.) of DBPF and 1 eq. of the respective photo-
sensitizer 2 or 3. A total of 5 mL of dried acetonitrile was added with argon counter flow and subsequently the suspen-
sion was stirred for 30 minutes in the dark to achieve the adsorption/desorption equilibrium under oxygen atmosphere.
Afterwards, an LED with a wavelength of 512 nm was turned on and, at defined time intervals, aliquots of the reaction
solution were obtained, diluted, and investigated, and UV/Vis spectra were recorded.

3. Supplementary Figures

100

Zntpdb

90 4

80+

704

Mass [%)]

60

50 4

40

T T T T T T T
100 200 300 400 500 600 700 800
Temp. [°C]

Figure S1. Thermal gravimetric analysis of Zn(tpdb)(DMF)s from 25°C to 800°C with a rate of 10 K min-1. The weight loss of 10%
starting at 150°C indicates that the loss in the structure included water. The subsequent weight loss of 5% starting at 300°C corre-
sponds to the stored DMF in the structure. The MOF structure is then stable until 400°C. At this temperature, the MOF starts to
decompose.
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Figure S2. 'H-NMR of 1,6,7,12-tetrachloro-perylene-3,4,9,10-tetracarboxylic anhydride (1) in CDCls showing a single singulett, ac-
cording for the H atoms in the bay area of the perylene.
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Figure S3. 'TH-NMR of 1,6,7,12-tetrachloroperylenediimide-N,N'-di-benzoic acid (2) in DMSO-dé showing a singulett at 13.2 ppm for

the carboxylic acid groups, and an additional singulet at 8.64 ppm for the H atoms in the bay area of the perylene. Additionally, two
multipletts can be seen, accounting for the aromatic H atoms of the benzoic acid at 8.15 ppm and 7.59 ppm.
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Figure S4. Comparison of the emission behavior of 2 and 3. The linker shows a much stronger emission than the MOF (compare
QY(Hatpbd) =0,9 vs. QY (Zn(tpbd)) = <0,01), suggesting H-type aggregated perylenes, which show a high n-type mobility and
quenching of the absorbed light energy, not allowing for directed energy transfer.
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Figure S5. UV/Vis of the decrease in the absorption intensity of DBPF during the reaction with 'Oz produced by 2.
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Figure S6. Control experiment of DBPF with 3 and without light irradiation over the duration of 40 minutes.
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Figure S7. Control experiment of DBPF without 3 and with light irradiation over the duration of 40 minutes.
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Figure S8: BET data of Zn(tpdb)(DMF)s showing the low surface area of it because of missing pores and the layer structure of the 2D
coordination polymer. (a) Semi-log plot of the nitrogen isotherm at 77 K of Zn(tpdb). (b) BET plot with linear-fit control parameters
and calculated monolayer capacity (Qm).
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Figure S9: IR data of (a) linker 2 and (b) MOF 3.
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Figure S10: PXRD of 3 after 'Oz evolution studies.
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4. Single-Crystal X-Ray Diffraction Experiments

4.1 Hatpdb (CCDC: Deposition Number 2153020)

Crystal data
Chemical formula
M:

Crystal system, space group
Temperature (K)
a,b,c (A)

B ()

V(A

7

Radiation type

p (mm-')

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [I > 20(I)] reflections

Rint

(sin 8/N)max (A1)

Refinement
R[F?>20(F?)], wR(F?), S
No. of reflections

No. of parameters

C3sH14ClaN20s-2(CsH:0)

912.52

Monoclinic, C2/c

100

35.229 (4), 12.3677 (13), 21.757 (3)
119.954 (6)

8213.3 (18)

0.23 x 0.09 % 0.06

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.692, 0.745

150702, 8080, 7369

0.070

0.617

0.078, 0.156, 1.22
8080

655
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No. of restraints

H-atom treatment

Apmax, Apmin (e A-3)

121
H atoms treated by a mixture of independent and constrained refinement
W =1/[2(FO?) + (0.0321P)* + 60.8212P] WHERE P = (FO? + 2FC?)/3

0.60, -0.77

Computer programs: APEX TII Control Software (Bruker, 2016), SAINT (Bruker, 2017), SHELXT (Sheldrick, 2015), SHELXL (Sheldrick,
2017), SHELXLE (Huebschle, 2011), PLATON (Spek, 2011), and enCIFer (Allen, 2014).

4.2 Zntpdb(DMF)s (CCDC: Deposition Number 2153019)

Crystal data
Chemical formula
M:

Crystal system, space group
Temperature (K)
a,b,c(A)

B ()

V(A

V4

Radiation type

p (mm-1)

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [I > 20(I)] reflections

Rint

CssHa ClsN7O19Zn2(CsH/NO)
1965.81

Monoclinic, C2/c

123

50.894 (3), 19.9711 (12), 16.310 (1)
91.825 (2)

16569.2 (17)

0.28 x 0.10 x 0.05

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.689, 0.736

204129, 16317, 11889

0.101
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(5in B/A)max (A1) 0.617

Refinement

R[F2>20(F?)], wR(F?), S 0.080, 0.233, 1.04

No. of reflections 16317

No. of parameters 1143

No. of restraints 48

H-atom treatment H-atom parameters constrained

W = 1/[Z2(FO?) + (0.1242P)2 + 156.7946P] WHERE P = (FO2 + 2FC?)/3
Apmax, Apmin (€ A9) 3.35, -1.81

Computer programs: APEX III Control Software (Bruker, 2016), SAINT (Bruker, 2017), SHELXT (Sheldrick, 2015),
SHELXL (Sheldrick, 2017), SHELXLE (Huebschle, 2011), PLATON (Spek, 2011), and enCIFer (Allen, 2014).
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modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
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BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
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o WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

¢ This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and

transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:
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you opened your RightsLink account (these are available at any time at

Terms and Conditions

¢ The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

* With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

e NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
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INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
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these terms and conditions shall prevail.

¢ WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

¢ This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY') allows users to copy, distribute and

transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:
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