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Zinc and Cobalt Coordination Polymers Based on the
Redox-Active Linker 4,4’-(Phenazine-5,10-diyl)dibenzoate:
Structures and Electrochemical Properties

Dietrich Plischel, Moritz Nau, Nabil Assahub, Thi Hai Yen Beglau, Nils Hufnagel,
Dustin Jordan, Tobias Heinen, Till Strothmann, Markus Suta, Rainer F. Winter,*

and Christoph Janiak*

The novel coordination polymers [Zn(PZDB)(DEF),],, (Zn-PZDB)
and [Co(HPZDB),(DEF),], (Co-HPZDB) (H,PZDB = 4,4'-(phena-
zine-5,10-diyl)dibenzoic acid, DEF = N,N-diethylformamide) are
synthesized solvothermally from the metal nitrate salts and the
linear H,PZDB linker with the redox-active phenazine-5,10-diyl
core. Zn-PZDB is composed of zigzag chains with the Zn ion tet-
rahedrally coordinated by two diethylformamide (DEF) molecules
and two carboxyl O-atoms from the bridging PZDB*~ linker. The
crystal structure of Co-PZDB represents a two-dimensional (2D)
coordination grid. The Co*" ion is octahedrally coordinated by
two DEF molecules and four carboxyl oxygen atoms of the
semi-deprotonated HPZDB™ linker molecules. Yellow Zn-PZDB

1. Introduction

The synthesis and design of coordination polymers (CPs) and
metal-organic frameworks (MOFs) have gained significant atten-
tion in recent years due to their unique architectures and diverse
functional properties. CPs are crystalline solids with infinite chains
or networks in one, two, or three dimensions, maintained by coor-
dination bonds between metal ions or metal clusters and organic
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and red Co-PZDB turn green upon air exposure, which is due
to linker oxidation, forming the (H)PZDB™ radical cation. UV/
Vis/NIR spectroelectrochemistry reveals that Me,PZDB undergoes
two reversible one-electron oxidations, producing characteristic
absorption bands. Similar spectroscopic changes are observed
upon oxidation of Zn-PZDB and Co-HPZDB. Chemical oxidation
with SbCls yields the same color changes together with electron
paramagnetic resonance signals typical of ligand-based radical
cations. These findings indicate that the PZDB linker is the pri-
mary redox site. Ligand oxidation is followed by disintegration
of the coordination polymers.

bridging ligands denoted as linkers."? MOFs are a subclass of CPs
with potential porosities, often due to the utilization of spatially
elongated linkers.®* These materials have significant potential
for various applications in luminescence, biomedicine, gas adsorp-
tion, as well as gas storage and separation.”='® Organic polycar-
boxylate anions have been established as widely used linkers for
CPs and MOFs. They favor the formation of multinuclear clusters
that act as secondary building units (SBUs) with a fixed coordina-
tion geometry and connectivity, often rendering them electroneu-
tral by compensating the charge at the metal or cluster cations.
The targeted construction of CPs nevertheless warrants a rational
design and sensible use of polytopic linkers.®'"?

Redox-active CPs and MOFs enable the investigation of
charge transfer mechanisms and applications in chemosensing,
electrocatalysis, and optoelectronics. The integration of redox-
active ligands or multivalent metal centers facilitates the tuning
of electronic, magnetic, and spectroscopic properties. However,
challenges such as structural instability during redox cycling
necessitate careful design of metal-ligand systems. Advances
such as post-synthetic modifications and the incorporation of
redox-active guests often serve the purpose of improving stability
and functionality. These materials show great potential for tech-
nologies such as batteries and catalysis, with ongoing research
focused on optimizing CPs and MOFs for enhanced performance
and durability."*'> Examples for redox-active ligands in coordi-
nation polymers and networks are substituted 4,4’-bipyridinium
ligands, so-called viologens,''®'” guanidines,!®' and linkers with
tetrathiafulvalene (TTF) cores.?%-*
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The use of carboxylate linkers that are also redox-active, such
as phenazine-based linkers, for the synthesis of novel CPs and
MOFs provides a further opportunity to exploit redox properties.
Phenazines feature a dibenzo-anellated pyrazine core and are
known for their inherent redox activity. Phenazines are easily
reduced to 5,10-dihydrophenazines, which, when combined with
further conversions, provide access to a rich variety of dihydro-
phenazine derivatives (Scheme 1).2% Dihydrophenazines (DHPs),
and in particular N,N-substituted diaryl-phenazin-5,10-diyls are
electron-rich and form stable radical cations under irradiation,
heating, electrolysis, or treatment with a suitable chemical oxi-
dant. Due to their remarkable redox activity and their stable radi-
cal cations.”>?%1 DHPs exhibit unique optical, electronic, magnetic,
and catalytic properties.””> Several diaryl DHPs have been
reported as promising photoredox catalysts for visible light-
activated atom transfer radical polymerization.2%

Dihydrophenazine-based organic polymers,?’3" coordination
cages,® and MOFs have been investigated as heterogeneous
catalysts.'***3! DHP-based 2D and 3D covalent organic frameworks
(COFs) were found as efficient heterogeneous photocatalysts for
the radical ring-opening polymerization of vinylcyclopropanes.®"
The UiO-type MOF [Zrg(p3-0)4(ps-OH)4(PZDB)s] was successfully
employed as a heterogeneous donor component for
enhanced catalytic electron donor acceptor photoactivation.*®
[Zn,(PZDB),(DABCO)]-4DMF was applied as a heterogeneous
catalyst for aza-Diels-Alder reactions (DABCO = 1,4-diazabicy-
clo[2.2.2]octane).®¥ Further, DHP-based coordination cages®”
and porous organic polymers GT-POP-1 (precursor: 4,4’-(phena-
zine-5,10-diyl)dibenzonitrile), POP1/2 and POP2-Ni (precursor:
5,10-bis(4-vinylphenyl)-5,10-dihydrophenazine) have been stud-
ied with respect to their electrochemical properties.*¢3”!

In addition to their use as heterogeneous catalysts, dihydro-
phenazines represent a promising, inexpensive, and environmen-
tally friendly alternative as a cathode material in batteries.**4"
For instance, molecular DHP derivatives can be embedded in pol-
ymers to enhance the electrochemical properties.*"’ The lithium
salt of PZDB?~ (Li,-PZDB) can be used as a bipolar active material
for organic symmetric battery cells, serving both as a cathode and
an anode. The dihydrophenazine moiety is cathode-active, while

Q@»Q@

Phenazine Dihydrophenazine,

DHP

D|methy|-4,4 -(phenazine-5,10-diyl)-

the benzoate moiety is anode-active.*? Hence, it is of interest to
develop new (coordination) polymers based on DHP and investi-
gate their electrochemical properties.

In this work, we present the synthesis and characterization of
two new coordination polymers based on the DHP-derived
redox-active linker PZDB?".

2. Results and Discussion

The synthesis of the linker acid 4,4’-(phenazine-5,10-diyl)diben-
zoic acid (H,PZDB) is illustrated in Scheme 1. The first step in
the synthesis is the reduction of phenazine to DHP. In the second
step, the DHP is subjected to a palladium-catalyzed Buchwald-
Hartwig coupling with methyl 4-bromobenzoate. The intermedi-
ate ester (Me,PZDB) is subsequently hydrolyzed to give the free
dicarboxylic acid H,PZDB with an overall yield of up to 75%.1? Its
purity and identity were confirmed by 'H NMR, *C NMR, infrared
and high-resolution mass spectrometry, elemental analysis and
single-crystal structure analysis (see ESI for details).

The free acid H,PZDB could be crystallized from DMSO as a
DMSO solvate, H,PZDB-2DMSO as yellow platelets in the triclinic
space group P1 (no. 2). In the crystal structure, the pyrazine
centroid coincides with the inversion center, rendering half of
the molecule as the crystallographic unique asymmetric unit
(Figure 1). The annelated benzo and pyrazine rings are nearly
coplanar (dihedral angle 0.76(6)°). The dihedral angle between
the benzoic acid aryl group and the pyrazine ring is 79.36(7)°, sim-
ilar to phenazine-5,10-diyl-dibenzonitriles.** The intermolecular
packing is controlled by C—H--z contacts (see ESI for details).

The reactions of zinc(ll) or cobalt(ll) nitrate with H,PZDB under
solvothermal conditions in diethylformamide (DEF) resulted in the
formation of yellow thin platelet crystals of [Zn(PZDB)(DEF),],
(Zn-PZDB) (Figure S8, Supporting Information), or hexagonal
dark red-purple crystals of [Co(HPZDB)(DEF),l,-DEF (Co-HPZDB)
(Figure S19, Supporting Information).

Zn-PZDB crystallizes in the monoclinic space group C2/c
(no. 15) in a structure determination at 298 K and in the triclinic
space group PT (no. 2) at 150 K. The room-temperature structure

4.4' -(Phena2|ne-5, 10-diyl)-

dibenzoate, Me,PZDB dibenzoic acid, H,PZDB

Scheme 1. Synthesis route to the linker 4,4’-(phenazine-5,10-diyl)dibenzoic acid (H,PZDB).
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Figure 1. Molecular structure of H,PZDB-2DMSO in the crystal (50% thermal
ellipsoids, H atoms with arbitrary radii). Hydrogen bonding interaction (dashed
orange line) with O1—H1 =0.93(3) A, H1...03 =1.65(3) A, 01...03 =2.578(2) A,
O1—H1...03 =176°. Symmetry code i=—x+2, —y+1, —z+ 2.

has a crystallographically unique Zn atom (on a two-fold rotation
axis and glide plane), one unique DEF molecule and half a linker
(inversion center at the pyrazine centroid) (Figure S12 and S17a,

(@)

Supporting Information). The lower-symmetry low-temperature
structure has two crystallographically different Zn atoms, four
DEF ligands and two linkers, none of them on a special position
(Figure 2, Figure S13 and S17b, Supporting Information). Other
than that, the two polymorphic structures from the single-
crystal-to-crystal transition are almost identical, with only minor
differences in the bond lengths and atomic parameters.
The structure of catena-[bis(N,N-diethylformamide)-p-4,4’-(phen-
azine-5,10-diyl)dibenzoato-x*0,0"-zinc(ll)], Zn-PZDB, is a one-
dimensional zigzag chain. A topological analysis (carried out with
the program TopCryst™**) assigns the topology 2C1, which is a
very common topology for such zigzag structures.” The distance
between the Zn(ll) ions in a chain is 19.3 A, with a Zn-Zn-Zn
angle of 114°, The tetrahedral coordination environment of Zn
is composed of two carboxylate oxygen atoms from two mono-
dentate PZDB?" linkers and two oxygen atoms from two DEF
molecules. One-dimensional zigzag chains of Zn(ll) or Co(ll) ions

by );ijr &
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Figure 2. a) Expanded asymmetric unit of Zn-PZDB (150K structure) with the two symmetry-independent Zn atoms and PZDP?~ linkers (50% thermal
ellipsoids, H atoms with arbitrary radii). Symmetry transformations: 1) x—1,y+1,z+1;2) x+ 1,y — 1, z— 1. b,c) Chain arrangement in Zn-PZDB. In (c)
three different chains are depicted in different colors to help to visualize the “tongue-and-groove” interdigitation motif for the inter-chain packing.

See (Figure S13, Supporting Information) for full atom labeling in the asymmetric unit.
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with carboxylate ligands are frequently observed in dicarboxylate
coordination polymers, as exemplified by [Zn(BDC)(DMP),(H,0)],
and [Co(BDC)(DMP),], (BDC*~ = benzene-1,4-dicarboxyate, tere-
phthalate, DMP = 3,5-dimethylpyrazole) or [Zn(DHBDC)(PYAOX).],
(DHBDC?~ = 2,5-dihydroxyterephthalate, PYAOX = pyridine-2-
amidoxime).#>4¢!

In the low-temperature structure the Zn—0O,,,, bonds range
from 1.928(2) to 1.947(2) A, while the Zn—Opgr bonds are slightly
longer, between 1.968(2) and 2.007(2) A. The 0—Zn—0 angles lie
in between 96.82(7)° and 125.07(7)° (Table S4; see S3, Supporting
Information for room-temperature structure). Each PZDB?~ linker
bridges two zinc ions. The benzoate aryl groups (bzate) and the
annelated benzo (bz) groups on the pyrazine (py) ring are slightly
cis-bent to each other. The angles between the ring centroids (Ct)
are Ctpyate-Ctoy-Clizae = 177° and 172° and Cty,-Ctp-Cty, = 175°
and 171° for the PZBD?~ linkers with N1/N2 and N3/N4, respec-
tively. The dihedral angles between the benzoate aryl groups
and the pyrazine ring vary from 82.4(1)° to 88.9(1)°. Adjacent
Zn-PZDB chains are arranged parallel to each other. In the
room-temperature structure, the chains lie in the {4 0 —4} lattice
planes, in the low-temperature structure in the {1 —1 2} planes
(Figure S18, Supporting Information).

There are no =7 interactions between the aromatic rings to
organize the inter-chain packing. Instead, the packing of adjacent
chains is controlled by a few weak C—H--O_,, interactions and by
van-der-Waals interactions through the mutual interdigitation, or
a “tongue-and-groove” motif of the “tongues” of the diethyl
groups from DEF and the annellated benzo groups of the

phenazine rings into the “grooves” formed by these alternating
“tongues” of the adjacent chains. Evidently, the DEF ligands keep
the chains at a certain distance so that no 7z or C—H-x inter-
actions develop between the aromatic rings. The dense packing
of the parallel chains prevents the occlusion of solvent of
crystallization.

In view of the important role of the DEF ligands, we crystal-
lized Zn-PZDB also from N,N-dimethylformamide (DMF). The
structure, which is essentially identical to the one from DEF, is
only presented and discussed in the Supporting Information
(Section S5, Figure S16 and S17, Supporting Information).

Co-HPZDB crystallizes in the orthorhombic space group Ccce
(no. 68). The structure is composed of two-dimensional layers
with square-lattice (sql) topology based on the repeating formula
unit Co(HPZDB),(DEF),. Noteworthy, the linker is a mono-
deprotonated mono-anion HPZDP~. Two mono-ionic HPZDP~
linkers per formula unit give a charge-balanced formula unit with
Co(ll). The asymmetric unit of Co-HPZDB contains half a HPZDB~
linker, a Co(ll) ion and one molecule of DEF, with two-fold
rotations axes passing through the centroid of the pyrazine ring
and the Co atom. Figure 3 shows the extended asymmetric unit
with the coordination environment of the Co(ll) ion in Co-HPZDB.

The Co(ll) ion is sixfold coordinated by four carboxylate and
two DEF oxygen atoms in a distorted octahedral geometry.
The Co—O(DEF) bond (2.109(6) A) is slightly longer than the
charge-supported Co—O(carboxylate) bond (2.086(3) A). The
0O—Co—O0 angles range from 76.6(2)° to 178.0(2)°. The oxygen
atoms of the unique carboxyl group in Co-HPZDB have large

Figure 3. Extended asymmetric unit of Co-HPZDB. For clarity, a ball-and-stick presentation is chosen (see Figure S25, Supporting Information for the ther-
mal ellipsoids). The G, axis through the Co atom induces the two positions of the OCHN atoms of DEF with equal occupancy. The half-occupied H atom
was arbitrarily placed at a maximum of electron density found at midpoint between the symmetry-related O1 atoms but the actual O—H--O bond will be
unsymmetric. Symmetry transformations: 1) —x+1, y, —z+3/2; 2) x, =y +3/2, —z+3/2; 3) —x+1, —y +3/2, z; 4) —x+1/2, —y + 1, z. See (Figure S25,

Supporting Information) for full atom labeling in the asymmetric unit.
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thermal ellipsoids, which are evidence of a tilt disorder that was
also separately refined with two independent A and B oxygen
positions (see Figure S26, Supporting Information for further
details).

The mono-deprotonated HPZDP~ linkers connect two Co
atoms and the non-deprotonated carboxyl group, —COOH forms
an H-bond to the cis-positioned, deprotonated carboxylate group
COO~ around the Co atom. The distance between the two O
atoms in the O(—H)--O hydrogen bond is 2.44 A. Due to the high
symmetry in the X-ray structure with only a single unique car-
boxyl group, the H atom will be seen at both carboxyl groups
of the HPZDP~ linker and will, thus, be half-occupied. Because
of the additional tilt-disorder of the carboxyl groups (see
Figure S26, Supporting Information), this half-occupied H atom
could not be located and was arbitrarily placed at a maximum of
electron density found at midpoint between the symmetry-related
O1 atoms (cf. Figure 3), but the actual O—H--O bond will be unsym-
metric. Such an H-bond between a non-deprotonated and depro-
tonated carboxyl group around a metal center has rarely been
observed. A search in the Cambridge structure data base yields
only two examples with Co: [Co,(dps),(5-Br-Hip),], (dps=44'-
dipyridylsulfide, 5-Br-H.ip = 5-bromoisophthalate)*” and bis[3-(4-
carboxyphenoxy)propionato-«O]bis[3-(4-carboxyphenoxy)propionic
acid-xO]bis(pyridine-xN)cobalt(I).*® Further, there is a coordination
polymeric Mn network {{Mn3(HBTC),(H,BTC),(DMF)4(H,0),]-4DMF},
(HsBTC = benzene-1,3,5 tricarboxylic acid).**

In the C,-symmetric HPZDB™ linker, the angles between the
ring centroids (Ct) are Ctyyate-Clpy-Clpzae = 173° and Cty,-Cty,y-
Ctp, = 179°. The dihedral angle between the benzoic acid aryl
group and the pyrazine ring is almost perpendicular (89.4(1)°).
The bridging action of four HPZDB™ linkers around cobalt gives
rise to a two-dimensional (2D) network with square-lattice (sql)
topology (Figure 4a). The layers in the network lie parallel to

the crystallographic ab plane. The linkers and their phenazine
rings form two planes in each layer (Figure 4b). Parallel networks
are arranged in a staggered fashion so that no voids or channels
are formed. The distance between the cobalt(ll) ions within a layer
is 17.7 A. The Co-Co-Co angles are 61° and 119°, respectively.
The distance between the individual layers is 4.9 A.

Powder X-ray diffraction (PXRD) analyses indicated that as-
synthesized Zn-PZDB and Co-HPZDB have a high crystalline
phase purity according to the good matches between the experi-
mental and simulated patterns from single-crystal structure data,
respectively (Figure 5). However, both coordination polymers
exhibit a significantly different PXRD pattern after a 24 h exposure
to air (Figure S22, Supporting Information). This is accompanied
by a change in color from the original yellow in Zn-PZDB and dark
red-purple in Co-HPZDB to dark green (Figure S8 and S20,
Supporting Information). The observed color change is attributed
to the oxidation of the diarylphenazine core. This phenomenon
has been previously observed in other dihydrophenazine
derivatives.”>>" The formation of a stable radical cation results
in a shift in the charge balance or charge neutrality within the
CPs, which contributes to the decomposition of both CPs.
Under the employed experimental conditions, the structural dis-
integration of the coordination polymers upon linker oxidation is
irreversible. Neither PXRD nor visual inspection revealed any signs
of reassembly or partial structural recovery. The green color of the
oxidized material remains unchanged for several weeks and even
months under ambient conditions, which suggests that the oxi-
dized phase is stable in the long term. It is also noteworthy that
reassembly processes in coordination polymers typically require
carefully controlled conditions, such as solvent-mediated recrys-
tallisation or the re-introduction of linkers or metal centres.
These conditions were not present in the experimental setup,
which further supports the observed irreversibility.

Figure 4. a,b) Section of a single-layer arrangement in Co-HPZDB with (a) top-down view (along the ¢ axis), and (b) side view (along b axis). In c) the two
different layers are depicted in different colors to help to visualize the staggered motif for the inter-layer packing.
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Figure 5. Comparison of the experimental (as = as synthesized) and simulated powder X-ray diffractogram of a) Zn-PZDB (simulation from room-temperature
structure), and b) Co-HPZDB. The diffractograms were measured directly after washing and before drying.

Solid-state luminescence/emission spectra were measured at
room temperature in order to investigate the photophysical
properties. Zn-PZDB exhibits a broad emission with a maximum
at 595 nm upon excitation at 400 nm (Figure 6a). Additionally, a
small shoulder at 804 nm can be resolved. Unlike Zn-PZDB,
Co-HPZDB exhibits a markedly red-shifted emission profile, char-
acterized by a weak and broad emission peak with a maximum at
858 nm upon excitation at 450 nm (Figure 6b), which could be
related to a localized d’-d” transition of the Co®" ions in an octa-
hedral ligand field. Time-resolved photoluminescence spectra of
Zn-PZDB and Co-HPZDB reveal a decay in the nanosecond range
as well as a delayed component in the s range with lower ampli-
tudes (see Figure S28, S29, and S31, Supporting Information).
In agreement to various dihydrophenazine derivatives,**! both
coordination polymers also show both prompt and delayed
fluorescence at room temperature indicating that also ligand-
centered luminescence can be detected.

For Zn-PZDB, we attribute the observed photoluminescence
to ligand-centered singlet and triplet excited states, consistent
within the nature of the dihydrophenazine linker. This
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assignment is supported by the absence of low-lying metal-
centered states in Zn(ll), which has a 3d' configuration and is
thus, photophysically inactive. In Co-HPZDB, the situation is more
complex due to the open-shell 3d’ high-spin configuration of
Co(ll). The emission maximum at 850 nm suggests a different ori-
gin. Based on the energy and the redox-active nature of the
mono-deprotonated HPZDP~ ligand, we consider a metal-to-
ligand charge transfer (MLCT) process as a most plausible
mechanism—aespecially because Co(lll) in an octahedral coordina-
tion with a d® low-spin configuration would be very much stabi-
lized. This is supported by prior studies on Co-based coordination
compounds showing MLCT-type emissions in the red to near-
infrared region.®>*3 While d-d transitions cannot be fully
excluded, their typically spin-forbidden nature in intermediate
ligand fields and the concomitant low emission energies lead
to longer radiative decay times and thus, make nonradiative
relaxation at room temperature a very favorable mechanism.
The detection of an emission signal at room temperature
despite those challenging conditions may imply a different
origin. Furthermore, the emission at long wavelengths
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Figure 6. Excitation and emission spectra of powdered a) Zn-PZDB from DEF, and b) Co-HPZDB at room temperature.
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compared to the Zn congener is unusual for ligand-centered
luminescence alone, additionally supporting a CT-based excited
state. Future CASSCF calculations could give more profound
insight here.

The thermal stability of Zn-PZDB and Co-HPZDB was investi-
gated by thermogravimetric analysis (TGA) under a nitrogen
atmosphere (Figure S11 and S24, Supporting Information). TGA
of Zn-PZDB indicates a 30% weight loss at =180 °C, which corre-
sponds to the release of two DEF molecules (theoretical 29.4%)
with a boiling point of 176-177 °C.*¥ The remaining 60% corre-
sponds to PZDB, which does not undergo complete combustion,
and metallic Zn (theoretical 61.1%). The residual mass of 10%
agrees with the theoretical mass of Zn of 9.5%. For Co-HPZDB,
the initial loss of 9.5% corresponds to the loss of one DEF mole-
cule (theoretical 9.1%). The loss of the second DEF overlaps
partially with the loss of PZDB, resulting in a combined loss of
83% (theoretical 84.9%). The residual mass of 6% agrees with
the theoretical mass of Co of 5.3%.

X-ray photoelectron spectroscopy (XPS) has been performed
to investigate the chemical composition and chemical state of Co,
N, C, and O in Co-HPZDB. The XPS survey spectrum in the range of
binding energies from 0 to 1100eV in Figure 7 confirmed
the presence of the elements Co, N, C, and O. Figure 8 shows the
high-resolution XPS spectra of C 1s, O 1s, N 1s, Co 2p. The high-
resolution C 1s XPS spectrum exhibits three individual peaks at
binding energy values of 284.8, 285.7, and 288.8 eV, which could
be assigned to (=C/C—C/C—H, C—N, and O—C=0 bonds, respec-
tively corresponding to the arene ring and the carboxylic group in
the linker HPZDB~.**! The high-resolution O 1s XPS spectrum is
divided into three components, which are composed of oxygen
bonded to cobalt (Co—0) and the carboxylic group (O=C—0) of
HPZDB™, and absorbed water molecules (—OH) at the binding
energy values of 530.8, 531.8, and 532.9eV, respectively.”®
The N 1s high-resolution XPS spectrum shows that in Co-HPZDB,
N exists in two chemical states of the phenazine imine ((=N—C)
and DEF amide (N—(C=0)—) at the binding energy of 399.0 and

12000 ® P
o o
10000
N
— &
7] N
2 s00{ 2§ &8
S oo 9=
= ol =
B 6000 2 ”
£ < z
4000
2000 8§ &
o O
e |
0

1000 800 600 400 200 0
Binding Energy (eV)

Figure 7. XPS survey spectrum of Co-HPZDB.
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399.7 eV, respectively.””® The Co 2p spectrum displayed two
main peaks of Co 2ps/, (780.6eV) and Co 2p,,, (796.3 eV) with
their shake-up satellite peaks (785.6 and 801.2 eV), which can
be assigned to Co*" species (Figure 8d).>”

2.1. Spectroelectrochemistry of Me,PZDB and the
Coordination Polymers

The typical green coloration observed upon prolonged exposure
of the two new CPs to air is highly suggestive of linker oxidation
with the concomitant formation of the associated PZDB™" radical
cation with an overall charge of —1, considering the deproto-
nated benzoate groups.?*>°%% This will likely decrease the bind-
ing capabilities of the bridging PZDB?" ligands, thereby opening
an avenue for CP degradation. In order to probe experimentally
for linker oxidation, we first subjected its dimethyl ester Me,PZDB
to chemical or electrolytic oxidation and measured its UV/Vis/NIR
spectrum as a point of comparison with the oxidized samples
of Zn-PZDB and Co-HPZDB. Like other 5,10-diaryl-5,10-
dihydrophenazines,?526505161-631  Me,PZDB undergoes two
consecutive, chemically and electrochemically reversible one-
electron oxidations at half-wave potentials of —130 and 620 mV
on the ferrocene/ferrocenium potential scale (Figure S32,
Supporting Information). Oxidation past the first anodic peak
to the corresponding radical cation inside a spectroelectrochem-
ical cell in the presence of the 1,2-dichloroethane/0.1 mol L™
NBu,™ PFs~ electrolyte caused the growth of new bands at
448 and 475nm and a vibrationally structured band at lower
energy with individual peaks at 572, 629, 685, and 761 nm
(Figure S34, Supporting Information). All of these features are typ-
ical of 5,10-diphenyl-5,10-dihydrophenazine radical cations;®%%
they are almost identical to those reported for the closely related
N,N’-diphenyldihydrophenazine (DPPZ).”*

In order to monitor the spectroscopic changes accompanying
the oxidation of the insoluble Zn-PZDB and Co-HPZDB CPs, we
also employed UV/Vis/NIR spectroelectrochemistry. To these
ends, an optically transparent ITO electrode was covered
with a thin layer of a slurry of the corresponding CP in the ionic
liquid 3-butyl-1-methyl-1H-imidazol-3-ium hexafluorophosphate
(BMIM™ PF¢™). The cell was then assembled and filled with an
aqueous NaNO; solution as the electrolyte (for details, see the
Experimental Section). On applying a gradually increasing posi-
tive potential to the ITO electrode, we observed very similar spec-
troscopic changes as with dissolved Me,PZDB (see Figure S34,
Supporting Information), that is, the growth of new bands at
443, 470, 623, 681, and 755 nm for Zn-PZDB (Figure 9a), or at
443, 472, 630, 687, and 758 nm for Co-HPZDB (Figure S36,
Supporting Information). The continuous baseline drift to positive
absorbance values during this process hints at the release of the
oxidized linker into the ionic liquid. In agreement with this prop-
osition, reduction of the oxidized CPs did not restore the initial
state. When subjected to electrolysis under identical conditions,
the free H,PZDB linker provided practically superimposable
spectroscopic changes (see the insert of Figure 9a). As a further
test for linker oxidation, we subjected dispersions of Zn-PZDP

© 2025 The Author(s). European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85UB017 SUOWIWOD SAITE8ID 3|qedl|dde ayy Ag peusenob ae sspoie VO ‘85N JO Sa|nJ 1oy Aeud 1 8uljuO A3|1AM UO (SUONHIPUOD-PUE-SWIBIA0D AB 1M ARelq 1 BU1|UO//:ScL) SUOIPUOD Pue SWis | 8Y) 89S *[9202/¥0/0E] Uo Akeiqiauluo A3|IM ‘ LOpesSNA eyiol|gigsspue ] pun -SkSBAIUN Ag 022005202 918/200T 0T/I0p/wod A8 1 Arelq i puljuoadone-Ansiwsyd//sdny wouy pepeojumoq ‘g ‘SZ0z 92890660T


http://doi.org/10.1002/ejic.202500270

Chemistry

EurJIC Research Article = EEu:.Ol?:heml
European Journal of Inorganic Chemistry dOl.OI‘g/lO.lOOZ/eJ1C.202500270 Societies Publishing
a) 1800+ b) 1400 -
(2) 18009 Raw data Ci1s b)1aooy Raw data O1s
Background ~ 284.8 eV Background
15004 — Peak sum / | C=C/C-C/C-H 12004 — Peak sum FaY
Ja\ /
& 1200 . 1000+
%)
o
S S
2 900+ > 800+
£ 600+ £ 600+
288.8 eV
0-C=0
300- o~ 400+
P — 1’, . -
" 200
292 290 288 286 284 282 536 535 534 533 532 531 530 529 528
Binding Energy (eV) Binding Energy (eV)
(c) (d) __ 1.
..... Raw data N1s 750 4 Raw data — Co2p
600 - Background . 399.0eV Background 5 X
P kg 7y Imine, C=N-C - Peak sum 02pz A
eak sum o\ 700 / ?
5004 . 796.3 eV 1 :
%) &3 650 Co 2py, 785.6 eV fJ
% o Sat. y
g 801.2 eV
> =2 4
G 400 / 4 5 St
[
2 399.7 eV g £
= Amide, N-(C=0)- / 550 1
300 = ’
i ) 500
200 450 {\f\
alll
402 461 400 399 398 3<:»)7 815 810 805 800 795 790 785 780 77
Binding Energy (eV) Binding Energy (eV)

Figure 8. XPS high-resolution spectra of a) C 1s, b) O 1s, ¢) N 1s, and d) Co 2p.
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Figure 9. a) UV-Vis spectroelectrochemistry of Zn-PZDB and of H,PZDB (insert) with oxidation progressing from blue to red lines, measured as pastes in
the ionic liquid 3-butyl-1-methyl-1H-imidazol-3-ium hexafluorophosphate (BMIM™ PF,™) applied to an ITO-coated glass plate with an aqueous 1 mmol L™’
NaNO; solution as supporting electrolyte at r. t. The asterisk marks an artifact due to the used setup. b) EPR spectra of dispersions of H,PZDP (black) and
Zn-PZDP (blue) in CH,Cl, after addition of sub-stoichiometric amounts of SbCls measured with a microwave frequency of 9.404 GHz.
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(see Figure 9b) (for Co-HPZDB see Figure S36, Supporting
Information) and of H,PZDB in CH,Cl, to oxidation with sub-stoi-
chiometric amounts of SbCls. In both cases, we observed a rapid
color change to a deep blue-green and the concomitant growth
of an intense, isotropic EPR resonance signal at a g-value of
1.9935, which is typical of the DPPZ* radical cation (see
Figure 9b, right panels).”*

All these results indicate that the PZDB linker constitutes
the primary redox site of these CPs, and that linker oxidation
triggers their degradation. This does, however, per se not
disqualify our new CPs as, for example, photo-redox catalysts,
as long as the resulting electron hole is rapidly transferred to
a substrate.

3. Conclusion

In summary, this study details the synthesis, structural characteri-
zation and redox behavior of two unique coordination polymers
(CPs), Zn-PZDB and Co-HPZDB, utilizing the linker acid 4,4’-(phen-
azine-5,10-diyl)dibenzoic acid (H,PZDB). The crystallization of
H,PZDB in dimethyl sulfoxide (DMSO) yielded yellow platelets
of H,PZDB-2DMSO in the triclinic space group P1 (no. 2).
Solvothermal reactions of H,PZDB with Zn(ll) or Co(ll) nitrate
yielded Zn-PZDB and Co-HPZDB. Zn-PZDB crystallizes in mono-
clinic and triclinic space groups with a 2C1 topology, forming
one-dimensional zigzag chains composed of Zn(ll) ions coordi-
nated by two monodentate carboxylate ligands and two DEF
molecules. The structural details revealed tetrahedral Zn coordi-
nation with minor differences in distances and angles between
the monoclinic and triclinic forms. Co-HPZDB crystallizes in the
orthorhombic space group Ccce (no. 68) with a sql topology,
forming two-dimensional layers with disordered octahedral
cobalt coordination. Each Co(ll) ion is coordinated by two DEF
molecules and two HPZDB~ linkers, with hydrogen bonding
and stacking interactions extending to a three-dimensional
supramolecular structure. Upon exposure to air, the CPs exhibit
a green coloration, indicative of the oxidation of the (H)PZDB /%~
linkers, which lead to the degradation of the CPs. UV/Vis/NIR
spectroelectrochemical studies of Me,PZDB showed two
reversible one-electron oxidations, producing characteristic
absorbance bands. Similar spectroscopic changes were observed
for Zn-PZDB and Co-HPZDB upon oxidation, indicating the
presence of oxidized linker. Chemical oxidation with SbCls was
employed to confirm the formation of (H)PZDB%~ radicals, evi-
denced by a rapid color change and isotropic EPR resonance
signals. The findings indicate that the (H)PZDB linker is the pri-
mary redox site, and its oxidation triggers CP degradation.
However, this redox activity does not necessarily disqualify the
CPs from applications such as photo-redox catalysis, provided
that the resulting electron hole can be efficiently transferred
to a substrate. Thus, the study does not only provide a compre-
hensive synthesis and characterization of the CPs, but also high-
lights their potential utility in catalytic applications despite the
challenges posed by linker oxidation.

Eur. J. Inorg. Chem. 2025, 28, 202500270 (9 of 12)

4. Experimental Section

All chemicals were commercially obtained and used without fur-
ther purification (see ESI, Section S1 for details of commercial suppli-
ers). The water used was deionized.

Fourier-transform infrared (FT-IR) spectra were recorded on a
Bruker FT-IR Tensor 37 spectrometer in the attenuated total reflection
(ATR) mode in the range of 4000-550cm™".

Thermogravimetric analyses (TGA) were performed on a Netzsch
Tarsus TG 209 instrument under nitrogen from room temperature to
1000 °C with a heating rate of 5°Cmin~" in Al,O; crucibles.

NMR spectra were obtained on a Bruker Avance IlI-300 (Bruker,
Billerica, MA, USA) ('H: 300 MHz); "*C{"H}: 75 MHz) in CDCls, C4Ds and
DMSO-de. The spectra were referenced on the residual solvent peak
(*H NMR 6 = 7.26 ppm for CDCl;, 7.16 ppm for C¢Ds and 2.50 ppm for
DMSO-de).

Elemental analyses were performed using an Elementar Vario
MICRO Cube analyzer. Due to technical limitations, it was not possible
to shield the samples from ambient air and moisture during weighing
and handling, leading to deviations.

X-ray photoelectron spectroscopy (XPS) was carried out using a
ULVAC-PHI VersaProbe Il microfocus spectrometer equipped with an
Al Ka X-ray source (1486.8 eV). The spectra were analyzed with the
Casa XPS software, version 2.3.19PR1.0 from Casa Software Ltd,
Teignmouth, UK.

Powder X-ray diffraction (PXRD) measurements were performed
at room temperature using a Rigaku Miniflex 600 powder diffractom-
eter (Rigaku, Tokyo, Japan) with Cu Ka1 radiation (1 = 1.5406 A, 40 kv,
15 mA, 600 W) covering a 26 range of 2°-50°. The analysis utilized a
flat silicon low-background holder with a small indent for placing the
sample.

Solid-state luminescence measurements were carried out using
an FLS1000 photoluminescence spectrometer from Edinburgh
Instruments. The system featured a 450 W Xe arc lamp as the excita-
tion source, double grating monochromators in Czerny-Turner con-
figuration in both the excitation and emission compartment, and a
thermoelectrically cooled photomultiplier tube (PMT-980) from
Hamamatsu, maintained at —20 °C. Emission spectra were corrected
for both grating efficiency and PMT sensitivity, while excitation spec-
tra were additionally corrected to account for fluctuations of the lamp
intensity. Time-resolved photoluminescence was recorded using
pulsed laser diodes EPL-450 (Edinburgh Instruments, temporal pulse
width: 90 ps, 0.15mW average incident peak power) or VPL-450
(Edinburgh Instruments, operating at 90 mW average incident peak
power in continuous-wave mode) with adjustable pulse widths
(0.1-1 ms) and variable trigger frequencies (0.1 Hz to 5 MHz). Time-
correlated single photon counting (TCSPC) was employed as the
detection mode for time-resolved measurements.

For single-crystal X-ray diffraction suitable crystals were selected
with care under a polarized-light microscope, coated with protective
oil, and mounted on a cryo-loop. The data were acquired using a
Rigaku XtaLAB Synergy diffractometer equipped with a Hybrid
Pixel Array Detector and a microfocus sealed X-ray tube PhotonJet
(Cu) X-ray source (1=1.54184A). Cell refinement, data reduction,
and absorption correction were performed using CRYSALISPRO.
The structure was determined with SHELXT and further refined with
SHELXL, utilizing OLEX2 as the interface. Figures were generated
using the DIAMOND 4.0 software. Additional crystal data can be
found in the Supporting Information.

Deposition Numbers 2453691 (for H,PZDB-2DMSO), 2453 692
(for Zn-PZDB, 150K), 2453 693 (for Zn-PZDB, 298 K), 2 453 694 (for
Zn-PZDB with DMF), 2453695 (for Co-HPZDB, non-disordered),
2453696 (for Co-HPZDB, disordered) contain the supplementary
crystallographic data for this article. These data are provided free of
charge by the joint Cambridge Crystallographic Data Center and
Fachinformationszentrum Karlsruhe Access Structures service.™
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Cyclic voltammetry of Me,PZDP was conducted under an argon
atmosphere. The voltammograms were recorded using a BASi Epsilon
potentiostat and a custom-built cell as previously described.”
A platinum working electrode (@ = 1.1 mm, BASi) was used. The plat-
inum electrode was polished before each measurement series with
diamond pastes from Buehler & Wirtz (grain sizes 1 and 0.25 um).
Spiral-shaped AgCl and Pt wires were used as the reference and
counter electrode. The supporting electrolyte was a 0.1 mol L™" solu-
tion of nBuyN* PFs~ in CH,Cl,. The redox potentials were referenced
against the FcH/FcH' redox couple (E;,, = 0.000 V).

UV-Vis/NIR spectroscopy and spectroelectrochemical measure-
ments were acquired with a TIDAS fiber optic diode array spectrom-
eter, which consists of a combination of MCS UV/NIR and PGS NIR
instruments from j&m Analytik AG. For the determination of the
extinction coefficients, a quartz cell with an optical path length of
0.2 cm was used. A Wenking Pos 2 potentiostat from intelligent con-
trols GmbH was used for spectroelectrochemical measurements on
dissolved samples in combination with a custom-made optically
transparent electrochemical thin-layer cell (OTTLE) according to
Hartl's design.®® The OTTLE cell consists of a working and counter
electrode made of Pt grids and a thin silver wire as a pseudo refer-
ence electrode, sandwiched in between two optically transparent
CaF, windows. 1,2-C;H,Cl, was used as the solvent with 0.1 mol L™
nBu,;N" PFs~ as the supporting electrolyte. Spectroelectrochemical
measurements of insoluble Zn-PZDP, Co-HPZDP, and H,PZDP were
recorded as pastes of the analyte with the ionic liquid BMIM™
PFs~, applied on an ITO-coated, electrically conductive transparent
plate as the working electrode. The latter was assembled in a
Teflon cell together with a platinum and Ag/AgCl wire as counter
and pseudo reference electrode, respectively. An aqueous NaNO;
solution (1 mmol L™") was used as supporting electrolyte. The poten-
tial was applied using a BASi Epsilon potentiostat, and the UV/Vis
spectra were continuously recorded upon applying a potential sweep
at a scan rate of 2mVs~'. Both CPs were generally oxidized under
inert atmosphere (except for the control experiment in Figure S36,
Supporting Information). The paste with the ionic liquid had to be
prepared under ambient atmosphere. After assembling the cell,
we flushed the setup with argon, as to be able to conduct the spec-
troelectrochemical measurement under inert gas atmosphere, and in
the absence of oxygen. Based on the initial UV-Vis absorption spec-
trum we can confirm the fully reduced sample was present at the
start of the experiment.

EPR spectra were recorded under inert atmosphere using a
X-band tabletop spectrometer MiniScope MS 400 by Magnettech
GmbH.

Synthesis

5,10-Dihydrophenazine: Phenazine (5.0 g, 27.7 mmol) was dissolved
in ethanol (125 mL), sodium dithionite (48.2 g, 277 mmol) in de-ion-
ized water (500 mL), and both solutions were combined and heated
under stirring and reflux for 3 h or overnight. The precipitate was
filtered off and washed three times with deionized water. Finally,
the solid was dried at 20°C in vacuum (1 x 10~ mbar) for 16 h.
The product (yield 4.75 g, 94%) was obtained as a light green solid
and was used without further purification. Important: The dihydro-
phenazine solid must be stored under a protective gas atmosphere
(nitrogen or argon), otherwise it re-oxidizes which is evidenced by a
gradual color change to dark blue and then black. ['H NMR] (600 MHz,
CDCl3) 6 (ppm) = 8.27 (dd, /= 6.8,3.5Hz, 1 H), 7.86 (dd, J = 6.8, 3.4 Hz,
1H), 6.12 (s, 2 H).

Dimethyl-4,4’-(phenazine-5,10-diyl)dibenzoate ~ (Me,PZDB): 5,10-
Dihydrophenazine (1.0g, 5.49 mmol), methyl-4-bromobenzoate
(269, 121 mmol) and anhydrous potassium carbonate (1.52g,
11.0 mmol) were dissolved in degassed xylene (25 mL). Palladium

Eur. J. Inorg. Chem. 2025, 28, €202500270 (10 of 12)

(I) acetate (62 mg, 5mol%) and tri-tert-butylphosphine (111 mg,
10 mol%) were dissolved in degassed xylene (25 mL). Both solutions
were combined under stirring. Under nitrogen inert gas the reaction
mixture was heated under stirring to reflux for 48 h. After cooling to
room temperature, water (100 mL) was added to the reaction mixture
and the water/xylene mixture was extracted three times with
dichloromethane (3 x 150 mL). The organic phases were combined
and dried over magnesium sulfate (30 min). All solvents were
removed using a rotary evaporator. The crude product was washed
three times with ethanol (100 mL). The product was finally filtered
and dried invacuo at 60°C for 16 h (yield 2.25g, 91%). ['H NMR]
(300 MHz, C4D¢) 6/ppm =8.11 (d, J=8.4Hz, 4H), 7.06 (d, J=8.5Hz,
4H), 6.35 (dd, J=5.9, 34Hz 4H), 581 (dd, J=5.9, 3.4 Hz, 4H), 3.52
(s, 6 H). [*C NMR] (75 MHz, CsDs) 6 (ppm) = 166.0, 145.2, 136.6, 132.9,
131.0, 130.1, 122.0, 113.9, 52.5. [HR-ESI-MS] m/z = 450.1582 (calcu-
lated for °Cys 'Hy, "N, '°0, 450.1580). [IR] (ATR) v (cm~ ') = 2955
(m), 1723 (s), 1590 (m), 1483 (s), 1344 (s), 1285 (s), 1265 (s), 1110
(w), 1095 (w), 724 (w), 701 (w). [EA] Calc. for CygH,,N,0,: C 74.65,
H 4.92, N 6.22 - found: C 74.78, H 4.93, N 6.11%. [M.p] 296 °C.

4,4’-(Phenazine-5,10-diyl)dibenzoic acid (H,PZDB): Dimethyl-4,4'-
(phenazine-5,10-diyl)dibenzoate (450.5 mg, 1.0 mmol) was dissolved
in 1,4-dioxane (30 mL). Lithium hydroxide (419.6 mg, 10.0 mmol) was
dissolved separately in 15 mL of water and added to the reaction mix-
ture, which was then heated overnight under reflux (100 °C). With the
assistance of a pipette, hydrochloric acid was carefully added the fol-
lowing day until a pH value of =1-2 was reached. Afterwards, 100 mL
of water were added to the mixture and stirred for another 3 h. The
formed yellow precipitate was filtered off and washed with water.
Finally, the orange solid obtained was dried invacuo at 60°C for
16 h (yield 0.372 g, 88%). Single crystals suitable for X-ray crystallog-
raphy were grown from a saturated DMSO solution. ['"H NMR]
(300 MHz, DMSO-ds) & (ppm)=820 (d, J=84Hz, 4H), 754
(d, J=84Hz 4H), 637 (dd, J=5.9, 3.4Hz, 4H), 5.67 (dd, J=5.9,
3.4 Hz, 4H). ['*C NMR] (75 MHz, DMSO-ds) § (ppm) = 166.7, 144.1,
135.6, 132.5, 130.6, 130.5, 121.5, 113.2. [HR-ESI-MS] m/z = 422.1269
(calculated for ">Cy¢ "Hig N, '°0, 422.1267). [IR] (ATR) v (cm™") =
3454 (m), 1692 (s), 1656 (m), 1593 (m), 1484 (s), 1418 (w), 1346 (s),
1280 (s), 1119 (w), 1091 (w), 735 (w). [EA] Calc. for Cy6H,gN204: C 73.92,
H 4.30, N 6.63 - found: C 73.10, H 4.36, N 6.42%. [M.p] > 350 °C.

Zn-PZDB: Zinc nitrate hexahydrate (800mg, 2.69 mmol) and
4,4’-(phenazine-5,10-diyl)dibenzoic acid (100 mg, 0.24 mmol) were
added to 10 mL of DEF in a Pyrex tube (20 mL). The reaction mixture
was then placed in an ultrasonic bath at 40 °C for =30 min until a
homogeneous solution was obtained. The reaction was carried out
for 72 h at 85°C (plus 3 h heating/3 h cooling) in a programmable
synthesis oven. Subsequently, the crude product was washed three
times with DEF (5 mL each). The crystalline MOF was finally dried by
high vacuum (1 x 107> mbar) for 16 h and stored under inert gas
atmosphere. The final product was obtained as clear yellow crystals.
Yield: 26.0%, 42.8 mg, [EA] Calc. for C36H3gN4OsZn: C 62.84, H 5.57, N
8.14 - found: C 62.23, H 5.38, N 8.16%. [IR] (ATR) v (cm™") = 2978 (w),
2919 (w), 2881 (w), 1573 (s), 1482 (m), 1401 (m), 1331 (s), 1281 (m),
1264 (m), 1088 (w), 1061 (w), 781 (m), 731 (m), 707 (w), 667 (w).

Co-HPZDB: Cobalt nitrate hexahydrate (800 mg, 2.75 mmol), lithium
chloride (10 mg, 0.24 mmol) and 4,4’-(phenazine-5,10-diyl)dibenzoic
acid (100 mg, 0.24 mmol) were added to 10 mL of DEF in a Pyrex tube
(20 mL). The reaction mixture was then placed in an ultrasonic bath at
40 °C for =30 min until a homogeneous solution was obtained. The
reaction was carried out for 72 h at 85 °C (3 h heating/3 h cooling) in a
programmable synthesis oven. Subsequently, the crude product was
washed three times with DEF (5 mL). The crystalline MOF was finally
dried in high vacuum (1 x 1072 mbar) for 16 h and stored under inert
gas atmosphere. The product was obtained as a dark brown/purple
crystalline solid. Yield: 11.8%, 31.5 mg. [EA] Calc. for Cg;H54CoNgO4: C
67.14, H 491, N 7.58 - found: C 67.32, H 5.12, N 7.55%. [IR] (ATR) v
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(em™") = 3048 (w), 2985 (w), 2946 (w), 2910 (w), 2880 (w), 1639 (s),
1591 (s), 1483 (s), 1456 (m), 1386 (m), 1346 (m), 1284 (m), 1265
(m), 1215 (w), 1160 (w), 1092 (w), 1059 (w), 824 (m), 780 (m), 733
(s), 707 (m), 659 (m), 616 (w).
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