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Abstract: From reaction mixtures containing 1,2-di(pyridin-Y-yl)diazene
derivatives (“azopyridines”; Y,Y -azpy; Y = 2, 3, or 4) and metal precursors
such as Cu(Il), Co(II), Mn(II), Bi(Ill), and Fe(III) salts or elemental Sn, in
aqueous concentrated HX (X = Cl, Br, I) solutions, we obtained single
crystals of the new 1-D pseudo-perovskite structures (4,4’-azpyHz)[Cu2Cls],
(4,4’-azpyH2)[MnCl2(H20)2]Cle,  (4,4°-azpyHo)2'w[Cuala(I3)2](I2)  (2,2°-
hydpyH2)! «[Cuzls], (4,4’-hydpyH2)'«[Cuzl4], and the 0-D pseudo-perovskite
structure (4,4’-hydpyH2)[Bils](Is), along with non-perovskite salt-like
structures. Some structures contain protonated azopyridinium (azpyH2?")
dications, obtained through protonation of the starting azopyridines, while
others contain hydrazopyridinium (hydpyH»?") cations, produced in a
reduction-protonation reaction. Starting from Cu(II) salts, we found the metal
reduced to Cu(l) in the presence of iodide, but not for chloride. The
azopyridine-containing  structures are easily discriminated from
hydrazopyridine derivatives by their negligible C—N-N—C torsion angles and unequivocal anti-conformations. The hydrazopyridine
moieties showed C-N-N-C torsions ranging from 99 to 133° and the conformations around the hydrazo —HN-NH- moiety are best
described as anti-clinal.
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obvious approach to obtain 1-D or 2-D structures is the
use of large, frequently aromatic organic cations."
46,12,17.20-32 Their aromatic cores can also enhance greatly
the absorption of the materials through their m—m*
transitions.?2-32

The use of divalent and trivalent transition metals, as well
as the trivalent main group metal Bi(Ill), for the

1. INTRODUCTION

In the last two decades the so called organic-inorganic
hybrid perovskites with the formulae AM(DX; or
AM(II) X4, where A* classically represents a small
organic cation, frequently organic ammonium cations,
where M(IT) is a divalent group 14 cation, M(IIl) a
trivalent group 15 cation, and X~ are halides or pseudo-

halides, have gained enormous interest due to their photo-
semiconductor properties allowing the construction of
photovoltaic cells with very high efficiencies.!”” The
prototypical (MeNH3)Pbl; (usually abbreviated as
MAPDI;) forms the largest body of research and has been
the subject of many in-depth studies seeking to
understand the electronic properties of this material and
close derivatives such as (MeNH3)PbX;.,Yx with X, Y =
I, Br, or CI'*® and eventually drive the development
towards commercialisation.® More extended structural
variations have come into focus mainly for four reasons.
i) Toxicity and availability concerns on the large-scale use
of lead-containing materials;*'%!? ji) Stability issues of
(MeNH;3)Pbl;  and  related  derivatives;!33611-15
iii) Desired variation of the electronic
;F6ILI216-20 4y The  fabrication of lower

properties;
dimensional (2-D and 1-D) materials,!-36:121617.2031 Apy

construction of lead-free organic-inorganic perovskites is
motivated by all four reasons. And in order to obtain
lower dimensional perovskites, bifunctional
(hetero)aromatic organic nitrogen bases (N-bases) were
frequently used, to serve, in their protonated form, as
bulky and in many cases also optically absorbing cations,
following an established concept.346:12:23-28,30-32

In this contribution, we describe a very simple one-pot
synthesis approach for organic-inorganic  hybrid
perovskites using chlorides or nitrates of Mn(II), Co(II),
Cu(Il), Bi(Ill), and Fe(Ill) or elemental Sn as metal
precursors and the three isomeric 1,2-di(pyridin-Y-
yl)diazenes (“azopyridines”; Y,Y’-azpy, Scheme 1) in
aqueous HX (X = Cl, Br, I) to form the corresponding
protonated dications azpyH,?" as organic A>" cations. The
azopyridines were introduced as light-absorbing
units.’>** Using this method, we obtained five 1-D
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pseudo-perovskites and one so-called 0-D pseudo-
perovskite  structure, all  containing  protonated
azopyridinium (azpyH»?") dications, but also the
hydrogenated hydrazopyridinium (hydpyH»?") dications
(Scheme 1). Further products of these reactions turned out
to be halidometalates and halido salt of these cations,
which we will only list in tables but not discuss.

A special focus in this study lies on Cu(Il) as a typical
transition metal ion having specific preferences for
coordination geometries, such as square planar or
tetragonally elongated (or compressed) octahedral.'®!%33
However, the perovskite structure ACuXs is challenged
by further stable complex species such as
tetrahalidometalates [CuX4]?>" but also by coordination of
the non-protonated N-bases to the metals, potentially
leading to a plethora of different complexes or
coordination polymers, containing halido and N-base
ligands.®!217:1820.22.2425.28 Byrthermore, the formation of
polyiodide containing structures from partial oxidation of
I" through redox-active metals such as Cu(II) or air might
further thwart the formation of perovskite structures.

2,2"-azpy 3,3"-azpy 4,4'-azpy
H H
7 N\ _\ _ N NN —
N N N
2,2"-hydpy 4,4'-hydpy

Scheme 1. Azopyridines (azpy) and hydrazopyridines (hydpy) reported
in this study

2. RESULTS AND DISCUSSION

Preparation and analyses

The new materials were obtained through dissolving the
metal salts MnCl,*4H,O, CoCl,*6H,0, FeCls6H,0,
CO(NO3)2'6H20, Cu(NO3)2’3H20, Bi(NO3)3'5H20. or
elemental tin in concentrate HX solution (X = Cl, Br, or I)
and adding the azpy molecules in a 1:1 molar ratio
(Table 1). The orange to red coloured products were
obtained through as single crystals from the red (HI and

Table 1. Summary of synthetic approach and the obtained structures®
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HBr) to green (HCI) transparent reaction mixtures as
described in detail in the Materials and Syntheses section
in the Supplementary Materials (SM).

Through this procedure, we obtained various structures
which can be divided into 0-D and 1-D pseudo-
perovskites (marked in grey in Table 1 and marked with a
blue frame in Scheme 2) and non-perovskite structures
(red frame in Scheme 2).

0-D 0-D and 1-D Pseudo-Perovskites

(4,4°-hydpyH,)[Bilg](1;) (8) I-D L ﬁ t;ﬁ
Protonated azpy w
o A (4,4*-azpyH,)[Cu,Clg] (3) i

(4,4-azpyH,)[MnCl,(H,0),]CL, (1)
Protonated hydpy
(4,4*-hydpyH,)[Cul,(I)]- Y41, (10)
(4,4*-hydpyH,)[Cu,I,] (11)
(2,2-hydpyH,)[Cu,l,] (12)

Protonated azpy

Non-Perovskites

Protonated hydpy

3)

(4,4¢-azpyH,)[CoCl,] (2)
(3,3-azpyH,)[FeCl,]CI (4)
(4,4°-azpyH,)[BiCl;s] (5)

(4,4-hydpyH,)[CoCL,] (6)
(4,4¢hydpyH,)[CuCL] (7)
(4,4*-hydpyH,)[SnBre] (F,0) (9)

Scheme 2. Categorisation of the obtained compounds and structures.
The arrows in the photograph indicate that compounds 3 and 7 stem
from the same batch. Shown are also the structures of 1 and 8 for
illustration

Some of the structures contain the double protonated
azopyridinium (Y,Y’-azpyH,)** cations (compounds 1, 2,
3, 4, and 5) while others contain the corresponding
hydrazo derivatives (Y,Y -hydpyH)** (6, 7, 8, 9, 10, 11,
and 12). The hydrazo-moieties in these compounds have
obviously been generated in situ by a hydrogenation
process, which we will discuss later. Both azopyridines
and hydrazopyridines are protonated at the pyridine
functions. Remarkably, compounds 3 (1-D pseudo-
perovskite) and 7 (non-perovskite) were obtained from the
same reaction batch (photograph in Scheme 2, bottom).

Unfortunately, concerning the oxidation states of the
metals during the reactions and the observed in situ
hydrogenation (reductiontprotonation) of the azpy
starting materials to the hydrazo derivatives, we have only

Metal ion Organic molecule HX Compound Space group AMX-type Di ion® No. CCDC

Mn?* 4,4’-azpy HCl (4,4’-azpyH2)'«[MnCl2(H20)]Cl> P2i/c AMX>X"2 1-D 1 2062400
Co?* 4,4’-azpy HCl (4,4’-azpyH2)[CoCl4] P2i/n AMX4 - 2 1951254
Cu** 4,4’-azpy HCI (4,4°-azpyH2)'«[Cu2Clg] P-1 AM:>X6 1-D 3 1951255
Fe* 3,3’-azpy HCl (3,3"-azpyH>)[FeCl4]Cl P2i/m AMXyX® - 4 1951252
Bi** 4,4’-azpy HCl1 (4,4’-azpyH»)[BiCls] C2/c AMX;s 5 1951253
Co?* 4,4’-hydpy HCl (4,4’-hydpyH2)[CoCl4] P2i/n AMX4 6 1951258
Cu? 4,4’-azpy HCl1 (4,4’-hydpyH2)[CuCl4] P4 AMXa4 - 7 1951259
Bi** 4,4’-azpy HI (4,4’-hydpyH.)[Bils](I3) 12/m AMXeX’ 0-D 8 1951260
Sn** 4,4’-azpy HBr (4,4’-hydpyH>)[SnBrs] H.0 C2/c AMXGe - 9 2062403
Cu* 4,4’-azpy HI (4,4-hydpyH2)'«[Culz(I3)](12) P-1 AMXX? 1-D 10 1951257
Cu? 4,4’-azpy HI (4,4’-hydpyH2)'«[Cuals] Fdd2 AMX4 1-D 11 1951256
Cu? 2,2’-azpy HI (2,2’-hydpyH>)'«[Cual] P212:12 AM>X4 1-D 12 1951251

*For details, see Experimental Section in the Supplementary Materials. Y,Y -azpy = 1,2-di(pyridin-Y-yl)diazenes, Y,Y’-hydpy = 1,2-(pyridine-Y-
yDhydrazines. *Dimensions of the pseudo-perovskite structures are marked in grey.
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limited information as, for all syntheses, we collected
only the crystalline fractions and did not study the bulk
material, washing solutions or mother liquors. For the
same reasons, we can also not provide yields for the
reactions. The purpose of this study was to get an
overview over the possible structures resulting from such
a simple synthesis approach.

Some of the crystalline materials were further
characterised  through  Fourier-Transform  (FT)-IR
spectroscopy and thermogravimetric (TG)-differential
thermal analysis (DTA) (see Supplementary Materials).
From paramagnetic compounds containing Cu(Il),
Electron Paramagnetic Resonance (EPR) spectra were
recorded.

In the following, we present in detail the five structures
containing Cu and azopyridinium (Y,Y’ -azpyH»)*"
dications (Figures 1 and 2) or hydrazopyridinium (Y,Y’-
hydpyH,)** dications (Figure 3 to Figure 6). Further
figures of these compounds and figures for all other
structures can be found in the Supporting Materials
(Figures S1 to S31)

Cu-containing structures

From reaction mixtures containing Cu(NO3)»3H,O and
4,4’-azopyridine in  half-concentrated  hydrochloric
acid/EtOH solution, we obtained red-brown needles of the
1-D  pseudo-perovskite  (4,4‘-azpyHz)'s[Cu2Cls]  (3).
Figure 1 shows the content of the unit cell (left) and

Figure 1. The unit cell of the 1-D pseudo-perovskite (4,4-
azpyH,)'.[Cu,Cls] (3) viewed along the crystallographic a axis (top),
azpy-linkage between the [Cu,Clg]> units through hydrogen bonding in
3 (bottom).

Inorg. Chem. Res. 2023, 7, 65-75

N-HCl hydrogen bonds of moderate strength (right).
The hydrogen bonding is very similar to what has been
reported for a number of pyridinium tetrachlorido
cuprates.’*3® The (4,4‘-azpyH,)*" dications show an anti-
conformation for the azo-pyridine moieties. The
!x[CuClg]*~ dianions represent a coordination network
with a 4+2 elongated octahedral Cu coordination. Written
in Niggli formalism, this is a 'o[CurCl4Cl%,;Cl¥s,]%
network (Figure 2). The tetragonal elongation of the two
axial Cl ligands (Cu—Cl,.x) accounts to 36% of the
equatorial Cu—ClI (Cu—Cliz) bond lengths.

Av. Distances (&)
Cu—Clporiz = 2.285
Cu—Clyer =3.104
Difference = 0.819
Elongation 36 %

Figure 2. Two views on the ',[Cu,Cl¢]*~ coordination network of (4,4°-
azpyH,)'.[CuClg] (3).

A very similar 's[CuxClg]>* motive was previously
reported for (4,4’-bpyH,)[Cu:Cls] (4,4’-bpy = 4,4’-
bipyridine)*”*® and was also found in (melaH;)[CuxCls]
(mela = 2,4,6-triamino-1,3,5-triazine.’® They stand in
contrast to isolated [Cu.Cls]* dianions as found in
(PhsAs)[CuCl3]* or (NPryg)2[CuzClg],*"*? or chains of such
[CuxClg]>  dimers with pentacoordinate Cu(Il) as
observed in  (4-benzylpiperidinium),[Cu,Clg]*  or
(piperazinium),[CuxCls] and further related structures
which are known as so-called two-dimensional spin-gap
magnets.** The X-band EPR of solid 3 showed a very
broad signal centred at g = 2.0711, indicative for a Cu-
centred radical species and huge line-broadening
contributions of the Cl° anions, with their huge
quadrupolar moment (/ = 3/2) preventing the observation
of Cu hyperfine splitting (/ = 3/2 for 337Cu). While
materials containing structurally isolated but magnetically
connected [Cu,Clg]* units have been previously studied
in detail,** compounds with a structural motive as in 3
have not been studied by EPR spectroscopy so far and we
thus have, no comparison. The TG/DTA of 3 confirmed
the composition of this compound, leaving CuCl, as
residual and showing an exothermal signal at around 280°
C for the decomposition of the azo-function (loss of N»)
(Figure S33).

Remarkably, from the same reaction batch from which we
obtained (4,4‘-azpyH2)'«[Cu2Cls] (3), we also found
yellow octahedral specimen of the salt-like non-
perovskite  compound  (4,4’-hydpyH,)[CuCls]  (7)
containing reduced/hydrogenated 4,4’-hydpyH?* dications
(Figure 3). The hydrazo-pyridine core in these dications
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shows a C-NH-NH-C torsion angle of 107.8(3)°
(Table 2). Thus, the conformation around the N-N bond is
best described as anti-clinal. TG/DTA confirmed the
composition of 7, with CuCl, as residual above 800° C.
As for compound 3, an exothermal signal for the N, loss
at around 270° C was observed for 7 (Figure S34). The X-
band EPR of solid 7 showed a broad signal centred at g =
2.1468 (Figure S35), in line with Cu-centred radical
species and line-broadening from the Cl~ anions. At half-
field we observed a sharper signal which we assign to the
forbidden AMs = £2 transition. Such half-field signals are
frequently found for dinuclear complex species with
ferromagnetic coupling of the unpaired spins of two
Cu(Il) ions resulting in an S = 1 ground state.*>->
However, in 7 there are no dinuclear units. This implies
that the Cu(ll) centres in 7 show anti-ferromagnetic
through-space coupling within the [CLLCuClyClL,CuCly]*
units shown in Figure 3.>' Angle-dependent X-band EPR
of 7 (Figure S36) are in line with a D-,d-flattened
tetrahedral environment of the Cu(Il) centres as found in
the crystal structure.>

VAR T & "
C‘_Tﬁjh %\4 ‘a&f:i?w}} ecu

Figure 3. Salt-like non-perovskite structure of (4,4’-hydpyH,)[CuCL]
(7) viewed along the crystallographic a-axis.

Reacting Cu(NO3),*3H,O with 4,4’-azopyridine in half-
concentrated hydroiodic acid in equimolar amounts
afforded dark crystals with metallic appearance. Structure
determination showed a 1-D  pseudo-perovskite
[Cualy(I3)2]*  unit in the structure of (4,4'-
azpyHs)2'«[Cuals(13)2]'1/2(12) (10) (Figure 4A and B).

From the viewpoint of the short 115-115° distance of
2.7435(2) A (Figure 4C), the 1-D network of 10 is best
described as localised [Cuzla(I3)2]* dimers bridged by I,
and not as to contain bridging Is* units. From both
descriptions it gets clear that the structure contains Cu(l),
what was supported from X-band EPR spectroscopy
which gave no signal. Thus, Cu(Il) from the starting
material has been reduced to Cu(I) under the reactions
conditions. This is plausible from the very close potentials
of the redox couples I + 2e™ 5 2 I (E° = +0.621 V) [53]
and Cu(ll) + le= S Cu(l) (E® = +0.338 V) [53].
Interestingly, complexes of Cu(Il) with azopyridines and
iodide ligands have been previously reported such as the

Inorg. Chem. Res. 2023, 7, 65-75

mononuclear [Cu(Y,Y -azpy)X2] (Y =2, 3, 4; X =Cl, Br,
1)>* and the dinuclear complexes [Cux(2,2’-azpy)Xz] (X =
Cl, Br, 1),> but no coordination polymers containing
Cu(Il) and iodide.

@, =179.294(4) °
a,= 81.866(4)°
ay=169.553(5) °

4=3.49152) A

3 14 15
d=29364(1) A d=2.8756(1) A

Figure 4. Crystal structure of (4,4’-azpyH,),'[Cuala(I3),]1/2(12) (10)
viewed along the crystallographic a-axis (A). Linkage pattern of the 1-D
pseudo-perovskite [Cu,Ly(I3),]* dimer through an I, molecule in 10) (B),
with important angles and distances in the (I3)(I2)* unit (C).

The same Cu(Il) to Cu(l) reduction by iodide, has also
happened during the synthesis of the two 1-D pseudo-
perovskites 11 and 12, which both contain Cu(I) (no EPR
signals) in two different '-[Cupls]* polymer strands
(Figures 5 to 7).

The dianionic  '»[Cu2l4]*  chains of (4,4'-
hydpyH»)'«[Cuals] (11) and (2,2’-hydpyH2)'«[Cuzls] (12)
show different connection patterns, which becomes
evident when looking at their Niggli nomenclature
(Figure 7). While in 11 Culy tetrahedra were 3/3 and 1/1
edge-sharing, for 12 they were 2,4 edge-sharing.

Similar [Cuzls]* coordination polymers as in 11 and 12
have been previously reported within the large family of
literally hundreds of Cu(I)-I coordination polymers or
oligomers.>¢-%
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Figure 5. Crystal structure of the 1-D perovskite (4,4’-
hydpyH,)'«[Cusls] (11) viewed along the crystallographic ¢ axis (left)
and detail of the [Cu,l4]* -chains (right).

Figure 6. Views on the crystal structure of the 1-D pseudo-perovskite
(2,2’-hydpyH,)'[Cusls] (12) along the crystallographic a and b axis.

A
// \\\ // \\ //\‘ \\\\ R
ié4¢ -
\V\ V\ \‘7 K
| ®
sor-mamfea (i)} T L wafe (5,)
17 dd2 (no. 43) 212,24 (no. 19)

Figure 7. Connection pattern of the [Cuuly]*-chains of (4,4’-
hydpyH,)'[Cuals] (11) (left) and (2,2’-hydpyH,)'.[Cusly] (12) (right),
alongside with their formulas according to Nigg/i nomenclature.

Comparing azpy and hydpy structures

A crucial point in this study was the question if the
obtained structures are azopyrines (azpy) or their
corresponding hydrazopyridines (hydpy). The -crucial
structural parameters to distinguish between azpy and
hydpy derivatives are the N—N bond length and the C—N-
N-C torsion angle (Table 2). The azpyH,?" dications
moieties in the structures 1 to 5 showed N-N distances
ranging from 1.04 to 1.25 A, negligible C~-N-N—C torsion
angles and anti-conformations. The hydpyH,?" dications
had N-N distances ranging from 1.38 to 1.44 A and
completely variable C-N-N—C torsions from 99 to 133°.

Table 2. Essential structural parameters in the structures for the distinction between azo- (azpy) and hydrazo-dipyridines (hydpy)*

No. Metal-containing compounds N-N distance (A) C-N-N-C torsion (°) Reaction medium Figures

1 (4,4’-azpyH2)[MnCl2(H20)2]Cl2 1.216(4) 0.0(2) HC1 S1-S3

2 (4,4°-azpyH,)[CoCl] 1.184(5) 0.1(3) HCI1 S4-S5

3 (4,4’-azpyHa)[CuxCls] 1.248(3) 0.0(2) HC1 1, 2, and S6-S8
4 (3,3"-azpyH>)[FeCl4]Cl 1.248(1) 0.00(7) HCl1 S9-S10

5 (4,4’-azpyH>)[BiCls] 1.04(1) 2.4(7) HC1 S11-S12

6 (4,4’-hydpyH>)[CoCla] 1.380(3) 133.1(2) HCI S13-S14

7 (4,4’-hydpyH>)[CuCl4] 1.389(3) 107.8(3) HC1 3 and S15-S16
8 (4,4’-hydpyH>)[Bils](I3) 1.43(1) 110(1) HI S17-S18

9 (4,4’-hydpyH2)[SnBrs]*(H20) 1.385(3) 101.4(3) HBr S19-S20

10 (4,4’-hydpyH>)[Culx(I3)]1/21> 1.36(2) 99(1) HI 4 and S21-S23
11 (4,4’-hydpyH>)[Cuol4] 1.37(1) 110(1) HI 5 and S24-S25
12 (2,2’-hydpyH2)[Cu2l4] 1.36(3) 129(3) HI 6 and S26-S27

Organic salts
13 (4,4’-azpyH»)Cla 1.233(2) 0.0(1) HCI1 $28-S29
14 (4,4’ -hydpyHa)I» 1.388(5) 102.2(6) HI S30-S31

*From single crystal XRD (details in the Experimental Section).

Inorg. Chem. Res. 2023, 7, 65-75
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The conformations around the hydrazo —-HN-NH- moiety
are best described as anti-clinal. This data allows
unequivocal discrimination between azopyridines and
hydrazo derivatives and include also a corresponding pair
of salt-like compounds (4,4’-azpyH,)Cl, (13) and (4,4’-
hydpyH>)I (14).

In contrast to the literally hundreds of complexes and
coordination polymers of azopyridines,>*>%%-%7 complexes
and coordination polymers of hydrazopyridines are scarce
[66—71]. This includes a small number of complexes such
as the dinuclear [Rua(NH3)i0(4,4’-hydpy)](PFs)4®* and a
number of Zn(Il), Cd(II), Co(II), or Ni(Il) containing
metal-organic  frameworks®®7!  were reported. The
structural data reported therein is in perfect agreement
with our findings.

Reduction/hydrogenation of the azopyridines

While the protonation of the pyridine function in the azpy
and hydpy molecules is not unexpected, since the pyridine
function represents the more basic N atoms, the
reduction/hydrogenation of azpy to hydpy derivatives was
a bit surprising. As reported earlier,5>677%7* the
azopyridine molecules (azpy) are prone to reduction to
their hydrazine derivatives (hydpy).

We studied the electrochemistry of the 4,4’-azpy
derivative and found two reversible reduction waves in
the cyclic voltammograms at —1.26 and —1.76 V, vs.
ferrocene/ferrocenium, in dry THF solution (Figure S37).
In the presence of acetic acid, an irreversible reduction
wave at —1.07 V was observed, which has an anodic
counterpart at —0.27 V. The —1.07 V calculate to about
—0.25 V vs. normal hydrogen electrode (NHE) in the same
solvent, which means that the two-electron reduction
(azpy/azpy>"), combined with the protonation of azpy?~ to
hydpy, is generally facile.

In our synthesis approach for perovskite structures, we
found that when using 2,2’- and 4,4’-azpy together with
an excess of HI, the species found in the solid structure is
always the corresponding hydpy molecule or the
hydpyH»?" dication. We assumed, that under the reaction
conditions the redox pair I7/1, (E? in water = +0.621 V vs.
NHE™) is able to reduce/hydrogenate azpy. The presence
of a metal cation seems not to be necessary as the
synthesis of (4,4’-hydpyH»)l, (14) from 4,4’-azpy in HI
shows (structure in Figures S30 and S31).

When running the reactions in conc. HCl we did not
expect the reduction of azpy to hydpy derivatives due to
the much higher redox potential of the Cl7/Cl, redox pair
(E in water = +1.396 vs. NHE%). And indeed, many
structures containing azpyH,?" dications were obtained
from HCI solutions. However, we also obtained the
compounds  (4,4’-hydpyH,)[CuCly] (7) and (4,4°-
hydpyH»)[CoCl4] (6) as exceptions. Despite of having a
far larger reduction potential than I, it seems that Cl~ can
still donate electrons to azpy in the systems

Inorg. Chem. Res. 2023, 7, 65-75
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Cu(Il)/azpy/Cl" or Co(Il)/azpy/Cl". An alternative
explanation is the protonation of metal-bound azpy and
subsequent oxidation of the metal as has been reported for
Ru(I1)/4,4’azpy complexes.®> As we did not follow the
bulk reaction, but collected only crystalline products out
of the reaction batch, we can only speculate on this
reaction so far. In future work, we will study this in more
detail.

3. MATERIALS AND METHODS
Instrumentation. UV-vis Absorption spectra were
recorded with Varian Cary 05E or Cary 50 scan
spectrophotometers. Elemental Analyses were obtained
using a HEKAtech CHNS EuroEA 3000 analyzer. FT-IR
Spectra were measured in ATR mode using a Perkin
Elmer 400 FT-IR spectrometer. Electrochemical
measurements were carried out in 0.1 M n-BusNPF¢/THF
solution using a three-electrode configuration (glassy
carbon working electrode, Pt counter electrode, Ag/AgCl
reference electrode) and a Metrohm Autolab PGSTAT30
potentiostat and function generator. The
ferrocene/ferrocenium couple served as internal reference.
XRD Single Crystal Structure Analysis. Crystals were
obtained from concentrated reaction mixtures through
evaporation in the fume hood (details in the Syntheses
Section in the Supplementary Materials). X-ray
diffraction measurements were performed at 293(2) K
using an IPDS II (STOE and Cie.) or a Gemini CCD S
Ultra diffractometer (Oxford Diffraction) both operating
with Mo-Ka radiation (4 = 0.71073 A) and employing o-
¢-26 scan technique. The structures were solved with the
programs WinGX’® and Olex2 (v. 1.2).7° Direct methods
were applied using SIR-201477 and refinement was
carried out with SHELXT-2015,7® employing full-matrix
least-squares methods on F¢*> < 20(F?). Numerical
absorption corrections (X-RED32 V1.31; Stoe & Cie,
2005)” were performed after optimizing the crystal
shapes using X-SHAPE V1.06 (Stoe & Cie, 1999).”
Absorption corrections of the “Multi-scan”-type were
performed using SADABS (Bruker).%’ The non-hydrogen
atoms were refined with anisotropic displacement
parameters without any constraints. The hydrogen atoms
were included by using appropriate riding models. The
final structure visualisation was carried out using
Diamond (v. 3.2k and 4.6.3).%! Full data (CCDC numbers
in Table 1) can be obtained free of charge at
https://summary.ccdc.cam.ac.uk/structures or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge, CB2 1EZ UK (fax: +44-1223 336033 or
E-mail: deposit@ccdc.cam.ac.uk).

Materials and Syntheses. Materials and Syntheses are
described in the Supplementary Materials.
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4. CONCLUSIONS

Using the simple synthesis approach of mixing
azopyridines (Y,Y’-azpy; Y = 2, 3, or 4) and metal
precursors (salts of Cu(Il), Co(II), Mn(II), Bi(IIl), or
Fe(Ill) or elemental Sn) dissolved in concentrated
aqueous HX (X = Cl, Br, I), we obtained the new 1-D
pseudo-perovskite  structures  (4,4’-azpyH,)'»[Cu.Clg],
(4,4’-azpyH2)'«[MnCly(H20),]Cl,, (4,4°-
azpsz)z 100[CU2I4(I3)2] 172 (Iz), (2,2 ’ -hydpsz) loo[Cu214] 5
(4,4’ -hydpyH,)'«[Cusls], and the 0-D pseudo-perovskite
structure (4,4’-hydpyH»)[Bils](I3). However, many more
structures we obtained from such procedures were
non-perovskite  halidometalates such as  (4,4’-
hydpyH,)[CuCls]. This clearly demonstrates that
obtaining the desired 1-D or 2-D perovskite structures
using such simple synthesis approaches is challenged by
the formation of other possible structures. At least, from
the aqueous HX conditions we could rule out the
formation of complexes with the (hydr)azopyridines. The
observed hydrogenations/reductions of the azopyridines
(azpy) to the corresponding hydrazines (hydpy) were
resulting from yet not completely understood redox
processes, which will be studied in further detail in the
future. We will also attempt in future work, to reproduce
the interesting Cu-containing 1-D perovskite structures
mentioned above. The most interesting finding is that
Cu(Il) seems to be very suitable in replacing Pb(II) in the
field of low-dimensional organic-inorganic hybrid
perovskites. However, we also found that Cu(Il) clearly
rules out the use of iodide.

Supplementary Materials. The following supporting
information can be downloaded at: https:/www.xxx,
Details on Materials and Syntheses. Table S1: List
of starting materials and commercial suppliers. Table
S2: Summary of synthetic approach and the obtained
structures. Figure S1: ORTEP plot of (4,4’-
azpyH2)[MnCL(H20),]CL, (1) at 50% probability.
Figure S2: Crystal structure of (4,4°-
azpyH>)[MnCL(H20),]Cl, (1) viewed along the
crystal. a-axis. Figure S3: Crystal structure of (4,4’-
azpyH>)[MnCl»(H20)2]Cl, (1) viewed along the
crystallographic b-axis. Figure S4: ORTEP plot of
(4,4’-azpyH»)[CoCl4] (2) at 50% probability. Figure
S5: Crystal structure of (4,4’-azpyH»)[CoCls] (2)
viewed along the crystallographic a-axis. Figure S6:
ORTEP plot of (4,4°-azpyH>)[Cu:Cls] (3). Figure S7:
Crystal structure of (4,4‘-azpyH»)[CuxCls] (3) viewed
along the crystallographic a-axis. Figure S8: Linkage
through hydrogen bonding in the 1D pseudo-
perovskite (4,4°-azpyH>)[Cu:Cls] (3). Figure S9:
ORTEP plot of (3,3-azpyH»)[FeCL4]Cl (4) at 50%
probability. Figure S10: Crystal structure of (3,3'-
azpyH)[FeCl4]Cl1 4) viewed along the
crystallographic a-axis. Figure S11: ORTEP plot of
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(4,4’-azpyH»)[BiCls] (5) at 50% probability. Figure
S12: Crystal structure of (4,4’-azpyH,)[BiCls] (5)
viewed along the crystallographic b-axis. Figure S13:
ORTEP plot of (4,4’-hydpyH2)[CoCl4] (6) at 50%
probability. Figure S14: Crystal structure of (4,4’-
hydpyH>)[CoCl4] (6) viewed along the
crystallographic a-axis. Figure S15: ORTEP plot of
(4,4’-hydpyH>)[CuCl4] (7) at 50% probability. Figure
S16: Crystal structure of (4,4’-hydpyH»2)[CuCls] (7)
viewed along the crystallographic a-axis. Figure S17:
ORTEP plot of (4,4’-hydpyH>)[Bils](I3) (8) at 50%
probability. Figure S18: Structure of (4,4’-
hydpyH»)[Bils](I3) (8) viewed along the
crystallographic a-axis. Figure S19: ORTEP plot of
(4,4’-hydpyH>)[SnBr6] (H20) (9) at 50% probability.
Figure = S20: Crystal  structure of (4,4’-
hydpyH»)[SnBre] (H.O) (9) viewed along the
crystallographic a-axis. Figure S21: ORTEP plot of
(4,4’-hydpyH)[Culx(13)]-1/21, (10) at 50% probability.
Figure  S22: Crystal  structure of (4,4’-
hydpyH»)[Cul.(I3)]'1/2I, (10) viewed along the
crystallographic a-axis. Figure S23: Linkage pattern
of the [Cuzls(I3)2]* dimer through an I, molecule in
(4,4°-azpyH2)2 o[ Cuala(13)2]1/2(12) 10) with
important angles and distances in the (I3)2(I2)* unit.
Figure S24: ORTEP plot of (4,4’-hydpyH>)[Cusl4]
(11) at 50% probability. Figure S25: Crystal structure
of (4,4’-hydpyH»)[Cuzls] (11) viewed along the
crystallographic a-axis. Figure S26: ORTEP plot of
(2,2’-hydpyH»)[Cuzl4] (12) at 50% probability. Figure
S27: Crystal structure of (2,2°-hydpyH»)[Cuzl4] (12)
viewed along the crystallographic a-axis. Figure S28:
ORTEP plot of (4,4’-azpyH>)Cl, (13) at 50%
probability. Figure S29: Crystal structure of (4,4’-
azpyH»)Cl, (13) viewed along the crystallographic a-
axis. Figure S30: ORTEP plot of (4,4’-hydpyH2)I>
(14) at 50% probability. Figure S31: Crystal structure
of (4,4-hydpyH>)I, (14) viewed along the
crystallographic c-axis. Figure S32: FT-IR spectrum
of (4,4’-azpyH»,)[Cu:Cls] (3). Figure S33: TG/DTA of
(4,4’-azpyH»)[CuxCls] (3). Figure S34: TG/DTA of
(4,4’-hydpyH»)[CuCl4] (7). Figure S35: X-band EPR-
spectra of (4,4’-azpyH»)[Cu,Cls] (3) in the solid at
298 K. Figure S36: X-band EPR-spectra of (4,4’-
hydpyH>)[CuCl4] 7). Figure S37: Cyclic
voltammograms of 4,4’-azpy.
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