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Die vorliegende Arbeit fokussiert auf die Synthese von organisch/anorganischen 

Hybridmaterialien mit multifunktionalen Eigenschaften unter ausschliesslicher Darstellung 

dieser Materialen mit Hilfe des Ăwet chemistryñ Zugangs. Ausgehend von der Darstellung 

und Charakterisierung von isomorphen bzw. isostrukturellen Hybridmaterialien der 

allgemeinen Zusammensetzung catena-{[Me 3NH][M Cl3Ț2H2O]} n (Mtac) (M
II
 = Mn, Co, Ni, 

Cu, tac = [Me3NH]Cl3Ț2H2O]) speziell mittels IR und UV/vis Spektroskopie ist beschrieben, 

wie sich aus diesen entsprechende bi-, tri-, und auch tetra-heterometallische 

Koordinationspolymere der allgemeinen Zusammenseztung { MxM´ytac} n, {MxM´yM´´ztac} n, 

{ MxM´yM´´zM´´´ttac} n (M
II
 = M Í MËÍ MËËÍ MËËËÍ M´´´´ und x, y, z, t als prozentualer 

Metallgehalt) herstellen lassen und welche limitierende Faktoren zu berücksichtigen sind. 

Leifähigkeitsmessungen an Einkristallen ausgewählter Koordinationspolymere werden 

vorgestellt. Zusätzlich werden die durch Rekristallisation von Nitac erhaltenen zwei 

verschiedenen Koordinationspolymere der Formel {[ Me3NH]3{NiCl 4}{NiCl 3}} n und 

{[( Me3NH]{NiCl 3}} n in Bezug auf ihre ungewöhnlichen strukturellen und magnetischen 

Eigenschaften vorgestellt und beschrieben. 

Die durch Austausch von [Me3NH]
+ 

Kationen gegen [Et3NH]
+
 bzw. protonierten 

aromatischen N-haltigen Kationen wie [2,2ô-bipyH2]
2+
, [4,4ô-bipyH2]

2+
 and [1,10-phenH2]

2+ 

erhaltenen Reaktionsprodukte aus Umsetzungen mit Hilfe des ñwet chemistryò Zugangs 

werden im Hinblick auf ihre Festkörperstrukturen beschrieben. 

Die erfolgreiche Darstellung einer neuen Familie von perylentetracarboxylato-basierenden 

Komplexen, die teilweise hervorragende Löslichkeiten besitzen, wird beschrieben sowie die 

strukturellen, magnetischen und lumineszierenden Eigenschaften ausgewählter Vetreter.  

Keywords: organisch/anorganische Hybridmaterialien, Magnetismus, Leitfähigkeit, 

Photolumineszens, Lumineszens, Röntgeneinkristallstrukturanalyse. 
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The thesis presented here is focused on the synthesis of organic/ inorganic hybrid materials 

with multifunctional properties by means of the ñwet chemistryò approach. The synthesis and 

characterization of hybrid materials with the general composition catena-

{[ Me3NH][MCl3Ț2H2O]} n (Mtac) (M
II
 = Mn, Co, Ni, Cu, tac = [Me3NH]Cl3Ț2H2O]) is 

described. Due to their isomorphic and/ or isostructural character, bi-, tri-, and even tetra-

heterometallic chains of the general formula { MxM´ytac} n, { MxM´yM´´ztac} n, 

{ MxM´yM´´zM´´´ttac} n (M
II
 = M Í M´Í M´´Í M´´´Í M´´´´ and x, y, z, t is the percentage of 

each metal content) were synthesized and characterized. Limitating factors of the synthesis of 

these types of heterometallic coordination polymers are discussed. Furthermore, the 

conductive properties of selected representatives were investigated. Additionally, the products 

obtained from recrystallization of Nitac, two different novel 1D coordination polymers of the 

formula {[ Me3NH]3{NiCl 4}{NiCl 3}} n and {[( Me3NH]{NiCl 3}} n are described with respect to 

their structural and magnetic properties. 

Efforts to replace the [Me3NH]
+
 cations of Mtac compounds by [Et3NH]

+
 cations as well as 

by protonated aromatic amines as [2,2ô-bipyH2]
2+
, [4,4ô-bipyH2]

2+
 and [1,10-phenH2]

2+ 
are 

reported next with respect to the structural exploration of obtained hybrid materials by the 

ñwet chemistryò approach. 

Finally, the synthesis of a new family of perylene tetracarboxylate (ptc) based soluble 

complexes is reported. Structural, magnetic and luminescence properties of selected 

representatives of this new series of soluble ptc derivatives are reported.  

 

Keywords: organic/ inorganic hybrid materials, magnetism, conductivity, photoluminescence, 

luminescence, single-crystal X-ray diffraction studies. 
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morpH2
+
 morpholinium  

Mtz bis(1-methyl-1-H-tetrazole) 

nmf
+
 N-methylmorpholinium  

nmpH
+
 N-methylphenethylammonium 

not dtm not determined 

PA Polyacetylene 

Pepci N-(2-pyridyledhyl)pyridine-2-carbaldimine 

(PuH)
2+

 Purinium 
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(ptc) 3,4,9,10-perylenetetracarboxylate 

Pgly N-(2-pyridylmethyl)-L-glycine  

pipH
+
 Piperidinium 

pipzH2
+
 Piperazinium 

Pmdta N,N,N',N',N-Pentamethyl diethylenetriamine 

pmpep   N-(2-(4-imidazolyl)ethyl)-2methyl-5-bromopyrimidine-4-carboxamid 

pphMe2 dimethyl-phenylphosphine 

PPP poly( paraphenylene)  

PPV poly(p-phenylene vinylene) 

PPy polypyrrole  

PTCDA perylene tetracarboxylic dianhydride 

PTh Polythiophene 

Py Pyridine 

Pydz Pyridazine 

Pypep N-(2-(4-imidazolyl)ethyl)-pyridine-2-carboxamide 

Pyz Pyrazine 

RHtez 1-R-1H-tetrazole 

SQUID super conducting quantum interference device 

t
BuTz 2-tert-butyltetrazole 

TCNQ
 

tetracyanoquinodimethane 

TEA
 

Triethylamine 

Teec
 

1-(2-Chloroethyl)tetrazole 

Thf Tetrahydrofuran 

Tif  1,3,5-trimethylimidazole-2,4,6-triethylbenzene 

Tmeda N,N,Nô,Nô-tetramethylethylenediamine  

TMSO Tetramethylsulfoxide 

TTF   Tetrathiafulvalene 
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VB valence band 
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Z number of molecules in the unit cell 

m Bridging 

TF-IR  Fourier transformed infrared spectroscopy  

Br Broad 

n stretching vibration  

S Strong 

M medium  

W Weak 

NMR  Nuclear magnetic resonance 
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D Doublet 

M multiplet  

Ppm per million  

S Singlet 

t   Triplet 
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1. Theoretical background and aim of the thesis 

1.1. Structural  variety and physical properties of polymeric 3d transition metal-

halido complexes 

1.1.1. Introduction  

The crystal engineering of new coordination polymers is currently one of the sweeping 

research areas in coordination, supramolecular and materials chemistry
[1a]

. Such polymers 

attracts important interest due to their diverse practical applications in the fields varying from 

molecular magnetism, adsorption science, gas storage and photoluminescence
[1b][2]

. 

Coordination polymers of 3d transition metal ion bridged by halide ions are of specific 

interest in the context of this thesis. Compounds of transition metal ions coordinated by 

halides as ligands are referred to as metal-halido complexes. Such metal-halido complexes are 

of interest, for their structural diversity and novel properties, such as interesting physical, 

electronic, catalytic and structural properties. This part of the thesis is intended to classify the 

structural features of polymeric metal-halido complexes of divalent 3d metals based on the 

Cambridge Structural Database (CSD), articles, reviews, and book
[3]

. For the majority of these 

polymers, halides act in m-bridging mode together with common donor ligands, thus 

constructing 1D chain, 2D layers and rarely 3D networks. These different kinds of polymers 

are introduced in the following in more details. It should be emphasized that the common 

feature of all the polymers dealt with in the following is the presence of repeating units which 

comprise exclusively [-M-X-]n fragments with M = Mn
II
, Fe

II
, Co

II
, Ni

II
, Cu

II
 and X = Cl

-
, Br

-
, 

I
-
. 

1.1.2.  1D coordination polymers of 3d transition metal-halido complexes 

A large variety of different 1D chainlike coordination polymers of 3d transition metal-halido 

complexes has been observed so far. These 1D coordination polymers can be divided, 

according to their charge and / or their different coordination geometries of the 3d metals into 

1D neutral polymer (type IN ), cationic 1D polymers (type IC ) and anionic 1D polymers (type 

IA ), cf. Schemes 1-1,1-2 and Scheme 1-3.  
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Structure Composition  Color Magnetic/ conductive properties 

 

type INa: [{MX 2(L)2} n] 

 

M = CuII, X = Cl, L = H2O, Me3pur[4]  

M = CuII, X = Cl, L = aminpy[5]  

M = CuII, X = Cl, L = pgly[6]  

 

 

dark-green 

blue-green 

dark-blue 
 

 

 

not dtm, not dtm 

not dtm, not dtm 

not dtm, not dtm 
 

 

 

type INb: [{MX 2(L)} n] 

 

 

M = MnII, X = I, L = pphMe2
[7] 

M = FeII, X = Cl, L = Me3PO [8] 
M = CuII, X = Cl, L = tBuTz[9]  

M = CuII, X = Cl, L = TMSO[10]  

M = CuII, X = Cl, L = DMSO[10] 

 

 

not mentioned 

pale-pink 
green 

not mentioned 

not mentioned 

 

 

not dtm, not dtm 

not dtm, not dtm 
not dtm, not dtm 

ferromagnetic, J/k = 39 °K, not dtm 

ferromagnetic, J/k = 45 °K, not dtm  
 

 
type INc: [{MX 2(L)3} n] 

 

 

M = CuII, X = Cl, L = pypep[11]  
M = CuII, X = Br, L = pmpep[11] 

M = CuII, X = I, L = dien[12]  

 
 

 

 

blue 
dark-green 

dark-green 

 
 

 

antiferromagnetic, J = -2.32 cm-1, not dtm 
ferromagnetic, , not dtm  

antiferromagnetic, J = -1.5 cm-1, not dtm 

 
 

 
type INd: [{MX 2(L)2} n] 

 

 

 

 

 

 

 

M = MnII, X = Cl, L= H2O [13] [14] 

M = MnII, X = Br, L = 3,5 dmpy[15]  

M = MnII, X = Cl, L = thf[16]  
M = MnII, X = Cl, L = 2,2-bpy [17] 

M = MnII, X = Cl, Br, L = pydz [18]  
M = MnII, X = Cl[19][20], L = H2O, 

[Me3NH]Cl 

 
M = MnII/CuII, X = Cl [21], M = Mnx

 

II/Co1-x
 II, X = Cl[22][23][24], L = H2O, 

[Me3NH]Cl (0 < x < 0.3) 
M = Mnx

 II/Co1-x
 II [22], L = H2O, 

[Me3NH]Cl Cl (0 < x < 0.3) 

M = Mnx
 II/Co1-x

 II [23], L = H2O, 
[Me3NH]Cl Cl (x = 2.9 %) 

M = Mnx
 II/Co1-x

 II [23], L = H2O, 

[Me3NH]Cl Cl (x = 9.3 %) 
M = Co1-x

 II/Nix
 II [24], X = Cl, L = H2O, 

[Me3NH]Cl 

M = Mn1-x
 II/Nix

 II [24], X = Cl, L = H2O, 
[Me3NH]Cl 

M = FeII, X = Cl[25][26][27][28][29][30], L = 

H2O, [Me3NH]Cl 
M = FeII, X = Br[31], L = H2O, 

[Me3NH]Cl 

 
M = FeII, X = Br[32], L = H2O, 

[Me3NH]Cl 

M = FeII/ CoII [33], X = Cl, L = H2O, 
[Me3NH]Cl ( 10 % Co) 

M = FeII, X = Cl, L = tz [34] 

 
M = FeII, X = Cl, L = 1,10 phen [35] 

M = FeII, X = Cl, Br, L = pydz[18]  

M = CoII, X = Cl[36], L = H2O, 
[Me3NH]Cl 

M = CoII, X = Cl[37], L = H2O, 

[Me3NH]Cl 

green  

not mentioned 

colorless 
yellow 

white 
pink 

 

 
not mentioned 

 

 
not mentioned 

 

not mentioned 
 

not mentioned 

 
not mentioned 

 

not mentioned 
 

green 

 
transparent 

 

 
pale-yellow 

 

not mentioned 
 

pale-yellow 

 
not mentioned 

brown 

blue 
 

not mentioned 

 

not dtm, not dtm 

not dtm, not dtm 

not dtm, not dtm 
not dtm, not dtm 

not dtm, not dtm 
antiferromagnetic, J/k = -0.36 °K, 

not dtm 

 
ferromagnetic, not dtm 

 

 
spin-cluster, not dtm 

 

ferromagnetic, not dtm 
 

superparamagnetic, not dtm 

spin-glass behavior, not dtm  

not mentioned, not dtm 

 
ferromagnetic, J/k = 17.4 °K,  

not dtm  

antiferromagnetic J/k = 4 °K 
, Jô/k = -0.2 °K, not dtm 

 

ising ferromagnetic, not dtm 
 

ferromagnetic, not dtm 

 
not dtm, not dtm 

 

not dtm, not dtm 
not dtm, not dtm 

antiferromagnetic, J/k = 7.7 °K, 

Jô/k = 0.09 °K, not dtm 
ferromagnetic, J/k = 13.8 °K, 

 not dtm 
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type INd: [{MX 2(L)2} n] 

 

M = Cox
II/Ni1-x

II [38], X = Cl, L = H2O, 

[Me3NH]Cl (x = 0.4) 

M = Cox
II/Ni1-x

II [39], X = Cl, L = H2O, 
[Me3NH]Cl (0.2 < x < 0.8) 

M = CoII, X = Cl, L = py [40] 

M = CoII, X = Cl, L = bpy [41] 
M = CoII, X = Cl, L = tz [42] 

M = CoII, X = Br, L = tz[42]  

M = CoII, X = Cl, Br, L = btd [43] 
M = CoII, X = Cl, L = pydz[18]  

M = CoII, X = Br, L = pydz [18]  

M = NiII, X = Cl[44], L = H2O, 
[Me3NH]Cl 

M = NiII, X = Br, L = tz [45]  

M = NiII, X = Cl, Br, L = pydz [18] 
M = CuII, X = Cl[46], L = H2O, 

[Me3NH]Cl 

M = CuII, X = Cl, L = histamine [47] 
M = CuII, X = Cl, L = bpy[41] 

M = CuII, X = Br, L = 3,5 dmpy [48] 

M = CuII, X = Br, L = tz [34] 
M = CuII, X = Br, L = mtz [49]  

M = CuII, X = Br, L = etz, htz [50] 

M = CuII, X = Cl, L = teec [51]  
M = CuII, X = Br, L = teec [51]  

M = CuII, X = Br, L = mtz [52] 

M = CuII, X = Cl, L = aetz[53]  
M = CuII, X = Cl, L = Rtz [54] 

M = CuII, X = Cl, L = etz[55]  

M = CuII, X = Cl, L = Me3ptz[56]  
M = CuII, X = Cl, L = hetz[57]  

M = CuII, X = Br, L = dmbp[58]  

M = CuII, X = Br, L = dmbp[59]  
M = CuII, X = Cl, L = pydz[18]  

M = CuII, X = Br, L = pydz[18] 

M = MnII, X = Cl, L = MeCN[60] 

M = FeII, X = Cl, L = MeCN[60] 

not mentioned 

 

not mentioned 
 

not mentioned 

violed 
pale-purple 

dark-pink 

green 
violed 

pale-green 

no mentioned 
 

yellow 

green 
 

not mentioned 

green 
green-blue 

not mentioned 

green 
not mentioned 

dark-brown 

green 
yellow-brown 

not mentioned 

blue 
not mentioned 

not mentioned 

not mentioned 
green 

not mentioned 

red-orange 
green 

light-brown 

pink 

colorless 

spin glass, ferro, antiferromagnetic,  

not dtm 

antiferromagnetic, not dtm 
 

not dtm, not dtm 

not dtm, not dtm 
ferromagnetic, J = 19.9 cm-1, not dtm 

antiferromagnetic, J = -3.3 cm-1, not dtm 

antiferromagnetic, not dtm 

not dtm, not dtm 

not dtm, not dtm 

antiferromagnetic, not dtm 
 

not dtm, not dtm 

not dtm, not dtm 
 

not dtm, not dtm 

ferromagnetic, J/k = 0.85 °K 
not dtm, not dtm 

antiferromagnetic, J = -21 cm-1, not dtm 
not dtm, not dtm 

not dtm, not dtm 

ferromagnetic, not dtm  
ferromagnetic, not dtm  

ferromagnetic, not dtm  

not dtm, not dtm 
not dtm, not dtm 

not mentioned, not dtm 
not dtm, not dtm 

not dtm, not dtm 

not dtm, not dtm 
not mentioned, not dtm 

not dtm, not dtm 

not dtm, not dtm 
not dtm, not dtm  

antiferromagnetic, not dtm 

ferromagnetic, not dtm 

Scheme 1-1 Chemical structures of the neutral (type INa- INd) 1D coordination polymers of 3d transition metal-halido complexes, 

possible bonds between the L donor ligands are ignored.  

As shown in Scheme 1-1 for type INa and INb 1D chain, the 3d transition metal ion adopts 

the coordination number 5 in a trigonal bipyramidal MX3L2 coordination setup (type INa) or 

a quadratic-pyramidal MX4L setup (type INb). The first type is less observed, (cf. Scheme 1-

1). Furthermore, octahedrally MX3L3 coordination setups are connected to each other to give 

(type INc) coordination polymers or octahedrally MX4L2 setups which give (type INd) 

polymers; (cf. Scheme 1-1) with the latter type being the most abounded among neutral type 

IN  coordination polymers. 

Structure Composition Color Magnetic/ conductive properties 

 

type ICa: [{MX(L) 3}
+]n  

 

M = CuII, X = Cl, L = dcyclo[61], 

anion = ClO4
-  

M = CuII, X = Cl, Br, L = pepci[62], 

anion = PF6
- 

M = CuII, X = Br, L = pepci[63], 
anion = PF6

- 

 

 

not mentioned 

 
blue, blue 

 

blue 

 

 

antiferromagnetic, J = -1.30 cm-1, 

not dtm 
antiferromagnetic, J = -1.39 cm-1, 

not dtm 

ferromagnetic, J = 0.70 cm-1,  
not dtm 
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type ICb: [{MX(L) 4}
+]  n 

 

M = CuII, X = Cl, L = histamine  

L= H2O
[47], anion = Cl- 

 

 

not mentioned 

 

 

not dtm, not dtm 

 

Scheme 1-2 Chemical structures of the cationic (type ICa- ICb) 1D coordination polymers of 3d transition metal-halido complexes. 

Cationic charged 1D coordination polymers (type IC, cf. Scheme 1-2) are significantly less 

frequently observed compared to type IN  polymers. The 3d transition metal ion either adopts 

a coordination number 5 in a trigonal-bipyramidal MX2L3 coordination setup (type ICa) or a 

coordination number 6 in octahedral MX2L4 coordination setup (type ICb).  

Structure Composition Color 
 

Magnetic/ conductive 

properties 
 

M

X

X

M

X

X

X

n

-

 
type IAa: [{MX 3}

-] n 

 

 

M = CuII, X = Cl[64], cation = 4,4'-

dsdPy+  

M = CuII, X = Cl[65], cation = (PuH)2+ 

M = CuII, X = Cl[66], cation = bimH+ 

M = CuII, X = Cl[67], cation = Me6en2+ 

M = CuII, X = Cl[68], cation = Me3S
+ 

M = CuII, X = Cl[69], cation = 4,4-

dmbpH2
+ 

M = CuII, X = Cl[70], cation = 

C6N2H9
+ 

M = CuII, X = Cl[71], cation = 
(CH3)2CHNH3

+ 

M = CuII, X = Cl[72], cation = 4-map+ 

 
M = CuII, X = Cl[72], cation = 6-map+ 

 

M = CuII, X = Cl[72], cation = cpa+ 
 

M = CuII, X = Cl[73], cation = nmpH+ 

 

red 

 
brown 

dark-brown  

red rod-like 
red-yellow 

dark-red 

 
not mentioned 

 

orange 
 

red-brown 

 
red-brown 

 

dark-red 
 

red-brown 

not dtm, not dtm 

 
not dtm, not dtm 

not dtm, not dtm 

not dtm, not dtm 
not dtm, not dtm 

not dtm, not dtm 

 
antiferromagnetic, J/k = -56 °K, 

not dtm  

antiferromagnetic, not dtm 
 

antiferromagnetic, J/k = -49.6 

°K, not dtm 
antiferromagnetic, J/k = -56.6 

°K, not dtm 

ferromagnetic, J/k = 50 °K, 
not dtm 

not dtm, not dtm 

 

M

X

X

M

X

X

X

n

M

X

X

2-

X  
type IAb: [{M 2X6}

2-] n 

 

M = CuII, X = Cl[74][75][76][77], cation = 

Me2NH2
+  

M = CuII, X = Cl[71], cation = 

(CH3)2CHNH3
+ 

M = CuII, X = Cl[78], cation = Etam+ 
 

 

M = CuII, X = Br[78], cation = Etam+  
 

 

M = CuII, X = Cl[79], cation = pipH+  
 

 
 

M = CuII, X = Cl[79], cation = pipzH2
+ 

 
 

 

M = CuII, X = Cl[80], cation = melH2
+ 

 

 

M = CuII, X = Cl, Br[81], cation = 

morpH2
+ 

 
 

 

red-brown 

 
brown 

 

dark-red 
 

 

purple 
 

 

not mentioned 
 

 
 

not mentioned 

 
 

 

red 
 

 

not mentioned 

 

 

antiferromagnetic, not dtm  

 
ferromagnetic, not dtm 

 

antiferromagnetic, J/k = -6 °K, 
Jô/k = -6 °K, not dtm 

 

antiferromagnetic, J/k = -64 °K, 
Jô/k = -21 °K, not dtm 

 

ferro-antiferromagnetic,  
J/k = 26 °K, Jô/k = -0.24 °K 

s = 10-12 SĀm-1 
 

antiferromagnetic,  

J/k = -13.3 °K, Jô/k = -7.6 °K 

s = 10-9 SĀm-1 

 

antiferromagnetic, 

s = 2.8 10-12 SĀm-1 
 

antiferromagnetic, J/k = -115 

°K, Jô/k = -17 °K, not dtm 
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type IAc: [{MX 3 (L)2}

-]  n 

 

 

M = MnII, X = Cl, L = H2O
[82] cation 

= imH+  
M = MnII, X = Cl, L = H2O

[83], cation 

= Me2NH2
+ 

M = MnII, X = Cl, L = H2O
[84][85], 

cation = MeNH3
+ 

M = MnII, X = Cl, L = H2O
[86], cation 

= MeNH3
+ 

 

 

pink 

 
pale-pink 

 

pink 
 

pink 

 

not dtm, not dtm 

 
not dtm, not dtm 

 

not dtm, not dtm 
 

antiferromagnetic, J/k = -3.01 

°K, not dtm 
 

 
type IAd: [{MX 4}

2-] n 

 

 

 

M = MnII, X = Cl[87] [88], cation = 4,4-
bipH2 

2+  

M = MnII, X = Cl[88], cation = 4,4-

bipH2
2+ 

M = CoII, X = Cl[88], cation = 4,4-

bipH2
2+ 

M = CuII, X = Cl[89], cation = bpaH2
2+ 

M = CuII, X = Cl[89], cation = 1,4-

phH2
2+ 

 

 

 

not mentioned 
 

colorless 

 
blue 

 

pale-yellow 
yellow 

 

 

antiferromagnetic, J = -0.1 cm-1 
not dtm 

not dtm, not dtm 

 
not dtm, not dtm 

 

not dtm, not dtm 
not dtm, not dtm 

 

 

 
type IAe: [{MX 3}

-]  n 

M = MnII, X = Cl[90], cation 

=Me3NH+  
 

M = MnII, X = Cl[91], cation = 

Me2NH2
+ 

M = MnII, X = Cl[92], cation = 

MeNH3
+  

M = MnII, X = Cl, cation = MeNH3
+ 

M = MnII, X = Cl[93], cation = Me4N
+ 

M = MnII, X = Cl[94], cation = Me4N
+ 

M = MnII, X = Br[95], cation = Me4N
+ 

M = MnII, X = Cl[96], cation = BEDT-

TTF+ 

M = NiII, X = Cl[44]][97], cation = 
Me3NH+ 

M = NiII, X = Cl[98], cation = MeNH3
+ 

M = NiII, X = Cl[99], cation = C5H12N
+ 

M = NiII, X = Cl[100], cation = nmpH+ 

M = NiII, X = Cl[101], cation = nmf+ 

M = CuII, X = Cl[102], cation = 
Me3NH+  

M = CuII, X = Cl[71], cation = 
Me2CHNH3

+ 

M = CuII, X = Cl[103], cation = 

C8H8NH2
+ 

 

pale-pink 

 
 

pink 

 
no mentioned 

 

no mentioned 
rose 

pink 

no mentioned 
no mentioned 

 

yellow-green 
 

orange 

yellow 
light-orange 

not mentioned 

no mentioned 
 

brown 
 

dark-red 

 

antiferromagnetic, J/k = -8 °K, 

Jô/k = -0.196 °K, not dtm 
 

antiferromagnetic, not dtm 

 
not dtm, not dtm 

 

not dtm, not dtm 
not dtm, not dtm 

antiferromagnetic, not dtm 

not dtm, not dtm 
antiferromagnetic,  

J/k = -35.8 °K, ɟ = 0.04 ɋ.cm 

ferromagnetic, J/k = 14 °K, 
 not dtm 

not dtm, not dtm 

not dtm, not dtm 
not dtm, not dtm 

not dtm, not dtm 

ferromagnetic, J/k = 72 °K,  
not dtm 

antiferromagnetic, J/k = -9 °K, 
not dtm  

ferromagnetic, J/k = 56 °K, 

not dtm 
 

Scheme 1-3 Chemical structures of the anionic (type IAa- IAe) 1D coordination polymers of 3d transition metal-halido complexes. 

Anionic charged 1D coordination polymers (type IA, cf. Scheme 1-3) are observed for the 3d 

transition metal ions in coordination number 5 (quadratic-pyramidal), MX5 (type IAa) and 

dimeric subunits (type IAb) both only with Cu
II
, octahedral MX4L2 (type IAc), MX6 (type 

IAd) and MX6 (type IAe) coordination setups. 

Common feature of all 1D chain illustrated in Schemes 1-1 1-3 is that the halido-ligand acts 

only in a m-bridging mode. The number of m-X-bridges between 3d transition metal ions 

varies thereby from 1 (type INa, type INc, type ICa, type ICb), over 2 (type INb, type INd, 

type IAb, type IAd) up to 3 (type IAe). Without supporting and / or additional work as, for 

example, accompanying quantum chemical calculations, it seems to be impossible to predict 

the formation of a certain 1D type. For example, Mn
II
 ions together with Cl

- 
ions form either 
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type IAc or type IAd coordination polymers. Both types possess MX6 coordination setups 

with either 2 or 3 octahedral M-X-bridges. The difference is the cation, which is for type IAd 

exclusively [4,4-bipyH2]
2+

 and for type IAc [CnH2n+1NH3]
+
(n =1- 4). For the 1D polymers, 

type IAb has both m- and m
3
-bridging halido ligands (Scheme 1-3). It seems that further 

intermolecular interactions, as e.g. hydrogen bridges, are responsible for the formation of a 

certain type of 1D chain. 

1.1.3.  2D coordination polymers of 3d transition metal-halido complexes 

The analysis of 2D coordination polymers led to the identification of different motif 

topologies. Their simplified representation is given in Scheme 1-4 and Scheme 1-5.  

The neutral type IINa  is the most popular type for 2D layers metal-halido complexes while 

the anionic (type IIA b) chains represent the most common motif.  

As shown in Schemes 1-4 and 1-5, 2D layers are usually composed of metal halide bridges in 

one and bridging donor ligands in a second dimension.  

Beside their charge 2D coordination polymers can, be divided into further main types: in type 

IINa  coordination polymers. The 2D arrangement form k
2
(N,Nô) bridging mode with (4,4-

bpy and pyz), which connect linear {MX2} chains to 2D layers, cf. Scheme 1-4. In contrast, 

all further 2D coordination polymers are formed exclusively by metal-halido fragments, cf. 

Scheme 1-4 and Scheme 1-5. For the 2D polymers m
3
-bridging halido ligands are observed; 

almost exclusively for type IINb  (Scheme 1-4).  

Structure Composition  Color Magnetic/ conductive properties 

 

 
type IINa : [{MX 2(LL)} n] 

 

 
 

M = MnII, X = Cl, L = 4,4-bpy[104]  

M = FeII, X = Cl, L = 4,4-bpy [105]  
M = CoII, X = Cl, L = 4,4-bpy[105]  

M = CoII/Ni II, X = Cl, L = 4,4-bpy [105]  

M = NiII, X = Cl, L = 4,4-bpy[105]  

M = NiII, X = Cl, Br, L = 4,4-bpy [106] 

M = CuII, X = Cl, Br, L = 4,4-bpy [106] 

M = CuII, X = Br L = pyz [107] 
M = CuII, X = Cl, L = pyz[108]  

 

 
 

pale-green 

brownish 
pink-purple 

pale-grayish 

green-yellow 

green 

green 

not mentioned 
not mentioned 

 

 
 

not dtm 

antiferromagnetic, not dtm 
antiferromagnetic, not dtm 

antiferromagnetic, not dtm 

antiferromagnetic, not dtm 

not dtm, not dtm 

not dtm, not dtm 

antiferromagnetic, J = -28 cm-1 

not dtm, not dtm 
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M = CoII, X = Cl[109], L = tif  
 

 

 

 

blue 

 

 

 

not dtm, not dtm 
 

Scheme 1-4 Chemical structures of the neutral (type IINa - IINb ) 2D coordination polymers of 3d transition metal-halido complexes. 
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Scheme 1-5 Chemical structures of the anionic (type IIAa - IIAb ) 2D coordination polymers of 3d transition metal-halido complexes. 
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1.1.4. 3D coordination polymers of 3d transition metal-halido complexes 

Although 3D coordination polymers of 3d transition metal halides are rare, here two examples 

are mentioned (cf. Scheme 1-6 below).  

In most of the 3D coordination compounds, transition metal ions interlinked together by 

bridging ligands into polymeric arrays, and/ or are connected through hydrogen bond rather 

than halides forming dimeric metal (II) subunits having the stoichiometry [M2X4(L)2]. 

Structure Composition  Color Magnetic/ conductive properties 

ty

pe IIINa : [{M 2X4(L)2}]  n 

 

 

M = MnII, X = Cl[120], L = dadpm 
M = CoII, X = Cl[120], L = dadpm 

 

 

 

 

pale-yellow 
blue 

 

 

 

 

not dtm, not dtm 
not dtm, not dtm 

 

 

Scheme 1-6 Chemical structures of the neutral (type IIINa ) 3D coordination polymers of 3d transition metal-halido complexes. 

In most of the 3D coordination compounds, transition metal ions interlinked together by 

bridging ligands into polymeric arrays, and/ or are connected through hydrogen bond rather 

than halides forming dimeric metal (II) subunits having the stoichiometry [M2X4(L)2]. 

1.1.5. Conclusion 

The analysis of the 1D coordination polymers with metal-halido complexes led to the 

identification of eleven different structural motifs. The neutral repeating units, type INd 

[{MX 2(L)2} n] chain represent the most common motif observed, while for 2D layers only four 

different types were observed. The 3D networks are less frequent. The charge of the 

polymeric materials can also be turned such that anionic, cationic, and neutral polymers are 

obtained. The diversity of organic components is, definitely, the basis for the variety in 

structural topologies. ñBy carefully selecting the organic ligand one also aims to turn the 

physical properties (composition, coloré) and, thus, realize various applications, such as 

catalysis, electrical conductivity, luminescence, magnetism, spin transition, non-linear optics 

or zeolitic-like behaviorò 
[121b]

. 

Finally, the physical properties of all different types of coordination polymers should be 

discussed. The color of all the coordination polymers is given in Schemes 1-1 1-6, as this 

physical property is already a good indication if a specific polymer might be conductive or 

not. The darker the color appears, the more likely conductive properties might be observed. 
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The interplay between the color and the conductivity can be explained by the band theory (cf. 

section 1.2.4).  

There are, however, only a few examples of coordination polymers which possess a more or 

less dark color. For example, [{CuCl2(pgly)2} n]
[6]

 is dark- blue; [{FeBr2(pydz)2} n]
[18]

 is 

brown; [{CoCl2(pydz)2} n]
[18]

 and [{CoCl2(bpy)2} n]
[41]

 are violed; [{CuBr2(pydz)2} n]
[18]

 is 

light- brown; [{CuBr2(etz)2} n]
[50]

 and [{CuBr2(htz)2} n]
[50]

 are dark-brown (cf. Scheme 1-1); 

[{CuCl3(PuH)}n]
[65]

 is brown; [{CuCl3(bimH)}n]
[66]

 is dark-brown; 

[{CuCl3(Me2CHNH3)} n]
[71]

 is brown (cf. Scheme 1-3) and [{FeCl2(4,4-bpy)2} n]
[105]

 is brown 

(cf. Scheme 1-4). 

However, of all these coordination polymers just mentioned, no conductive studies are 

reported. In the cases where these studies were made, as for [{pipH2]n[{Cu2Cl6}] n (s = 10
-12

 

SĀm
-1

)
[79]

 [{pipzH2]n[{Cu2Cl6}] n (s = 10
-9

 SĀm
-1

)
[79]

 and [{melH2]n[{Cu2Cl6}] n (s = 2.8 10
-12

 

SĀm
-1

, color: red)
[80]

 where the conductivity is exclusively originated from the hydrogen 

bridges (proton conductivity) of the metal-halido polymer, reported s-values are almost very 

low. Not surprisingly, several polymers are reported possessing cationic, radical and p-

connected [BEDT-TTF]
+
 entities, which are responsible for significantly improved 

conductivity; e.g. { [(BEDT-TTF)2[Mn2Cl5(EtOH)]} n
[110]

, s = 21 SĀcm
-1

, cf. section 1.2.4. 

Such materials are very interesting, although the current ñflowsò is along the p-connected 

[BEDT-TTF]
+ 

organic radicals and not along the polymeric metal-halido parts, with the latter 

being responsible for the magnetic superexchange interaction. 

It is extremely surprising in terms of possible conductive properties of coordination polymers 

discussed and shown in Schemes 1-6 that there is absolute no report on iodo-containing 

polymers. Of such polymers one would expect very deep colors and consequently conductive 

properties (cf. section 1.2 for more details). Based on that observation alone, it seems likely 

that the redox activity of I
-
 anions rules out the formation of 3d transition metal (Mn

II
, Fe

II
, 

Co
II
, Ni

II
, Cu

II
) coordination polymers but might give rise to oxidized and /or reduced 

transition metal. 

Magnetic properties of the coordination polymers shown in Schemes 1.1-1.6 are significantly 

more reported compared to conductivity studies. However, even the number of those reports 

is limited, so that a more detailed comparison could be possible. 

Neutral and 1D coordination polymers are the most frequent reported examples of 

coordination polymers under review. For [{CuCl2(L)} n] (L= TMSO, DMSO)
[10]

 as a type INb 

polymer (Scheme 1-1) ferromagnetic interactions are reported. The Cu
II
 ions here are 

pentacoordinated, forming {MX4L} coordination setups. For the Cu
II
 ions of type INa 
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(Scheme 1-1) pentacoordinated setups are observed as well, here in form of {MX3L2} setups, 

although no magnetic properties have been determined. 

Additionally, for the type INc polymers (Scheme 1-1) possessing {MX3L3} setups antiferro- 

magnetic exchange interaction has been observed for [{CuCl2(L)3} n] (L= pypep
[11]

, dien
[12]

], 

whereas for [{CuBr2(pypep)3} n]
[11]

 a ferromagnetic interaction is observed. More general, 

antiferromagnetic in the range from -0.1 cm
-1 

([4,4-bipH2]n[MnCl4]n
[87]

 
[88]

) to -115 cm
-1
 

{[morpH2]n[Cu2X6]n
[81]

 (X= Cl, Br)} and ferromagnetic interactions in the range from +0.07 

cm
-1 

[{CuBr(pepci)3} n]
[63]

 type ICa (Scheme 1-2) to +72°K [{CuCl3(Me3NH)} n]
[102]

 type IAe 

(Scheme 1-3) have been observed. These ranges give a first impression of what could be 

expected of these types of polymers in terms of magnetic properties. However, further 

magnetic phenomena have been observed. In selected cases a second J parameter is given, for 

example for {[CoCl2(H2O)]n[Me3NH]Cl} n
[36]

 (type INd, Scheme 1-1) with J= 7.7 °K and Jô= 

0.09 °K. These further magnetic interactions are originated by the intermolecular hydrogen 

bonds and underline the important influence of the arrangements, not only of the coordination 

polymers itself but also their interactions in the crystal lattice. In some other cases, for 

example, in the Ising model
[32]

, spin glass
[24][38]

, spin cluster
[22]

; competing and/ or frustrated 

interactions are observed. For example for
 
{[Cox

II
/Ni1-x

II
Cl2 (H2O)]n [Me3NH]Cl} n

[38]
 (x = 0.4) 

(type INd, Scheme 1-1) spin-glass behavior is observed. This type of magnetic interactions is 

due to the competition between the interplanar ferromagnetic and antiferromagnetic 

interactions. Such magnetic properties depend also on the amount and/ or magnetic properties 

of each metal ions involved in the 1D chain. 
 

Beside the magnetic properties of coordination polymers, they may display novel conductive 

properties. The following section of this thesis is intended to provide more details on 

conductive coordination polymers. 

1.2. Conductive polymers 

1.2.1. Theoretical background 

The first part of this thesis has been concentrating on the classification of 3d transition metal-

halido- complexes, structural trends were highlighted and derived properties were mentioned. 

Beside a number of inorganic/or and organic coordination polymers already mentioned in the 

literature, there are a number of inorganic/organic coordination polymers which are magnetic 

and even conductive
[110][69]

. ñThe challenge to prepare conducting polymers with improved/ or 

desired properties began to attract the attention of chemists in the 1980sò
[121c]

. ñPolyacetylene 

(PA), which is the prototype of a conducting organic polymer was first discovered in 1977 by 
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Shirakawa et al.ò
[122]

 after then it conductivity (cis-PA) was increased by a doping mechanism 

which modifies it structural view (3000 SĀm
ï1

 for iodine-trans-PA)
[123][124][125]

 and from which 

were granted the Nobel Prize in Chemistry in 2000
[125]

. Following the fundamental 

observations of Heeger and MacDiarmid 
[122]

, further novel conducting organic polymers 

were quickly found. Figure 1-1 shows only the monomeric repeat units of some of the already 

reported conducting polymers. 

 

Figure 1-1 Monomeric repeating units, or ñunits cellsò, of some of the already reported conducting polymers. 

ñThese organic conductives polymers have together many structural characters such as 

anisotropy ratio, conjugated backbone as well as the planarity of their ring structureò
[126]

. 

However they have a wide range of conductivity which depends on certain factors like doping 

percentage, the alignment of chains within the polymer, the length conjugation and the purity 

of the material
[126]

. Apart from organic polymers, there are also inorganic conducting 

polymers as poly(sulfur nitride) (SN)x (10
3 
ɋ.Cm

-1
) which was firstly discovered

[127]
.  

Specifically, three different types of conducting polymers could be emphazised depending on 

the source originating the conductivity: Proton-conducting polymers, ionic-conducting 

polymers and electron-conducting polymers.  

Otherwise, conducting polymers are considered as highly anisotropic quasi-one-dimensional 

polymers with their structure nearly similar in some extends to those of some charge transfer 

salt
[128]

. ñThe concept of doping is the unique, central, underlying, and unifying theme which 

distinguishes conducting polymers from all other types of polymersò
[129a]

 
[130]

. 

The doping process or mechanism is in general to increase the conductivity of the 

materials
[131]

. In a conjugated system, the p-electrons are carelessly bond, enabling electron 

flow within the system
[129b]

. The conductivity of many material is reduce, because polymers 
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having only covalent bonds  needs to be doped in order to allow electron flow within the 

system, thus enlargement of conductivity
[129b]

.  

Doping which is the injection of charge which can be done either by the addition of electrons 

ñn-typeò (reduction reaction) or the removal of electrons ñp-typeò (oxidation reaction) from 

the polymer/ material
[123]

. Doping can be accomplished by different chemical process which 

can be either by chemical doping or by electrochemical doping
[132]

. ñThe electrical 

conductivity results from the existence of charge carriers (through doping) and from the 

ability of those charge carriers to move along the p-bonded highwayò
[133]

.  

Designing/ fabricating sophisticated materials requires a fundamental understanding of how 

structural modification of the mechanism is related to the ultimate material properties. Current 

research efforts by several groups indicate that the factors that are most significant or 

important to the control of conjugated polymers (CP) properties are the band gap and position 

of the edges of the conduction band (CB) and valence band (VB)
[134a]

.  

The section 1.2.4 of this thesis establishes the molecular origin of the band gap, how it 

manifests itself in recent materials, what needs to be done to maximize some materials, and 

the impact that the band gap has on materials in terms of electrical conductivity
[134a]

. 

1.2.2.  Band Gaps and conductivity in p-conjugated materials 

ñThe origin of the band gap in CP is understood in terms of the bonding and anti-bonding of 

carbon-carbon double bondsò
[134b]

. PA is the fundamental example in current research. 

ñOwing to its structural and electronic simplicity, PA is well suited to ab initio and semi-

empirical calculations and has therefore played a critical role in the elucidation of the 

theoretical aspects of conducting polymersò 
[122]

. ñPA is composed of a chain of sp
2
 

hybridized carbon atoms linked by alternating single and double bonds, (CH)xò 
[134a]

. Based 

on literature work already done
[122]

, ñPA was assumed to have a structure like that shown in 

Figure 1-2A, where resonance causes the double bonds and single bonds to have the same 

bond length on average and there is extensive delocalization along a chainò 
[134a]

. The 

backbone, with unit repetition a, can be considered 1D relative to the 2pz electrons. 

Considering the Peierls distortion, which gives rise to a dimerization of the polymer 

backbone, and also to alternation of single and double bonds with repeat units 2a, this material 

is expected to be conductive
[132]

. According to the number of electron added, there could be 

no energy difference noted between the full VB arising from the HOMO of acetylene and the 

unfilled CB from the LUMO.
[134a]

 This approach seems to be reasonable since high 

conductivity demands partially filled bands and when the electrons are added in, there should 
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be no energy difference between the bands
[135a][135b]

 (Figure 1-2A). This explains the expected 

high conductivity which requires a partially filled band. A model derived from physicists is 

used for describing the band structure of materials
[136].  

In such a model, the energy of the orbitals, and thus of the bands, are viewed in k a which is a 

point in reciprocal lattice space
[134a]

. For hypothetical PA, the VB and the CB go closer in 

energy in order to meet at a point where the is no band gap
[134a][135a]

. As a result of visualizing 

k space, density of states (DOS) is utilized regularly as a model that incorporates the 

important information from k space while preserving the intelligibility of real space for non-

physicists
[134a]

. Hoffman et al.
[135a]

 has explicated methods of approximating the DOS of a 

material given the band structure of the concerning material. 

PA was synthesized being an insulator with a conductivity of ca. 10
-13

 SĀcm
-1

 for the cis-PA 

form. PA effectively dimerizes by a Peierls distortion
[132][137]

, opening up a band gap of 1.48 

eV by photoconductivity for trans-PA and ~2 eV for cis-PA
[134a]

. The band structure and 

approximate DOS results of this process are represented in Figure 1-2 B. 

 

Figure 1-2 ñDevelopment of band structure from monomer to polymer. (A) PA is composed of a series of p orbitals which were 

initially     expected to have the band structure shown on the right. (B) PA actually undergoes a Peierls distortion causing a 

band gap to open with the approximate density of states shownò. Taken from[134a]. 

To increase it conductivity as discussed before, PA has to be doped to partially fill the CB by 

adding electrons (n-type doping) or to partially vacate the VB by oxidation (p-type doping).  

It was also discovered that electron rich polyheterocycles could be oxidized to form 

conducting polymers
[134a]

. Two examples of such heterocycles are pyrrole and thiophene. 

Their band structure, which also includes electron correlation, was generally determined by 

the Density Functional Theory (DFT) calculations which is the most common method
[138]

.  

The conductivity of an aromatic system could also be explained in the same way like that of 

PA. The example of graphite (Figure 1-3) is used as explanation for such p-aromatic system. 

The structure of graphite consists of stacked planar sheets, in which the carbon atoms are 



1 Theoretical background and aim of the thesis 

14 

 

covalently bound into a honeycomb layer
[139]

. The 2D layers are weakly bound together 

through van der Waals interactions (the interlayer distance is 0.335 nm) 
[140a]

.  

The carbon-carbon distances are not different from each other, which indicate full mesomeric 

resonance stabilization. Along the 2D layers, the conductivity is high only in the direction 

parallel to the layers (s = 2. 10
2
 SĀm

-1
) and is low perpendicular to the layer

[139][140a]
.  

 

Figure 1-3 (a) Single layer of graphite; (b) 2D graphite superimposed parts of different layers illustrating the high conductivity along 

the direction parallel to the layers.Taken and modified from [140b]. 

The possible interplay between the color and the conductivity of coordination polymers has 

been already mentioned, cf. paragraph 1.5. In case that a material had a defined color (red, 

orange, greené) incident light lead to electron excitation between well defined molecular 

orbitals. Here are few examples given, e.g. C (colorless), W= 5.5 eV; CdS (yellow), W= 3.0 

eV; HgS (Red), W= 2.0 eV; Si (black), W= 1.1 eV. The darker the color, the smaller is the 

energy difference between the VB of the HOMO and the CB band of the LUMO.   

The increase of the electrical conductivity of various organic materials by the doping process 

is not without additional problems. ñThe possible elimination of doping (charge carriers), 

while still achieving high conductivity is one of the principal motivations for the need of 

small energy band gap in polymersò
[126]

. Such polymers are expected to be intrinsic 

conductors and therefore it would not be necessary to dope them
[122]

. Following are two 

examples of such polymers with low band-gap given: trans-PA (1.5 eV), polythiophene (PTh) 

(2.1 eV)
[126]

. Polarons and bipolarons are excitations storage, the most dominant charge 

carriers, which are responsible for the electrical conduction in these materials
[141a]

. 

1.2.3.  Polarons, bipolarons and solitons 

Besides the hopping mechanism, in the case of doped conducting polymers and p-conjugated 

systems (cf. Figure 1-4), there are additional mechanisms to explain conductive 
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properties
[141b]

. The conductivity has been ñinterpreted in terms of self -localized excitations, 

which are quasi-particles with structural changes over several repeating units. These 

excitations can be classified into solitons
[133]

, polarons
[142]

, bipolarons and excitonsò
[143a]

 
[143b]

. 

When the doping level is low the main charge carriers are called polarons
[142]

. When the 

polarons reaches a maximum upon doping it begins to pair and it is then called 

bipolarons
[143a]

. ñSolitons are localized conformational defects that can easily move coupled 

with the lattice vibrations since the energy of the solitons is the same everywhereò 
[143a]

. As an 

example of p- bonded unsaturated polymers, PA has a small ionization potential and / or a 

large electron affinity. PA chains have unpaired electrons (neutral solitons). ñElectrons of 

p character can be easily removed or added to form a polymeric ion without much disruption 

of the s bonds which are primarily responsible for holding the polymer togetherò
[144]

 (Figure 

1-4).  

 

Figure 1-4 Charge carriers in conjugated polymers. (A) Formation of two charged solitons on a chain of doped PA. Taken from[145].  

It is to mention that all CP other than PA have non-degenerated ground states. Most CP 

synthesized up to now has band gaps energy larger than 2 eV and they are characterized as 

middle or higher band gap polymers
[134a]

. In designing low band gap systems, there are many 

methodologies. Some factors have been used to reduce the HOMO-LUMO gap such as 

reduction of bond-length alternation
[146a]

 (Peierls distortion), creating fully planar systems, 
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inducing order by interchain effects, resonance effects along the inter-ring of the polymer 

backbone, and using donor-acceptor group
[146b][147]

. 

1.2.4.  Donor-acceptor theory and low band-gap materials for charge transport 

Beside conjugated conductive polymers, other conducting systems with aromatic and/or 

heteroatomic units have been extensively studied. Examples of such types are charge-transfer 

(CT) complexes combined from tetrathiofulvalene (TTF) and tetracyano-quinodimethane 

(TCNQ) derivatives. These CT-salts exhibit, just as doped PA, either a temperature and/or a 

pressure dependency on their conductivity. Figure 1-5 shows some of the structural types. 

A typical donor molecule is BEDT-TTF (Figure 1-5). Such molecules are simple units or 

óóbuilding blocksôô which can be used to make up the electronic bands of electrically 

conducting solids; the electronic bands are based on the donor moleculeôs molecular 

orbitals
[148]

. These classes of materials are essentially noticeable since they are offering the 

transparency of low gap systems with the ability to be both n-type (reduced) and p-

type(oxidized) doped for the same polymer
[134a]

. 

 

 

Figure 1-5 Example of some electron acceptor (left) and electron donor (right) used to form charge-transfer salt. 

Conductivity is exclusively due to the overlapping of the p orbitals of the donors and 

acceptors
[149]

. The overlap is here different from the p-orbitals overlap forming the P orbital 

bands in CP (cf. section 1.2). The different types of overlaps of CP and CT-salts are 

schematically shown in Figure 1-6.  

Overlapping in CP occurs broadside, along the polymer axis and leads to very wide bands 

with W~10 eV. ñ Overlapping in CT-salt is top to bottom, along the stacking axis and leads to 

rather narrow bands with W~1 eVò
[149]

. Based on the overlap of the atomic orbitals, CP could 
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be considered as intra-molecular 1D conductor and CT- salts as inter-molecular conductors. 

There is also an inter-molecular, for example, inter-chain overlapping in CP with WÒ 1 eV 

and an inert-stack overlap in CT-salt with W<< 1 eV 
[149]

.  

 

 

W= 1 eV 

WÒ 1 eV  

W
 <

<
 1

 e
V 

e
V 

W
 ~

 1
0

  e
V 

 

Figure 1-6 ñDifferent overlaps of the electronic wave functions forming the conduction bands in conjugated and in molecular crystals: 
a) Overlap of atomic p orbitals forming the P bands of CP. Two superimposed chains are shown. b) Overlap of the atomic p 

orbitals (or the molecular p orbitals) forming the CB of molecular crystals (e.g. of CT-salts). Two stacks are shown.ò Taken 

from[149]. 

Considering the example of (BEDT-TTF)nXm
[150]

, [BEDT-TTF] molecules donate electrons to 

the anion layer. Thus, in (BEDT-TTF)2I3, each I3 accepts one electron from a pair of [BEDT-

TTF] molecules, forming [BEDT-TTF]2
+
 and I3

-
.
[150]

 Ignoring electronic interactions (orbital 

overlap) and steric interactions, charge transfer occurs between the neutral [BEDT-TTF] and 

cationic [BEDT-TTF]
+
 molecules of the dimer

[150]
. If the overlap of the HOMOS between the 

two [BEDT-TTF] molecules is large enough, the system will lead to a structure intermediate 

between [BEDT-TTF] and [BEDT-TTF]
+
 form

[150]
. Therefore it would need interaction 

energies greater than the barrier of 0.05 eV
[151]

. The physical properties of these compounds 

depend not only on the specific molecular properties of the individual components, metal ions 

and sulfur ligands, but are also strongly influenced by the arrangement of interactions within 

the crystal lattice
[150]

. Crystals of [BEDT-TTF] molecules exhibit different variety of phases 

and p-stacking modes, which strongly influenced it conductivity/ insulative nature
[152]

. The 

neutral [BEDT-TTF], which is non-planar becomes after oxidation a planar and p- conjugated 

molecule. As mentioned before, its different types of formation of p-stacks are shown in 

Figure 1-7. Not all of those p-stacks rise to (semi) conducting properties. For example, 

[(BEDT-TTF)2][FeCl4]
[153]

 with the [BEDT-TTF] molecules forming p-stacks of the type 

Figure 1-7 (a), is semi-conducting (s =10
-2

 SĀcm
-1) whereas [(BEDT-TTF)2][FeBr4]

[153]
 with 

the [BEDT-TTF] molecules forming p-stacks of the type Figure 1-7 (d) is a quasi-insulator 

(s = 10
-6

 SĀcm
-1

) (cf. mechanism of conductivity, paragraph 1.2.2 and 1.2.3 of this section). 
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Figure 1-7 ñPerspective views of the BEDT-TTF layers for different crystallographic phases: (a) ac-plane of Ŭ-phase, (b) ac-plane of 

ɗ-phase, (c) ab-plane of ɓ-phase, (d) ac-plane of ə-phaseò Taken from [154]. 

1.2.5.  Conclusion 

ñSeveral different conductivity mechanisms are available for electrically conducting CPs 

depending on their structureò 
[134a]

. Hybrid materials can have multiple mechanisms. Figure 1-

8 (vide infra) shows the typical conductivity ranges for materials commonly considered 

metals, semiconductors and insulators although the factor that determines this classification is 

the temperature dependence of conductivity rather than the conductivity magnitude
[134a]

. 

The mechanism for neutral polymer conductivity has been discussed in section 1.2. Neutral 

polymers tend to be semiconductors or, less frequently, insulators since the band gap is 

generally < 3 eV.
[134a]

 

The series of radical cation salts based on organic p-donors with paramagnetic metal complex 

anions as usually the case, is a class of materials used for the study of magnetic, (or non 

magnetic) electrical and optical properties. These materials combine different physical 

properties, therefore it refers to as ñhybrid multifunctional materialsò which is the main goal 

to achieve in this thesis. 
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Figure 1-8 Conductivity range available to CPs spans those common for metals through insulators. Taken from[134a] 

1.3. Inorganic hybrid materials  

1.3.1.  Generality 

ñResearch on functional hybrid materials has become one of the most rapidly developing 

fields of materials chemistryò
[155a]

. According to a IUPAC recommendation from 2007 hybrid 

materials are: ñMaterial composed of an intimate mixture of inorganic components, organic 

components, or both types of componentò 
[155b]

. The development of such materials has been 

expanded by different aspects of the organic and inorganic field. The variety from the 

molecular scale to the polymer scale, such as donor-acceptor complexes, inorganic molecular 

doped polymers, organic molecules modified inorganic materials, polymer coated inorganic 

materials and so on has already found numerous applications in electronic, medicine, 

cosmetic, biology 
[156a][156b]

. The main interest incorporating inorganic components within 

organic ones is to achieve a symbiosis of the properties of both components resulting to the 

obtention of a variety/ multiplicity of properties. This objective has been generally achieved 

using sophisticated methods such as electrocrystallization, hydrothermal methods and sol-gel 

processes. It is however possible to obtain hybrid materials with exciting properties by the 

ñwet Chemistryò approach. In the following section, these approaches will be introduced with 

one common example. In addition, examples which are of interest in the context of this work, 
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more precisely hybrid materials of polymeric 3d transition metal-halido complexes, will be 

shown.  

1.3.2.  General synthetic method of hybrid materials and approaches 

Let us summarize some advantages and disadvantages of these approaches. 

1.3.2.1.  Electrocrystallisation  

ñElectrocrystallisation technique is a heterogeneous process that occurs at the 

electrode/solution interface that leads to the formation of a solid phase at the electrode 

surfaceò
[157a]

.  

 

Figure 1-9 Picture of running EC cells: (a) detail showing the crystals at the anode (+) and (b) general view of the installation. (c) 

Single crystal of (BEDT-TTF)2I3 grown by EC. Courtesy of Dr P. Batail [154]. 

Pros: This technique usually produces large, good-quality single crystals. In addition, the 

main adavantages are: the reaction selectivity, the product formation, the phase purity, the 

kinetics of reaction and the nice crystal growth
[157b]

.  

Cons: It requires the need of high-purity starting materials in constrast to other techniques. 

The formation of the product is affected by several parameters like, current, potential, solvent, 

supporting electrolyte, and also by the operating temperature
[157b]

. The yield of the product is 

extremely low and the reproducibility is very difficult, even impossible. Most of the final 

materials are obtained by chance. This method is also time consuming
[157a]

. 

Let us consider the example of the synthesis of { [(BEDT-TTF)2[Mn2Cl5(EtOH)]} n
[110]

 where 

thin plate-like crystals were obtained after more than 1 week, (antiferromagnetic, 

conductivity, 21 S.cm
-1

). In this case, the metallic behavior of the material was originated by 

the BEDT-TTF layer (cf. paragraph 1.2.4 for more details).  

1.3.2.2.  Hydrothermal methods 

ñHydrothermal methods includes the various techniques of crystallizing substances from 

high-temperature aqueous solutions at high vapor pressuresò
[158a]

 
[158b]

 (T above 100 
o
C and p 

above 1 atm) as shown in Figure 1-10.  
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Figure 1-10 Hydrothermal method for the synthesis of inorganic-organic hybrid
[158c]

. 

Pros: This method is a single-step low energy consuming fabrication technique, ñparticularly 

suitable for the growth of quality crystals while maintaining good control over their 

compositionò 
[158a]

 
[158b]

. Some advantages of this technique are: it simplicity, it lost cost, it 

energy saving, it better nucleation control
[158d]

, it free pollution (because the reaction is carried 

out in a closed system which has no interaction with the external environment). It is to 

mention too that the reaction has a higher rate, dispersion, thus the shape of crystal is better 

control
[158b]

. The reaction can be carried at lower temperature depending on the chosen 

solvent, etc. It also ñaccelerates interactions between solid and fluid species, phase pure and 

homogeneous materials can be achieved, reaction kinetics can be enhanced, the hydrothermal 

fluids offer higher diffusivity, lower viscosity, facilitate mass transport and higher dissolving 

powerò 
[158e]

.  

Cons: This technique needs expensive autoclaves, and a longer reaction time.
[158a]

 It is 

impossible to observe the crystal as it grows. Reproducibility is poor, especially when aiming 

to achieve identical crystal. Also because this technique needs high pressure, it presents 

practical difficulties which influenced the crystal growth
[158a]

 
[158c]

. 

Let us consider the example of the synthesis of synthesis of {MCl2(4,4-bpy)}n[M = Fe, Co, 

Ni, Co/Ni ]
[105]

 were respectively brownish, pink-purple, green-yellow and pale-grawish 

crystals were obtained after a period between 3 and 7 days. All the compounds show 

antiferromagnetic interactions. Analytical investigations to study the composition of obtained 

materials are restricted to crystalline material only. A large number of compounds, especially 

MOFs, have been synthesized under hydrothermal conditions like metal oxide, carbonates, 

silicates, etc. but rarely metal-halido complexes with conductive properties. A prediction of 

certain parameters (concentration of the solvent, solvent to solvent ratio, T, p and reaction 

time) to access a material is nearly impossible and is time- consuming ñtrial and errorò 

approach. Furthermore, a reproducibility of a certain type of e.g. a coordination polymer is 

also predictably impossible. 
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1.3.2.3. Sol-gel Process 

Sol-gel process is a wet-chemical technique which is to disperse the materials (discrete, 

colloidal) in a liquid in order to bring it back as a solid
[159][160]

 (cf. Figure 1-11). 

It leads to small particles, which are easily observable
[161a]

. Then it is easy to quantify the 

incorporation of some trace elements smoothly to achieve uniform doping on a molecular 

level, easy to carry out the reaction even at lower temperature
[160]

.  

 

Figure 1-11 Processing route to materials using sol-gel methods (according to the literature[160]) 

Cons: The disadvantages are that, the raw materials currently used are expensive, and some 

raw materials for the organic matter, harmful to health; the result has so time contraction
[161b]

. 

The sol-gel process enables the formation of metal clusters with main precursor metal halides 

and hydroxyl group. This type of multifunctional hybrid material is not of interest in the 

context of this thesis. 

Pros: The advantages of this method are that some compounds having many components 

could be synthesized controlling the stoichiometry by mixing for example sols of different 

constituents
 [161a]

. The co-precipitation prevents enabling mixing at an atomic level
[161a]

. 

From all the above techniques which also requires either high cost material, time consuming, 

sophisticated techniques, or even sometimes irreproducible process. One of the goals of this 

work is to avoid such complications. Therefore our technique is the simplest, classical, old 

technique, the so named ñwet chemistryò. 
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1.3.2.4. ñwet chemistryò approach 

ñWet chemistryò approach is a variety of scientific simple or classical techniques that involve 

direct experimentation with liquids. A typical example is shown in Figure 1-12. It is the most 

useful method for the synthesis of coordination polymers. 

  

Figure 1-12 ñWet Chemistryòappraoch for the synthesis of inorganic-organic hybrid. (Source: view of the preparation of compound 1 in 

our Laboratory) 

Pros: This approach uses always simple and inexpensive starting materials, almost no damage 

occurs during the process; quite easy manipulation. In this technique, the prediction of 

parameters (concentration, solvent to solvent ratio, T, p, reaction time) is easier. The 

reproducibility is possible. It is even easy to calculate the product yield. It is not time 

consuming. The purification of the obtained material is easily done by recrystallization in 

most of the organic solvent. The product obtained is usually soluble in most of the organic 

solvent. From all the above mentioned methods, this approach is one of the best because of its 

very low cost. 

Cons: The disadvantages are that the process is poorly controllable especially with small 

amount of starting materials. 

Although the synthesis of multifunctional hybrid materials using non-sophisticated method is 

rare, the use of ñwet chemistryò in order to synthesize multifunctional materials has been 

proved so far in the literature. Let us consider the example of synthesis of { [H2pip][Cu2Cl6]} n, 

and { [H2pipz][Cu2Cl6]} n where crystals were obtained successively in alcoholic, acidic 

medium
[79]

 without any precautions. Both compounds combine successively ferro-

antiferromagnetic, non-conductivity, 10
-12

 SĀm
-1 

and
 
antiferromagnetic, semi-conductivity, 10

-

7
 SĀm

-1
 properties. 
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In a similar manner, black powder of [{C 2S4Ni}
2-

]n ĀnBu4N
+
 was obtained from methanolic 

medium
[162]

. These hybrids combine antiferromagnetic and metallic conductivity (6x10
-5

 

SĀcm
-1

). The planarity and short C-S distances indicate extensive delocalization of the p 

system, the source of conductivity (cf. paragraph 2.2 for more details). 

The third example is the synthesis of poly (metal tetrathiooxalate) (poly(MTTO) with M = Ni, 

Cu which were also prepared in methanolic medium. For both metals, black powders were 

obtained having electrical conductivities between 1- 20
 
SĀcm

-1[163]
, without doping. In the later 

example, the material has an intrinsic conductivity; thus doping instead decreases the 

conductivity (cf. paragraph 2.3 for more explanation). 

1.3.3. Conclusion 

Following the research on the conductivity of organic materials, a series of magnetic-

conductive materials have been prepared using charge transfer salts and magnetic-insulating 

materials using metal-halido complexes with protonated ligands. When combining electrical 

conductivity with magnetism, the key point is the interplay between  ́ electrons from the 

donor and the d electrons from the transition metal of the inorganic part. Below are some 

common examples: 

{ [BEDT-TTF]3[MnCr(C2O4)3]} n exemplifies the case of a material where ferromagnetism and 

metallic conductivity coexist, Coronado et al.
[164]

. ñThe structure consists of organic layers of 

BEDT-TTF cations alternating with honeycomb bordered layers of the bimetallic oxalato 

complex [MnCr(C2O4)3]
ī
ò 

[164]
. This case is not interesting as far as this thesis is concerned 

because we are interested in metal-halido bridges. 

{ [(BEDT-TTF)3(MnCl3)2(EtOH)2]} n reported by Naito et al.
[96]

, combines ferromagnetism 

and unusual metallic conductivity. ñThe structure consists of one dimensional (1D) infinite 

{ MnCl3}
-
n magnetic chains and two dimensional (2D) organic conduction pathwaysò

[96]
. 

{ [(BEDT-TTF)2[Mn2Cl5(EtOH)]} n by Miyasaka et al.
[110]

, and { [(BEDT-

TTF)2[Mn2Cl5(HOH)5]} n Leokadiya et al.
[111a]

 correspond to antiferromagnetic / metallic 

conductivity. Both structures consist of 1D chain of [Mn2Cl5(H2O)5]
ī
Ð responsible for the 

magnetic properties and the organic layers of BEDT-TTF cations responsible for the 

conductive properties. 

The following Figure 1-13 shows a view along the b-axis according to Leokadiya et al.
[111a]

 . 

ñThe crystal structure of {Ŭ-(BEDT-TTF)2[Mn2Cl5(H2O)5]} n is consist of radical cation of 

(BEDT-TTF) layers alternating along the a-axis with layers of the polymeric chain anions 

[Mn2Cl5(H2O)5]
ī
Ðò 

[111b][111a].
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Both anion layers contain infinite anion chains [Mn2Cl5(H2O)5]
ī
Ð running along the c 

direction. The zigzag chains are constructed from MnCl3(H2O)3 and MnCl4(H2O)2 octahedra 

connected to each other via apical Cl atoms.  

 

Figure 1-13 The layered structure of {Ŭ-(BEDT-TTF)2[Mn2Cl5(H2O)5]} n projected along the b axis[111a] 

Some known types of infinite chloromanganate 1D chains: type IA  ([MnCl3]
ī
Ð chain of face-

shared octahedral have been already reported in { [(CH3)4N][MnCl3]} n
[93][94]

 and {d-[(BEDT-

TTF)3[MnCl3]2(C2H5OH)]} n 
[96]

; and also { [Me3NH][MnCl3(H2O)2]} n 
[92]

. There is a very big 

similarity between the structures, so due to the insulative nature of the alkylammonium salt, it 

is possible to replace the alkyl by the aryl and to change the physical properties as was already 

proved by Battaglia et al.
[79]

 by checking the electronic properties of { [H2pipz][Cu2Cl6]} n. 

This was the main goal of this thesis. I started to synthesize a number of coordination 

polymers (homo/ and heterometallic) in orders to find up to which extend the intrinsic 

parameters could allow change in their magnetic properties, then it was followed by the 

synthesis of several protonated arylammonium entities in order to verifier if it is possible to 

obtain CP with stack layers, then to study to which extend this could influence both the 

magnetic and electronic properties. Finally the use of a molecular organic system PTCDA 

was requires in order to synthesize planar-stacking structural compounds and to study it 

multifunctional properties. 

The subsequent chapters address the components of these issues and provide a foundation for 

the design of materials that meet the requirements for multifunctional hybrid materials with 

magnetic and /or conductive and other physical properties. 
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2. Results and Discussion: Synthesis and characterization of organic/inorganic hybrids 

materials. 

2.1. Organic/ inorganic hybrid of the composition catena-{[Me3NH]M Cl3Ț2H2O}n 

2.1.1. Introduction  

The combination at the molecular level of organic and inorganic components allows access to 

a captivating new area in solid state materials science with enormous opportunities for 

development of multifunctional materials, particularly due to their special magnetic, 

electronic and optoelectronic properties
[165][166]

. Presently, the rational design of reliable 

synthetic strategies for low dimensional materials is continuing at an accelerating developing 

stage for the coming century too. It is thereby still a challenge for chemists to consider the use 

of low cost materials and classical ways of the synthesis of such materials by the ñwet 

chemistryò approach. Specifically, magnetic clusters such as Mn12O12(O2CR)16(H2O)4
[167]

 

exhibit a high spin ground state value (S = 10) and undergo a very slow relaxation of the 

magnetization due to a negative uniaxial anisotropy (D < 0) 
[167]

. These molecules could be 

referred to as ñSingle Molecule Magnetsò (SMM). 1D chain complexes, that is, 1D 

coordination polymers, with magnetic coupling along the chain and non-cancellation of the 

uniaxial anisotropic spins are referred to ñSingle Chains Magnetsò (SCM)
[168a]

. The chains 

should be as magnetically isolated as possible, meaning that the magnetic inter-chain 

interactions must be very weak compared to intra-chain coupling in order to avoid 3D 

magnetic ordering
[168a][168b][169]

. Both SMM and SCM exhibit quantum magnetism (e.g. 

Quantum Tunneling of the Magnetization QTM) and magnetic relaxation phenomena in 

contrast to bulk magnets
[168a]

. Additionally, magnetic materials whose dimensionalities varies 

from low 0D (SMM) over 1D (SCM) to higher oneôs (2D and 3D) possess also potential 

applications in information storage and nanotechnology
[170][169][171]

.  

This part of the thesis is focused on hybrid materials of the general chemical formula catena-

{[ Me3NH]MCl3Ț2H2O} n, a family of spin-chain compounds called Mtac (M
II
 = Mn, Fe, Co, 

Ni; tac = {[ Me3NH]MCl3Ț2H2O}n)
1
. The solid state structures of the catena-

{[Me 3NH]MCl3Ț2H2O} n type compounds (M
II 

= Mn, Fe, Co, Ni, Cu) have already been 

described by Losee et al
[36]

.
  
As an example of a member of the Mtac family series, Fig. 2.1-1 

                                                           
 

1
 The labeling of the compounds in this chapter Mtac (M

II
 = Mn, Fe, Co, Ni) consists of the compound number 

as firstly mentioned in the literature. 
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shows the solid state structure of catena-{[Me 3NH]CoCl3Ț2H2O} n. The orthorhombic 

{[Me 3NH]CoCl3Ț2H2O} n crystals belong to the space group Pnma, with four irreducible 

molecules in unit cell. The crystal structure consists of the edge-sharing trans-[CoCl4(OH2)2] 

octahedra running parallel to the c axis (Figure 2.1-1). The Co
II
 ions lie on crystallographic 

centers of symmetry and are coordinated octahedrally by four Cl
ï
 ions and two H2O 

molecules. The Co
II
 ions are 3.637 Å apart from each other and linked by µ-bridging Cl

ï
 ions. 

 

 

Figure 2.1- 1 Top (left) and side view (right) on a 2D layer of {[(CH 3)3NH]CoCl3·2H2O}n
[36] 

The [Me3NH]
+
 cations and remaining Cl

ï
 ions are found as interstitial ions, being responsible 

for the formation of 2D layers by means of intermolecular hydrogen bonds, cf. Figure 2.1-

1
[36]

. The members of the Mtac family series are isostructural and even isomorphic, or nearly 

so (cf. Table 2.1-1). All are orthorhombic, space group Pnma, except for Cutac, which is 

monoclinic, but deviate from orthorhombic symmetry by less than two degrees. The magnetic 

behavior of all members of the Mtac family have been intensively 

studied
[36][20][32][25][26][37][46][172][173]

, cf. Table 2.1-1. These quasi 1D ñcoordination polymersò 

show, depending on the M
II
 transition metal intra-chain ferro-(M

II
 = Fe, Co, Ni, 

Cu)
[36][19][20][32][25][26][37][44][46][172][173]

, or antiferromagnetic exchange couplings 

(M
II
 = Mn)

[19][44]
. Furthermore, all of them (with exception of Cotac, cf. Table 2.1-1) have in 

common the possession of  antiferromagnetic properties at few K temperatures, due to inter-

chain interactions
[36]2

.  

                                                           
 

2
 It needs to be emphasised, that the reports mentioned here do describe antiferromagnetic properties 

phenomenologically, although the magnitude of these magnetic interactions are not explicitly given in numbers.  
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Table 2.1- 1 Crystal and Magnetic parameters for members of the series {[Me3NH]MCl3Ț2H2O}n. 

M
II
 Mn Fe Co Ni Cu 

Color Pink Green Violet yellow-green green 

a  (Å) 16.733 16.711 16.671 16.677 16.730 

b  (Å) 7.422 7.361 7.237 7.169 7.479 

c (Å) 8.198 8.140 8.113 8.103 7.864 

Unit cell Orthorhombic Orthorhombic Orthorhombic Orthorhombic Monoclinic 

Space group Pnma Pnma Pnma Pnma P21/c 

Cell Volume 1026.2 1001.2 986 967.5 991.6 

J/K (K)a) -0.36 17.4 13.8 14.0 0.85 

Jô/K (K)b) - - 0.09 - - 

Tc (K)c) 0.98 3.12 4.18 3.67 0.16 

Special feature Weak  

Antiferromagnetic[19-

20] 

1D Ising 

Ferromagnet[25-30] 

Ferromagnetic[36-

37] 

Strong 

ferromagnetic[44,97] 

Heisenberg 

Ferromagnet[36] 

a) Intra-chain magnetic coupling, b) Inter-chain magnetic coupling and c) Tc = critical temperature 

Due to this, unexpected magnetic interaction between the magnetic centers might occur, 

which could give rise to spontaneous magnetic/quantum effects. Thus, the Cotac compound 

has recently been reported to exhibit QTM
[174]

 properties. This shows that despite the large 

amount of studies dealing with the magnetic properties of compounds of the Mtac family, 

even more magnetic/quantum phenomena might be observed.  

The reported members of the Mtac family series are all isostructural, cf. vide supra, the 

synthesis of heterobimetallic members of this series of the formula catena-

{[ Me3NH]M xMôyCl3Ț2H2O}n (y =1-x) has been already reported for Mn
II
/Co

II [22][175]
, 

Mn
II
/Ni

II
, Fe

II
/Co

II[33]
, Ni

II
/Co

II [37][38][176]
 representatives. Thereby, the heterobimetallic 

members, cf. Scheme 2.1-1, have been synthesized by mixing aqueous solutions of respective 

pure Mtac compounds. These solutions were allowed to evaporate slowly to give the above 

mentioned heterobinuclear representatives. Thus, different combinations of members of the 

Mtac family are easily achievable and these observations implies, that even heterotri- an/or 

heterotetrametallic, cf. Scheme 2.1-1, quasi ñ1D chainsò could be obtained.  

 

 

Scheme 2.1- 1 Schematic structures of heterobi- {[Me 3NH]M xMôyCl3Ț2H2O}n (x = y = 0.5; left) and heterotetrametallic 1D chains 

{[Me 3NH]M xMôyMôôzMôôôtCl3Ț2H2O}n  (x = y = z = t = 0.25; right). 
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The characterization of the heterobimetallic {[ Me3NH]M xMôyCl3Ț2H2O}n (y = 1-x) 

compounds displays even further, very interesting material properties. For example,  for 

Mnx/Co1-x (0 < x < 0.3, spin cluster behaviour)
[22]

; for Mnx/Co1-x (x = 0.029, ferromagnetic and 

for x = 0.093, superparamagnetic clusters)
[175]

; for (Co1-x/Nix (x = 0.4) and Mn1-x/Nix, (x = 0.6), 

spin glass behaviour)
[38]

; for Fe1-x/Cox (x = 0.01, ferromagnetic exchange couplings)
[33]

; for 

Cox/Ni1-x (x = 0.4
[38] 

and 0.2 < x < 0.8
[37]

 spin-glass behaviour, ferro- and antiferromagnetic 

exchange couplings, respectively) and for Co1-x/Nix (x = 0.25 - 0.78, antiferromagnetic 

exchange couplings)
[176]

.  

The just mentioned results obtained for the heterobinuclear {[ Me3NH]M xMôyCl3Ț2H2O} n 

compounds underlines the general possibility to change material properties, especially 

magnetic properties, of molecular-based compounds gradually and/or fully. Thus, it is of 

further interest to investigate in which way material properties of even heterotri-

([[Me3NH]MxMôyMôôzCl3·2H2O} n]) (y + x + z= 1) and heterotetrametallic ([{[Me3NH]- 

MxMôyMôôzMôôôtCl3·2H2O} n]) (y + x + z + t= 1) members of the Mtac series could be varied.  

It would be of interest to transfer the homometallic and heterobi- to heterotetrametallic 

members of the Mtac family series into thin films on, e.g., Si wafers and to investigate, for 

example, the magneto-optical activity of such thin films. As the thin films should be 

fabricated by means of spin-coating, and as water is not a convenient solvent for the spin-

coating process, it needs to be investigated whether MeOH and EtOH solutions of these 

complexes would give rise to the formation of the originally dissolved material or not. 

Finally, it was of interest to investigate whether other types of coordination polymers than 

those reported here for the Mtac family series could be obtained. The synthesis of the 

homometallic representatives of the Mtac family is thereby performed by mixing aqueous 

solutions of the respective hydrated MCl2 transition metal salts with an aqueous solution of an 

equimolar amount of [Me3NH]Cl. Thus, one might expect that by using different molar ratioôs 

and by using non-aqueous solutions other types of coordination polymers could be obtained, 

cf. general introduction, review on coordination polymers in Chapter 1 of this thesis. 

In the following the synthesis of the homometallic members of the Mtac family is shown, 

together with the characterization of the catena-{[ Me3NH]MX 3Ț2H2O} n type compounds by 

IR and UV/vis spectroscopy as well as elemental analysis. Then, efforts to synthesize other 

types of coordination polymers of the homometallic members of the Mtac family, by 

changing molar ratioôs between starting materials and the reaction conditions, are described. 

Subsequently, attempts to fabricate heterobi- to heterotetrametallic members of the Mtac 
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family are shown and discussed followed finally by the description of results obtained by 

recrystallizing homometallic Mtac compounds from MeOH and EtOH, respectively. 

2.1.2. Synthesis and characterization of catena-{[Me3NH]MCl 3Ț2H2O}n (M
II
 = 

Mn, Co, Ni, Cu) type complexes (Mtac complexes) 

According to Losee et al.
[36]

, single crystals of {[ Me3NH]MCl3Ț2H2O} n were prepared by 

evaporating an aqueous solution containing equimolar amounts of [Me3NH]Cl and 

MCl2ĀxH2O, as shown in Scheme 2.1-2. 

[MCl2
.xH2O]     +   [Me3NH]Cl [Me3NH]MCl3

. 2H2O]n

H2O

M = MnII; x = 4 (Mntac, ca. 82 %)

M = FeII; x = 6 (Fetac, ca. 31 %)  

M = CoII; x = 6 (Cotac, ca. 64 %)

M = NiII; x = 6 (Nitac, ca. 79 %)

M = CuII; x = 2 (Cutac, ca. 87 %)  

Scheme 2.1- 2 Synthesis of the catena-{[ Me3NH]MCl3Ț2H2O}n type compounds and obtained yields.  

Most of the members of the Mtac series, cf. Scheme 2.1-2, were obtained within ca. 2 weeks 

with good yields and in form of well-shaped crystals. Depending on the transition metal ion 

used, slight adjustments on the general synthetic methods needs to be made. In case of the use 

of Fe
II
, the synthesis and crystal growth has to be performed in an Ar environment to prevent 

oxidation of Fe
II
.  

Table 2.1- 2 Elemental Analysis, UV/vis and IR data of Mntac, Cotac, Nitac and Cutac 

Mtac Mntac Cotac Nitac Cutac 

EA 

(%)a) 

 

Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. 

C: 13.99 

H: 5.48 
N: 5.44  

C: 13.77 

H: 5.29 
N: 5.16  

C: 13.78 

H: 5.39 
N: 5.35  

C: 13.53 

H: 5.39 
N: 5.35  

C: 13.79 

H: 5.40 
N: 5.36 

C: 13.49 

H: 5.05 
N: 5.02 

C: 13.54 

H: 5.30 
N: 5.20 

C: 13.15 

H: 4.20 
N: 4.96  

 

 

UV/vis 

single 

crystal1) 

Solution2) Solution2) Solution2) single 

crystal1) 

Solution2) single 

crystal1) 

Solution2) 

I:       259 

II:     351 

III:    367 

IV:    415 
V:     527 

I:    196 (932) 

 

 

 

I:        269  

II:     425 

III:     517 

IV:     546  
V:      615 

VI:     664 

VII :   694 

I:    196 (780) 

II: 515 (11.2) 

 

 

I:        226  

II:     294  

III:     415  

IV:     693  
V:     768  

I:   196 (527) 

II: 398 (16.1) 

III:  698 (105) 

 

 

I:     274 

II:    285  

III:   338  

IV:   789  

 

I:    204 (834) 

II:  753 (36) 

 

 

IR 3) ɜNH: 3163  

ŭNH: 1383 
ɜ(CïN): 974 

wNH: 703 

ɜNH: 3159 

ŭNH: 1382 
ɜ(CïN): 976 

wNH: 709 

ɜNH: 3138 

ŭNH: 1384 
ɜ(CïN): 980 

wNH: 706 

ɜNH: 3133 

ŭNH: 1384 
ɜ(CïN): 976 

wNH: 733 
a) It is important to emphasize, that for these measurements the internal standard urea (CH4NO: C 20.09 %, H 4.03 %, N 46.65 %) has to be 

used in order to determine the C/H/N content precisely.  1) Measurements were performed of a selected single crystal, ɚ / nm (Ů cannot be 

given). 2) Measurements were performed in aqueous solution (l / nm, e). 3) IR (in cm-1). 

Indeed, the Fetac compound could be obtained in form of tiny needle-like, green colored 

single crystals. However, on contact to air the green color changed within less than a minute 

to brown, indicating an oxidation of Fe
II
 to Fe

III
. Additionally, the Fetac compound appears as 
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extremely hygroscopic. Due to that, the Fetac compound was not further characterized and 

used for experiments described below. The identities of Mntac, Cotac, Nitac and Cutac have 

been established by IR and UV/vis spectroscopy as well as elemental analysis cf. Table 2.1-2. 

The results obtained from the elemental analysis correspond thereby well with the 

composition of Mntac, Cotac, Nitac and Cutac.  

2.1.2.1. IR Characterization 

As summarized in Table 2.1-2, the IR spectra (cf. Figure 2.1-2) of the catena-

{[ Me3NH]MCl3Ț2H2O} n (M
II
= Mn, Co, Ni, Cu) type compounds are almost identical. The 

absorption band observed at 3163 cm
-1

 for Mntac, 3159 cm
-1

 for Cotac, 3138 cm
-1

 for Nitac 

and 3133 cm
-1

 for Cutac is a very strong and sharp and corresponds to the stretching 

vibrations ɜNH of the [Me3NH]
+
 ions. The above mentioned values acknowledge thus these 

ɜNH vibrations.  All complexes exhibit furthermore broad band between around ca. 3450 cm
ï1

. 

This band corresponds to vibrations of the coordinated H2O molecules. That the H2O 

molecules are coordinated follows furthermore by the appearance of shoulders of ɜOH 

virbations ca. 723ï790 cm
ï1[177]

. 
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Figure 2.1- 2 IR spectra of the Mntac (black line), Cotac (red line), Nitac (blue line) and Cutac (green line). 

The NH wagging wNH vibrations are identified at 703 cm
ī1

, 709 cm
ī1

, 706 cm
ī1

 and 733 cm
ī1

 

for Mntac, Cotac, Nitac and Cutac, respectively. Such observation have been noted for a 
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similar salt (TMA)
[178]

 or compounds containing TMA and DMA ions
[179]

. The ŭNH is 

observed at 1383 cm
ī1

, 1382 cm
ī1

 and at 1384 cm
ī1

 for Mntac, Cotac, Nitac and Cutac, 

respectively. The band at 1476 cm
ī1

 (Mntac and Cotac), 1478 cm
ī1

 (Nitac) and 1475 cm
ī1

 

(Cutac) is assigned to the ŭs(CH3). The ɜas(CH3) and ɜs(CH3) frequencies are observed at 2961 

and 2741 cm
ī1

; 2959 and 2748 cm
ī1

; 2955 and 2702 cm
ī1

 and 2967and 2748 cm
ī1

 for Mntac, 

Cotac, Nitac and Cutac, respectively. It is important to mention, that it is difficult to 

distinguish between ɜas(CH3) and ɜs([N(CH3)3]
+
) bands, observing only a large band with low 

intensity in the region 2940-2975 cm
-1

 
[180]

. The ŭs([HN(CH3)3]
+
) and ɜ(CïN) are observed at 

1446 and 974 cm
ī1

; 1449 and 976 cm
ī1

; 1448 and 980 cm
ī1

 and 1447 and 976 cm
ī1

; Mntac, 

Cotac, Nitac and Cutac, respectively, which is in good agreement with the data in the 

literature
[181][182][183]

. A comparison of the ŭs([HN(CH3)3]
+
) and ɜ(CïN) vibrations of 

individual members of the Mtac reveals the values of both types of vibrations to be nearly 

identical. This should be associated with similarities in the headgroup packing, that is, the 

packing mode of the [[HN(CH3)3]
+ 
cations, which is indeed the case (cf. e.g. Figure 2.1-1).  

2.1.2.2. UV/vis characterization 

The electronic spectra of Mntac, Cotac, Nitac and Cutac recorded at 25 °C in H2O are shown 

in Figure 2.1-3 (left). For comparison, the electronic spectra of one individual single crystal of 

these four compounds were measured at room temperature in addition (see Figure 2.1-3 right). 

The obtained data have been summarized in Table 2.1-2.  

All UV/vis spectra measured in H2O have in common to show an intensive absorption at 196 

nm for Mntac, Nitac, Cotac and Cutac, respectively, which is due to absorptions of the 

[Me3NH]
+
 cations. The values of these absorption peaks are, not surprisingly, very similar, 

indicating nearly identical bonding/solvation situations of the [Me3NH]
+ 

cations in solution. 

As shown in Table 2.1-2, the UV/vis measurements of Cotac, Nitac, and Cutac gave rise to 

the observation of respective d-d transitions. They are discussed in the following together 

with results of UV/vis measurements of single crystals. 

The UV/vis absorption peaks of the individual single crystals are in this respect in perfect 

agreement with observations made in solution, thus, the [Me3NH]
+ 

absorptions are observed 

for Mntac at 259 nm, Cotac at 269 nm, Nitac at 226 nm and Cutac at 274 nm, cf. Figure 2.1-3 

(right). 

The UV/vis spectra of Mntac measured of a single crystal deviates dramatically from those of 

other Mtac members reported here, as the intensities of the absorption peaks are very weak. 
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This is due to the fact, that in high spin Mn
II
 complexes all electric dipole transitions are spin-

forbidden. Consequently, for the UV/vis spectra of Mntac in H2O, no absorption between ca. 

300 to 1000 nm is observed. In case of Cotac, the UV/vis spectra in H2O displays absorptions 

peaks at 515 nm; for the Nitac, the UV/vis spectra in H2O displays absorptions peaks at 398 

and 698 nm, while for Cutac, the UV/vis spectra in H2O displays absorptions peaks at 803 

nm. The UV/vis spectra in solution shows clearly the presence of Co
II
, Ni

II
 and Cu

II
 species 

by the identification of the d-d transitions which would be assigned within the UV/vis single 

crystal spectra.  
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Figure 2.1- 3 UV/vis spectra of the homometallic Mtac compounds (M = Mn, Co, Ni, Cu) in H2O (left) and of their single crystals 

(right).  

As summarized in Table 2.1-2, all the spectra (right) show two strong and broad absorptions 

peaks between 44247 cm
-1 

(226 nm) and 34013 cm
-1

 (294 nm), which should be originated 

from the [Me3NH]
+
 cations. For the Mntac, the other absorptions peaks observed at 28490  

cm
-1

 (351 nm), 27247 cm
-1

 (367 nm), 24096 cm
-1

 (415 nm) and 18975 cm
-1

 (527 nm) should 

be the transitions 
6
A1g(

6
S)Ÿ

4
Eg(

4
G), 

6
A1g(

6
S)Ÿ

4
T2g(

4
G), 

6
A1g(

6
S)Ÿ

4
A1g(

4
G) and 

6
A1g(

6
S)Ÿ

4
T1g(

4
G), respectively.  

The assignments indicated for the Mntac compounds are in accordance with similar reported 

compounds
[184]

. For Cotac, there are six additional absorptions peaks at 23529 cm
-1

 (426 nm), 

19342 cm
-1

 (517 nm), 18315 cm
-1

 (546 nm), 16260 cm
-1

 (615 nm), 15060 cm
-1

 (664 nm) and 

14409 cm
-1

 (694 nm). Those absorptions peaks were identified to be caused by electronic 

transitions 
4
T1g(

4
F)Ÿ

2
A1g(

2
G) (23529 cm

-1
), 

4
T1g(

4
F)Ÿ

4
T1g(

4
P) (19342 cm

-1
), 

4
T1g(

4
F)Ÿ

 4
A2g 

(18315 cm
-1

), 
4
T1g(

4
F)Ÿ

 
a
2
T2g (16260 cm

-1
) and 

4
T1g(

4
F)Ÿ

 
a
2
T1g (15060 cm

-1
) respectively, 

which is typical for six-coordinate high-spin Co
II 

complexes
[44]

. For the Nitac, the absorptions 

peaks  at ca. 24096 cm
-1 

(415 nm) and 13020 cm
-1

 (768 nm), with one weak shoulder at ca. 

14367 cm
-1

 (696 nm) corresponding to the spin allowed dīd transitions of 
3
A2g­

3
T1g (P) (ɜ1), 
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3
A2gŸ

3
T2g (ɜ3) and 

3
A2g­

3
Eg (ɜ2) transitions, respectively. The obtained values are in 

accordance with reported data for octahedral Ni
II
 environment

[185][186]
. For Cutac, only one 

absorption peak is observed at 12674 cm
-1

 (789 nm), which is due to electronic transition 
2
Eg 

(D)Ÿ
2
T2g (D). 

2.1.3. The reaction of anhydrous MnCl2 with [Me 3NH]Cl in EtOH  

According to Scheme 2.1-3, anhydrous MnCl2 has been dissolved in dried EtOH and was 

treated with [Me3NH]Cl in the molar ratio 2:3, to give 1 in first experiments. The molar ratios 

between anhydrous MnCl2 and [Me3NH]Cl were changed by reacting both compounds in 

dried EtOH under anaerobic conditions, cf. Scheme 2.1-3. All of these reactions gave rise to 

the formation of { [(CH3)3NH]3Mn2Cl7} n(1), as verified by elemental analysis and single 

crystal unit cell determinations. The formation of 1, however, has been already described by 

Caputo et al.
[90]

, who used exclusively a molar ratio between MnCl2 and [Me3NH]Cl of 2:3 

under non-aerobic conditions. 

x[MnCl2]     +   y[Me3NH]Cl {[Mn2Cl7(Me3NH)3]}n

EtOH

x = 1; y = 1 and x = 2; y = 3 (ca. 64 %)
x = 1; y = 4 and x = 1; y = 5 (ca. 32 %)
x = 1; y = 3 (ca. 33 %)
x = 1; y = 6 (ca. 20 %)

(1)

 

Scheme 2.1- 3 The exclusive synthesis of 1[90] from MnCl2 and [Me3NH]Cl by using different molar ratioôs. 

It is to notice that the variation of the molar ratios, cf. Scheme 2.1-3, did influence 

considerably the yield of 1. Furthermore, crystals of 1 are not stable on air as they are 

hygroscopic. 

2.1.4.  Conductivity studies  

Recent reports on { [(BEDT-TTF)3(MnCl3)2(EtOH)2]} n by Naito et al.
[96]

, on { [(BEDT-

TTF)2[Mn2Cl5(EtOH)]} n by Miyasaka et al.
[110]

 and on { [(BEDT-TTF)2[Mn2Cl5(HOH)5]} n by 

Leokadiya et al.
[111a]

 describes the magnetic and conductive properties of these coordination 

polymers obtained by electrocrystallization method. All of these coordination polymers 

consist of one dimensional (1D) infinite {[MnCl3]
-
} n, and the organic pathways being the 

[BEDT-TTF ] molecules (cf. chapter 1 of this thesis for more details).  

The solid state structure of 1 is most interesting, since it contains Mn
II
 ions in both tetrahedral 

and octahedral environments and consists too of polymeric {MnCl3}
-
n repeating units with the 

organic pathways being the [Me3NH]
+
 cations. Because of the similarity observed in the 

above mentioned compounds
[96][110][111a]

 and 1, which is the 1D {MnCl 3}
-
n repeating units, we 
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became interested in a conductivity study in order to verify, whether the coordination polymer 

might contribute to the conductivity. A reasonable large single crystal of 1 was selected. In 

order to allow conductivity measurement along the coordination polymer chain, its crystal 

faces were determined by a crystallographic study. ñThe crystal was then glued to electrical 

wires by using GE varnish (IMI 7031 Insulating Varnish)ò
[187]

, cf. Figure 2.1-4. 

 

Figure 2.1- 4 Illustration of a typical needle-like crystal of 1 with size ca. 10 mm x 0.2 mm x 0.2 mm. 
3
 

The conductivity measurement of the shown single crystal of 1, cf. Figure 2.1-4, gave a value 

of even less than 10
-10

 SĀm
-1

, which means that 1 can be regarded as a perfect insulator. Based 

on the comments made (cf. chapter 1 of this thesis) this observation is not surprising but it 

was aimed to verify the results observed described for { [(BEDT-

TTF)3(MnCl3)2(EtOH)2]} n
[96]

, { [(BEDT-TTF)2[Mn2Cl5(EtOH)]} n
[110]

 and on { [(BEDT-

TTF)2[Mn2Cl5(HOH)5]} n
[111a]

.  

As largely discussed for the Mtac family series in the general introduction, some of their 

properties still remain unknown, like phenomena connected with the hydrogen bonds 

dynamics. As Cotac is a deeply colored representative of the Mtac family, and because of 

QTM properties recently proved
[168]

, (comments made in general introduction), its 

conductivity was determined as well. 

For the transport measurements of Cotac, rectangular samples with typical dimensions of (8 × 

0.5 × 0.5) mm
3
 were cut from the crystals with an abrasive slurry wire saw. Four-probe 

measurements of the thermal conductivity ə were performed in the 7ï300 K range with the 

thermal current along the crystallographic b- and c-axes (əb and əc respectively)
[187]

. The 

shape obtained from the experimental result (see Figure 2.1-5) shows the measurement 

pictures. 

                                                           
 

3
 Cf. Appendix A 
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Figure 2.1- 5 Illustration of a typical rectangular crystal of Cotac with size
4
 

Due to the high resistivity obtained, or better expressed by a conductivity of ca. 10
-10

 SĀm
-1
, 

Cotac behaves like an insulator.  

From the above obtained results it becomes thus obvious that the 1D chains of the Mtac 

family members (that is, the {MCl 3}
-
n (M

II
 = Mn, Fe, Co, Ni, Cu) polymeric chains, cf. Figure 

2.1-1) are responsible for the magnetic properties, but these chains are non-conductive. 

Finally, one can note that even a protonic conductivity is not observed for the studied 

complexes, as reported for [{pipH 2]n[{Cu2Cl6}] n (s = 10
-12

 SĀm
-1

)
[79]

, [{pipzH2]n[{Cu2Cl6}] n 

(s = 10
-9

 SĀm
-1

)
[79]

 and [{melH2]n[{Cu2Cl6}] n (s = 2.8·10
-12

 SĀm
-1

, color: red)
[80]

 where the 

conductivity is exclusively originated from intermolecular hydrogen bridges (proton 

conductivity), (cf. chapter 1, paragraph 1.2.3 and 1.2.4 of this thesis for more details). The 

here reported conductivities of 1 and Cotac are approximately in the range of the latter 

mentioned coordination polymers
[79][80]

, although the protons of 1 and Cotac are sp
3
-bonded 

whereas those of the latter reported complexes are sp
2
-bonded, which might explain a 

different conductivity behavior. 

2.1.5. Synthesis and characterization of heterobi-, heterotri- and heterotetra 

metallic coordination polymers of the Mtac family (M
II
 = Mn, Co, Ni, Cu)  

According to Scheme 2.1-4, aqueous solutions of equimolar amounts of appropriate different 

{[ Me3NH]MCl3Ț2H2O}n (M
II 

= Mn, Co, Ni and Cu) Mtac family members were mixed under 

heating (50 °C). After stirring, the solutions are allowed to evaporate slowly in the fumehood, 

whereby the heterobi-, the heterotri- and heterotetra-metallic compounds are formed in 

crystalline state, cf. Figure 2.1-4.  

That the heterometallic compounds were formed could be recognized already due to the 

colour of obtained crystalline materials, which are different compared to those of the starting 

Mtac chains; cf. Figure 2.1-6 for few examples. 

                                                           
 

4
  Cf.Appendix A 
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[AM xM´yCl3
. 2H2O]n

H2O, 50 °C

[A] = [Me3NH]

x +y+z+t = 1

[AM xCl3
. 2H2O]n +  [AM yCl3

. 2H2O]n

H2O, 50 °C

[AMxM´yM´´zCl3
. 2H2O]n

[AM xM´yM´´zM´´´tCl3
. 2H2O]n

(a) (b) (c)

(d)(e)

H2O, 50 °C

[AM´´zCl3
. 2H2O]n

[AM´´´tCl3
. 2H2O]n  

Scheme 2.1- 4 Synthetic route used for the synthesis of heterobi-, tri and heterotetraometallic catena Chains: A = [Me3NH], 

M II  = M Í MôÍ Môô Í Môôô with MII = Mn, Co, Ni, Cu and (a) = (b) = homometallic chain, (c) = heterobimetallic chain, 
(d) = heterotrimetallic chain and (e) = heterotetrametallic chain. 

From the already reported mixed quasi-1D compounds Mn
II
/Co

II[22][175]
, Mn

II
/Ni

II
, Fe

II
/Co

II [33]
 

and Ni
II
/Co

II [37][38][176]
 it is to notice that the resulting products obtained from proper amounts 

of the mixed metal salts with the [Me3NH]
+
 cations are of the composition {[ Me3NH][M 1- x 

M´xCl3·2H2O]} n, in which x denotes the metal percentage involved in low concentration, 

called ñimpuritiesò. The mixed metal compounds were characterized by IR, UV/vis 

spectroscopy as well as ICP-AES.  

                         

    

Figure 2.1- 6 A photo series of the homometallic, heterobi-, heterotri- and heterotretrametallic catena chains. Catena chains in which A = 

[Me3NH], (x, y, z, t is the percentage of each element content according to the applied molar ratio of their synthesis): 

[AMnCl3·2H2O]n (Mn), [ACoCl3·2H2O]n (Co), [ACuCl3·2H2O]n (Cu) (Top left), [ACoxCuyCl3·2H2O]n (CoCu), 

[AMn xCoyCl3·2H2O]n (MnCo), [AMnxNiyCl3·2H2O]n (MnNi) (Top right), [AMnxCoyNitCl3·2H2O]n (MnCoNi), 

[ACoxNiyCutCl3·2H2O]n (CoNiCu), [ACoxMnyCutCl3·2H2O]n (CoMnCu) (bottom left) and [AMnxCoyCutNizCl3·2H2O]n 
(MnCoCuNi) (bottom right).   

2.1.5.1. Identification of {[Me 3NH]Mn xCoyCl3·2H2O}n (Mn xCoytac) 

2.1.5.1.1. IR Characterization 

The IR spectra of the Mtac family series, (cf. Figure 2.1-2, vide supra) and those of the mixed 

metal compounds e.g. MnxCoytac (cf. Figure 2.1-7) do not show significant differences. 
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Figure 2.1- 7 Single crystal IR spectra of Mntac, Cotac and MnxCoytac. 

As fully described and assigned in the case of the homometallic chains Mntac and Cotac (see 

vide supra) all the assigned bands are in accordance with the data in the literature
[181][182][183]

. 

That no differences are observed is attributed to the isostructural nature of all the members of 

the Mtac series and also to the fact, that the differences in atomic radius are negligible 

between the metal ions. 

2.1.5.1.2. UV/vis characterization 

The electronic single crystal spectra of one arbitrary selected heterobimetallic MnxCoytac 

compound together with the homometallic Mntac and Cotac are shown in Figure 2.1-8 (left). 

In order to estimate the Co
II
 amount in the mixed metal compounds, solution absorption 

spectra were measured (cf. Figure 2.1-8 right).  

To verify, whether the spectra of the selected single crystal corresponds to that of a 

heterobimetallic MnxCoytac complex the assignments given for Mntac and Cotac absorptions 

peaks (cf. paragraph 2.1.5) are valuable here. By comparison, the spectrum of MnxCoytac has 

an absorption band at 268 nm due to the transition within the organic component ([Me3NH]
+
 

ions), as observed for Mntac (nm) and Cotac (nm). The absorptions bands observed at 

28490 cm
-1

 (351 nm), 27247 cm
-1

 (367 nm) and 24096 cm
-1

 (415 nm) for MnxCoytac are the 

transitions 
6
A1g(

6
S)Ÿ

4
Eg(

4
G), 

6
A1g(

6
S)Ÿ

4
T2g(

4
G) and 

6
A1g(

6
S)Ÿ

4
A1g(

4
G) mentioned for 

Mntac. This clarifies that the compound contains Mn
II
 ions. 
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Figure 2.1- 8 Left: Single Crystal UV/vis spectra of Mntac, Cotac and MnxCoytac. Right: UV/vis spectra of the mixed compounds in 

water solution. The blue line refers to an eqiomalor mixture of Mntac and Cotac, the red line refers to a selected single 
crystal of MnxCoytac in which x and y has to be determined.  

The MnxCoytac spectra also show similarity with the Cotac spectra at 19342 cm
-1

 (517 nm), 

18315 cm
-1

 (546 nm), 16260 cm
-1

 (615 nm), 15060 cm
-1

 (615 nm) and  15060 cm
-1

 (664 nm) 

indicating the 
4
T1g(

4
F)Ÿ

2
A1g(

2
G), 

4
T1g(

4
F)Ÿ

4
T1g(

4
P), 

4
T1g(

4
F)Ÿ

 4
A2g, 

4
T1g(

4
F)Ÿ

 
a
2
T2g and 

4
T1g(

4
F)Ÿ

 
a
2
T1g  electronic transitions already observed in the Cotac compound. Thus, the 

UV/vis absorption bands of the selected single crystal of MnxCoytac derived from Figure 2.1-

8 (left) clearly demonstrates, that a heterobimetallic complex has been formed.  

Yet, it is important to notice that the molar ratio of Mn
II
 to Co

II
 ions of the selected single 

crystal remains unknown. As the ratio of the transition metal ions in all further heterometallic 

compounds synthesized according to Scheme  2.1-4 had to be determined as well or compared 

to a reference, in the following a brief description is attached how this was achieved. 

It is of outmost importance to mention here, that for the synthesis of heterometallic 

compounds according to Scheme 2.1-4 always equimolar ratioôs of the respective individuell 

monometallic Mtac compounds have been used. Thus, heterobimetallic compounds as, e.g., 

{[Me 3NH]MnxCoyCl3·2H2O}n should expected to be formed with a molar ratio of x = y = 0.5; 

heterotrimetallic compounds as, e.g. {[Me 3NH]MnxCoyNixCl3·2H2O}n should be expected to 

be formed with a molar ratio of x = y = z = 0.333 and the heterotetrametallic compound 

{[Me 3NH]MnxCoyNizCutCl3·2H2O}n should be expected to be formed with a molar ratio of x 

= y = z = t = 0.25. This expectations are based on the descriptions made for already reported 

heterobimetallic compounds Mn
II
/Co

II [22][175]
, Mn

II
/Ni

II
, Fe

II
/Co

II[33]
 and Ni

II
/Co

II[37][38][176]
. As 

it will be shown, ideal compositions have never been observed. 

Determination of the ratioôs of the Co
II
, Ni

II
, and Cu

II
 content in heterometallic Mtac family 

member compounds: A single crystal of the heterobi-, heterotri- or heterotetra-metallic 

compound, having a certain weight m is selected and dissolved in a defined volume of water 

(V1). From the individual homometallic compound appropriate masses have been calculated to 
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give a mixture with the mass m as well, and these mixtures were dissolved in water of the 

volume V1. The calculations of the masses of the individual homometallic compounds 

acknowledge thereby the ideal equimolar ratioôs for heterobi-, heterotri- and heterotetra-

metallic compounds as described above. 

For example, a selected single crystal of MnxCoytac weighted 13.8 mg and was dissolved im 6 

mL H2O. Their UV/vis spectrum is shown in Figure 2.1-8 (red line). Equimolar amounts of 

Mntac (6.8 mg) and Cotac (7 mg) were dissolved together in 6 mL H2O as well. The UV/vis 

spectra of this mixture are shown in Figure 2.1-8 as well (blue line). The UV/vis absortions of 

both solutions (due to the here present Co
II
 ions) are both peaking at ɚ = 512 nm, with A = 

0.035 for the single crystal of MnxCoytac and with A = 0.058 for the ideal equimolar mixture. 

Thus, the ratio of both A values (0.035/0.058 = 0.60) indicates, that the x and y components 

of the MnxCoytac single crystal should be described as x = 0.70 and y = 0.30, thus a single 

crystal with of the formula Mn0.7Co0.3tac has been selected for measurement. In the following, 

however, precise molar ratioôs will not be calculated. Instead, the results of UV/vis 

measurements of selected single crystals of heterometallic compounds are compared to 

UV/vis measurements of mixtures of the respective homometallic compounds in expected 

ideal molar ratioôs.   

 

The above shown UV/vis spectra, cf. Figure 2.1-8, and the corresponding calculation of the 

molar ratio of the Mn
II
 and Co

II
 ions for a selected single made clear, that despite mixing 

Mntac and Cotac in an equimolar ratio no single crystal of the ideal composition 

{[Me 3NH]Mn0.5Co0.5Cl3·2H2O}n has been formed. It is not shown here, that other selected 

single crystals of this reaction bench were in addition never of the ideal composition but had 

instead variable ratioôs between Mn
II
 and Co

II
 ions. 

2.1.5.2. Identification of {[Me3NH]Ni xCuyCl3·2H2O}n (NixCuytac) 

According to Scheme 2.1-4, single crystals of the mixed { [Me3NH]NixCuyCl3·2H2O}n 

heterobimetallic chains were prepared by evaporating an aqueous solution containing 

equimolar amounts of { [Me3NH]NiCl3·2H2O}n and {[Me3NH]CuCl3·2H2O}n. The yellow-

green crystals were obtained with good yield (ca. 61 %) after 6 days at room temperature. 

From the obtained crystals, selected ones were used for further measurements. The identity of 

{ [Me3NH]NixCuyCl3·2H2O}n could be proved by means of UV/vis spectroscopy, cf. Figure 

2.1-9 
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Figure 2.1- 9 Left: Single Crystal UV/vis spectra of Nitac, Cutac and the NixCuytac. Right: UV/vis spectra of the mixed compounds in 
water solution. The blue line refers to an eqiomalor mixture of Nitac and Cutac, the red line refers to a selected single 

crystal of NixCuytac in which x and y has to be determined.  

The assignments given for Cutac and Nitac absorptions peaks (cf. paragraph 2.1.2.2) are 

valuable here. By comparison, the single crystal spectrum of NixCuytac has also an absorption 

band at 274 nm due to the transition within the organic component ([Me3NH]
+
 ions). The 

absorptions bands observed at 29239 cm
-1

 (342 nm), 22727 cm
-1

 (440 nm) and 19379 cm
-1

 

(519 nm) for NixCuytac are the transitions 
3
A2g­

3
T1g (P) (ɜ1), 

3
A2gŸ

3
T2g (ɜ3) and 

3
A2g­

3
Eg 

(ɜ2) mentioned for Nitac. The slip shift of the peak observed at 415 nm in Nitac may be due 

the interaction between the two different metal ions. The last absorption peak is observed at 

12674 cm
-1

 (789 nm), which is due to electronic transition 
2
Eg (D)Ÿ

2
T2g (D) observed for 

Cutac. The UV/vis absorption bands of NixCuytac content both the Nitac and Cutac spectra.  

This proves once again with doubt that the UV/vis spectra of the mixed metals compounds are 

the sum of individual spectrum.  

In order to determine whether the ratio between the Ni
II
 and Cu

II
 ions of the selected single 

crystal corresponds to {[Me 3NH]Ni0.5Cu0.5Cl3·2H2O}n or not, Figure 2.1-9 displays its UV/vis 

spectra with those obtained of an equimolar mixture of Nitac and Cutac. As referred from 

Figure 2.1-9 (right) it can be ruled out that the isolated single crystal was of the composition 

{[Me 3NH]Ni0.5Cu0.5Cl3·2H2O}n. It is not shown here, that other selected single crystals of this 

reaction bench were in addition never of the ideal composition but had instead variable ratioôs 

between Ni
II
 and Cu

II
 ions. 

2.1.5.3. Identification of { [Me3NH]CoxCuyCl3·2H2O}n (CoxCuytac) and of 

{[Me3NH]Mn xNiyCl3·2H2O}n (Mn xNiytac) 

Single crystals of the general composition of {[Me3NH]CoxCuyCl3·2H2O}n (CoxCuytac) and 

of {[Me 3NH]MnxNiyCl3·2H2O}n (MnxNiytac), respectively, have been obtained according to 
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Scheme 2.1-4. One single of CoxCuytac and of MnxNiytac, respectively, has been isolated and 

its single crystal UV/vis spectra has been measured, cf. Figure 2.1-10, above.   
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Figure 2.1- 10 Above left: Single Crystal UV/vis spectra of Cotac, Cutac and CoxCuytac and Above right: Single Crystal UV/vis spectra of 
Mntac, Nitac and MnxNiytac. Below: UV/vis spectra of the mixed compounds in water solution of the MnxNiytac. The blue 

line refers to an eqiomalor mixture of Mntac and Nitac, the red line refers to a selected single crystal of MnxNiytac in which 
x and y have to be determined.  

The spectrum of CoxCuytac (Figure 2.1-10, above left) has an absorption peak at 274 nm due 

to the transition within the organic component ([Me3NH]
+
 ions). The shape of band between 

274 and 338 nm is identical to the one of Cutac. The shoulders observed at 425 nm for Cotac 

disappear in the CoxCuytac spectrum. The absorptions peaks observed at 517 nm (sh), 551 nm 

(sh) and 615 (sh) nm are identical to the one observed in the Cotac compounds which 

correspond to the 
4
T1g(

4
F)Ÿ

2
A1g(

2
G), 

4
T1g(

4
F)Ÿ

4
T1g(

4
P) and 

4
T1g(

4
F)Ÿ

 4
A2g electronic 

transitions. In the individual spectrum the absorptions peaks observed at 546 for Cotac is red-

shifted in the CoxCuytac spectrum. The last absorption peak at 789 nm correspond to the 

electronic transition 
2
Eg (D)Ÿ

2
T2g (D) already noticed in the Cutac compounds. The 

CoxCuytac spectrum displays thus the contents of both the Cotac and Cutac individual 

spectrum and the successful formation of CoxCuytac can be referred from it. 
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In this case, however, it is not shown that the single crystal were even here of the ideal 

composition {[Me 3NH]Co0.5Cu0.5Cl3·2H2O}n.  

The spectrum of MnxNiytac (Figure 2.1-10, above right) has an absorption band at 259 nm due 

to the transition within the organic component ([Me3NH]
+
 ions). The absorptions bands 

observed at 351 nm and 367 nm for MnxNiytac are the transitions 
6
A1g(

6
S)Ÿ

4
Eg(

4
G), 

6
A1g(

6
S)Ÿ

4
T2g(

4
G) mentioned for Mntac. Furthermore, the absorptions peaks at 328 nm (sh), 

440 nm and 515 nm observed for the MnxNiytac spectrum has been identified in the Nitac 

compound. This clarifies that the selected single crystal contains Mn
II
 and Ni

II
 ions and the 

successful formation of MnxNiytac can be referred from it. 

In order to determine whether the ratio between the Mn
II
 and Ni

II
 ions of the selected single 

crystal corresponds to {[Me 3NH]Mn0.5Ni0.5Cl3·2H2O}n or not, Figure 2.1-10 (below) displays 

its UV/vis spectra with those obtained of an equimolar mixture of Mntac and Nitac. As it can 

be referred easily from Figure 2.1-10 below, the molar ratio between Mn
II
 and Ni

II
 is not 1:1. 

This has been been verified for additional selected single crystals as well, which had always 

different Mn
II
:Ni

II
 ratioôs. 

2.1.5.4. Identification of { [Me3NH]CoxNiyCuzCl3·2H2O}n (CoxNiyCuztac) 

200 400 600 800 1000

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

A
b
s
o
rb

a
n
c
e

Wavelenght (nm)

 cotac

 Nitac

 Cutac

 Co
x
Ni

y
Cu

z
tac

400 500 600 700 800 900

0,00

0,25

0,50

A
b
s
o
rb

a
n
c
e

Wavelenght (nm)

 CoNiCutac

 Co
x
Ni

y
Cu

y
tac

 

Figure 2.1- 11 Left: Single Crystal UV/vis spectra of Cotac, Nitac, Cutac and CoxNiyCuztac. Right: UV/vis spectra of the mixed 
compounds in water solution. The blue line refers to an eqiomalor mixture of Cotac, Nitac, Cutac, the red line refers to a 

selected single crystal of CoxNiyCuztac in which x, y and z have to be determined. 

The spectrum of the selected single crystal of the proposed composition CoxNiyCuztac (Figure 

2.1-11 left) shows three different regions corresponding to the three different metals content. 

The absorption peaks at 274, 338 and 789 nm observed in the CoxNiyCuztac spectrum has also 

been observed in the Cutac spectrum. Further, the absorption peaks observed at 434 nm is 

identical to the one observed for the Nitac compound. Finally, the other three peaks observed 

at 527, 555 and 610 nm are the one already seen in the Cotac spectrum. The peaks observed at 

334 and 415 nm for Nitac disappear here, but are replaced by large bands around this region.  
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The spectrum of the selected single crystal displays thus the content of Cotac, Nitac and Cutac 

individual spectrum although the interaction between the different metals ions allows some 

transitions to be very weak. However, the successful formation of single crystals of the 

composition CoxNiyCuztac can be ruled out of it. 

In order to determine whether the ratio between the Co
II
, Ni

II
 and Cu

II
 ions of the selected 

single crystal corresponds to {[Me 3NH]Co0.333Ni0.333Cu0.333Cl3·2H2O}n or not, Figure 2.1-11 

(right) displays its UV/vis spectra with those obtained of an equimolar mixture of Cotac, 

Nitac and Cutac. As it can be referred easily from Figure 2.1-11 the molar ratio between the 

Co
II
, Ni

II
 and Cu

II
 is not 1:1:1. This has been verified for additional selected single crystals as 

well, which had always different Co
II
:Ni

II
:Cu

II
 ratioôs. 

 

2.1.5.5. Identification of { [Me3NH]Mn xCoyCuzCl3·2H2O}n (Mn xCoyCuztac) 
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Figure 2.1- 12 Left: Single Crystal UV/vis spectra of Mntac, Cotac, Cutac and MnxCoyCuztac. Right: UV/vis spectra of the mixed 

compounds in water solution. The blue line refers to an eqiomalor mixture of Mntac, Cotac, Cutac, the red line refers to a 

selected single crystal of MnxCoyCuztac in which x, y and z have to be determined. 

The spectrum of the selected single crystal of the proposed composition MnxCoyCuztac 

spectrum (Figure 2.1-12 left) shows three different regions corresponding to the three 

different metals content. The absorptions peaks at 276 (sh), and 790 nm both red-shifted by 2 

nm observed in the MnxCoyCuztac spectrum has already been observed in the Cutac spectrum, 

with the latest corresponding to the 
2
Eg (D)Ÿ

2
T2g (D). The absorptions peak observed at 415 

nm as a shoulder is identical to the one observed for the Mntac compound. The other three 

absorptions peaks observed at 523 (sh), 549 (sh) and 611  nm which were red/ blue shifted 

from the original values of 517, 546 and 615 nm respectively, are similar to those observed in 

the Cotac spectrum. It is to noticed that, the peaks observed at 351 and 367 nm for Mntac 

disappear in the mixed MnxCoyCuztac spectrum and only a large band is observed in that 

region. Their absence in the mixed MnxCoyCuztac spectrum is not surprising due to their very 
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low intensity in the Mntac spectrum. The spectrum of the selected single crystal displays thus 

the content of Mntac, Cotac and Cutac individual spectrum although the interaction between 

the different metals ions allows some transitions to be very weak. However, the successful 

formation of single crystals of the composition MnxCoyCuztac can be ruled out of it. 

In order to determine whether the ratio between the Mn
II
, Co

II
 and Cu

II
 ions of the selected 

single crystal corresponds to {[Me 3NH]Mn0.333Co0.333Cu0.333Cl3·2H2O}n or not, Figure 2.12 

right displays its UV/vis spectra with those obtained of an equimolar mixture of Mntac, Cotac 

and Cutac. As it can be seen easily from Figure 2.1-12 the molar ratio between the Mn
II
, Co

II
 

and Cu
II
 is not 1:1:1. This has been been verified for additional selected single crystals as 

well, which had always different Mn
II
:Co

II
:Cu

II
 ratioôs. 

 

2.1.5.6. Identification of { [Me3NH]Mn xCoyNizCl3·2H2O}n (Mn xCoyNiztac) 
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Figure 2.1- 13 Left: Single Crystal UV/vis spectra of Mntac, Cotac, Nitac and MnxCoyNiztac. Right: UV/vis spectra of the mixed 

compounds in water solution. The blue line refers to an eqiomalor mixture of Mntac, Cotac, Nitac, the red line refers to a 

selected single crystal of MnxCoyNiztac in which x, y and z have to be determined. 

The spectrum of the selected single crystal of the proposed composition MnxCoyNiztac (Figure 

2.1-13 left) show an absorptions peak at 274 nm similar to the one seen for, e.g., the Cotac 

spectrum. The absorptions peaks at 351 and 367 nm observed for the Mntac spectrum did not 

appeared in the MnxCoyNiztac, whereas a peak at 314 nm and a large band between 266-384 

nm are observed. In addition absorptions peaks observed at 515, 547 and 618 nm are the one 

already seen in the Cotac spectrum. The absorptions peak observed at 415 nm is identical to 

the one observed for the Mntac and Nitac individual spectrum. The spectrum of the selected 

single crystal displays thus the content of Mntac, Cotac and Nitac individual spectrum 

although the interaction between the different metals ions allows some transitions to be very 

weak. However, the successful formation of single crystals of the composition MnxCoyNiztac 
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can be ruled out of it. In this case, however, it is not shown that the single crystal were even 

here of the ideal composition {[Me 3NH]Mn0.333Co0.333Ni0.333Cl3·2H2O}n.  

2.1.5.7. Identification of { [Me3NH]Mn xNiyCuzCl3·2H2O}n (Mn xNiyCuztac) 

As observed for the other heterotri-metallic compounds, the MnxNiyCuztac spectrum (Figure 

2.1-14 left) show an absorptions peak at 276 (sh) nm similar to the one seen for the Cutac 

spectrum. The absorptions peaks at 351 and 367 nm observed for the Mntac spectrum did not 

appeared in the MnxNiyCuztac, whereas a peak at 315 nm and a large band between 266-384 

nm are observed. In addition absorption peak observed at 559 (sh) have not been identified. It 

could be, that the absorptions peak observed at 527 nm in Mntac are red-shifted here due to 

the interactions between Mn
II
 and Ni

II 
ions. The last absorption peak observed at 786 nm 

could be identified as the as the n 
2
Eg (D)Ÿ

2
T2g (D) observed for the Cutac. The spectrum of 

the selected single crystal displays thus the content of Mntac, Nitac and Cutac individual 

spectrum although the interaction between the different metals ions allows some transitions to 

be very weak. However, the successful formation of single crystals of the composition 

MnxNiyCuztac can be ruled out of it. 
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Figure 2.1- 14 Single Crystal UV/vis spectra of Mntac, Nitac, Cutac and MnxNiyCuztac. Right: UV/vis spectra of the mixed compounds in 

water solution. The blue line refers to an eqiomalor mixture of Mntac, Nitac, Cutac, the red line refers to a selected single 
crystal of MnxNiyCuztac in which x, y and z have to be determined. 

In order to determine whether the ratio between the Mn
II
, Ni

II
 and Cu

II
 ions of the selected 

single crystal corresponds to {[Me 3NH]Mn0.333Ni0.333Cu0.333Cl3·2H2O}n or not, Figure 2.1-14 

right displays its UV/vis spectra with those obtained of an equimolar mixture of Mntac, Cotac 

and Nitac. As it can be referred easily from Figure 2.1-14 the molar ratio between the Mn
II
, 

Ni
II
 and Cu

II
 is not 1:1:1. This has been been verified for additional selected single crystals as 

well, which had always different Mn
II
:Ni

II
:Cu

II
 ratioôs. 
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2.1.5.8. Identification of { [Me3NH]Mn xCoyNizCutCl3·2H2O}n (Mn xCoyNizCuttac) 

The spectrum of the selected single crystal of the proposed composition MnxCoyNizCuttac 

(Figure 2.1-15 left) is not so easy to split into individual contributions of the four different 

homometallic Mtac compounds. It shows an absorption peak at 271 (sh) nm, which could be 

the peak observed for Cutac at 274 nm, but is slightly blue shifted. The absorptions peaks 

observed at 299 and 422 nm could be assigned to the peaks previously observed for the Mntac 

(415 nm) and Nitac (294, 415 nm) spectrum respectively. The other three absorptions peaks 

observed at 518, 544 and 618 nm which are red/ blue shifted from the original values of 517, 

546 and 615 nm respectively, are similar to those observed in the Cotac spectrum. 

Furthermore, at around ca. 798 nm is observed a peak, which could be attributed to the 

electronic transitions 
3
A2gŸ

3
T2g (ɜ3) and 

2
Eg (D)Ÿ

2
T2g (D) presents in the Nitac and Cutac 

spectrum respectively. It is not obvious to really affirm the presence of the Mn
II
 in the region 

between 266-384 nm since those peaks did not appear here.  
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Figure 2.1- 15 Single Single Crystal UV/vis spectra of Mntac, Cotac, Nitac, Cutac and MnxCoyNizCuttac. Right: UV/vis spectra of the 

mixed compounds in water solution. The blue line refers to an eqiomalor mixture of Mntac, Cotac, Nitac, Cutac, the red 

line refers to a selected single crystal of MnxCoyNizCuttac in which x, y and z have to be determined. 

The spectrum of the selected single crystal displays can be thus considered only to contain 

contributions of the Mntac, Cotac, Nitac and Cutac individual spectrum. However, the 

successful formation of single crystals of the composition MnxCoyNizCuttac should be ruled 

out of it. For a precise final assignment of the metal content(s) an ICP-OES and/or and AAS 

study would be required. 

In order to determine whether the ratio between the Mn
II
, Co

II
, Ni

II
 and Cu

II
 ions of the 

selected single crystal corresponds to {[Me 3NH]Mn0.25Co0.25Ni0.25Cu0.25Cl3·2H2O}n or not, 

Figure 2.1-15 right displays its UV/vis spectra with those obtained of an equimolar mixture of 

Mntac, Cotac, Nitac and Cutac. As it can be referred easily from Figure 2.1-15 the molar ratio 
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between the Mn
II
, Co

II
, Ni

II
 and Cu

II
 is not 1:1:1:1. This has been verified for further selected 

single crystals as well, which had always different Mn
II
:Co

II
:Ni

II
:Cu

II
 ratioôs. 

2.1.5.9. Uniformity check of single crystals of heterometallic Mtac compounds and 

brief conclusion 

The above described experiments made already clear that it is difficult, if not impossible, to 

obtain any material (single crystal) of heterobi- to tetrametallic Mtac compounds 

reproduceable. It is thus of interest to investigate, whether individual single crystals do 

possess the same molar ratioôs of respective transition metal ions throughout the crystal. 

As the single crystals formed of the reaction of Nitac and Cutac of the general composition 

{[Me 3NH]Ni xCuyCl3·2H2O}n (x + y = 1) were extremely large and did exceed weights of 30 

mg, one of them was isolated and cutted into two pieces (piece 1 and piece 2). Both pieces 

have been subjected to an ICP-OES measurement to determine their individual Ni- and Cu- 

contents. As shown in Table 2.1-3, the ratio between the Ni- and Cu-content deviates 

significantly between piece 1 and piece 2. That result underlines that it is not only impossible 

to obtain single crystals of heterobi- to ïtetra-metallic Mtac compounds in the molar ratio in 

which the individual homometallic Mtac compounds were mixed, but that it is impossible as 

well to guarantee that individual single crystals obtained according to Scheme 2.1-4 possess 

an ñequal distributionò of the ratioôs of respective M
II
 ions (M

II
 = Mn, Co, Ni, Cu) throughout 

the crystal. The ICP-OES measurements mentioned here to check the uniformity of the 

{[Me 3NH]Ni xCuyCl3·2H2O}n (x + y = 1) type compound represents of course a single 

uniformity check only. With respect to the results described above it seems to be however 

very likely, that all other heterometallic compounds described here are non-uniform as 

reported for {[Me 3NH]Ni xCuyCl3·2H2O}n (x + y = 1). 

Table 2.1- 3 ICP-OES: Ni- and Co-content (mass-%) of a selected single crystal of the composition NixCuytac cutted into piece 1 and 

piece 2
5
 

 

Piece 1 2 

 

 
Ni Cu Ni          Cu 

      5.02°0.65 

 

     18.36°0.65 
 

      

     2.25°1.02 
 

    

      21.72°0.98 
  

As a consequence, further characterization of obtained materials of heterobi- to tetra-metallic 

Mtac compounds have not been performed, as individual single crystals cannot be obtained 

reproducible. Furthermore, and this is astonishing to notice, all reports describing physical 

                                                           
 

5
 Cf. Appendix A, and ICP-OES means  Inductively coupled plasma atomic emission spectroscopy 
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properties of heterobimetallic Mtac compounds should be read carefully, as the above 

described problems were generally not addressed.   

However, it could be shown that all possible combinations transition metal ions of 

heterobimetallic Mtac (M
II 

= Mn/Co, Mn/Ni, Mn/Cu, Co/Ni, Co/Cu) are accessible as well as 

all possible combinations of heterotrimetallic Mtac compounds. The successful formation of 

the heterotetrametallic compound is furthermore at least indicated. That illustrates, that this 

approach is suited in general to generate materials of which the nature and content of 

individual transition metal ions can be changed on demand. The reported problems that 

individual single crystals of one proposed reaction of different homometallic Mtac 

compounds do have alternating compositions is then attributed, most likely, to differences of 

the solubility of the individual homometallic Mtac compounds, at least in H2O under the 

given reaction conditions. To overcome this problems the solvent might be changed and/or a 

strategy is required to coordinate individual homometallic Mtac compounds stepwise to each 

other, as, for example, reported by Heintze et al.
[188]

.  

Finally, it was of interest to transfer members of the homometallic Mtac family series into 

thin films on, e.g., Si wafers and for a potential study of the magneto-optical activity of such 

thin films. For the fabrication of the thin films the spin-coating method was supposed to be 

applied. This method requires to acknowledge certain different influencing parameters as, for 

example, the well-considered choice of the solvent. As water, in which all members of the 

homometallic Mtac family series are well-soluble, is less suited for spin-coating, alcohols as 

MeOH and/or EtOH should be used. In order to study whether the complexes dissolved in 

MeOH or EtOH would not change their composition, crystallization and accompanied 

characterization studies have been performed. The results obtained thereby are described next. 

2.1.6. Recrystallization studies of Mtac coordination polymers (M
II
 = Mn, Co, 

Ni, Cu) 

As shown in Scheme 2.1-5, all previously described homometallic members of the Mtac 

family (M
II
 = Mn, Co, Ni, Cu) have been subjected to diffusion controlled recrystallizations 

of their MeOH and EtOH, respectively, solutions. It was noticed, that all Mtac compounds are 

sparingly soluble in EtOH only, with Cotac having phenomenological the best solubility in 

EtOH followed by Cutac and Nitac. Mntac has been observed to have the least solubility of all 

studied Mtac compounds in EtOH. It should be mentioned here that commercially available 

EtOH has been used with an EtOH content of ca. 95 Vol-%. However, test tubes containing 

all EtOH solutions of the individual Mtac compounds have been placed in Schlenk tubes 

partially filled with Et2O, allowing diffusion controlled recrystallization. 
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Scheme 2.1- 5 Recrystallization of catena-{[Me 3NH]MCl3Ț2H2O}n (M
II = Mn, Co, Ni, Cu) type complexes. 

As shown in Scheme 2.1-5, all of these recrystallizations gave rise to the recovery of the Mtac 

compounds in crystalline state. The identities of all recovered materials has been verified by, 

for example, elemental analysis and unit cell checks by single crystal X-ray diffraction 

studies, which is not further accounted here. In contrast, analogous recrystallization studies of 

MeOH solutions gave rise to the recovery of Mntac as well as Cotac. In case of the 

recrystallization of Cutac the exclusive formation of light brown needles was observed; Cutac 

forms green blocks when crystallized from water. The identity of the brown needles has been 

checked to be {[Me 3NH]3Cu2Cl7} n by a unit cell check of a single crystal X-ray diffraction 

study and this revealed this compound to already described by Clay et al
[189]

. In case of the 

recrystallization of Nitac an astonishing observation could be made, as three different types of 

well shaped single crystals have been formed, cf. Figure 2.1-16. These three different types of 

crystals have been identified to be {[ Me3NH]3{NiCl 4}{NiCl 3}} n (Nitac1), 

{[( Me3NH]{NiCl 3}} n (Nitac2) and {[Me 3NH]NiCl3·2H2O}n (Nitac), cf. Scheme 2.1-5.  
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Figure 2.1- 16 Crystals of {[Me3NH]3{NiCl 4}{NiCl 3}} n (green needles), {[(Me3NH]{NiCl 3}} n (brown rhomboedric) and 

{[Me 3NH][NiCl 3·2H2O]} n (yellow rhomboedric) obtained from recrystallization of {[Me3NH][NiCl 3·2H2O]} n in 

methanolic solution vs diethyl ether. 

In the following the characterization of these three different Ni
II
-containing complexes is 

discussed. 

2.1.6.1. Single crystal X-ray diffraction studies of Nitac1 and Nitac2 

2.1.6.1.1. The solid state structure of {[Me3NH]3{NiCl 4}{NiCl 3}} n 

(Nitac1) 

Crystals of Nitac1, suitable for single crystal X-ray diffraction studies, have been obtained by 

recrystallization of the Nitac compound according to Scheme 2.1-5. The molecular structure 

of a representative symmetry grown part of the asymmetric unit of Nitac1 is shown in Figure 

2.1-17, Table 2.1-4 and 2.1-5 summarizes on selected bond lengths, bond angles. Crystal and 

structural refinement data are given in Table A1 in annexes. Nitac1 crystallizes in the 

hexagonal space group P6(3)/mc. The solid state structure of Nitac1 consists of {NiCl 3}
-
n 

coordination polymers comprising the atom Ni2, cf. Figure 2.1-17, together with discrete 

{[Me 3NH]3[NiCl4]}
+
 setups which are displayed in Figure 2.1-18. Thus, in the solid state of 

Nitac1 Ni
II
 ions in both tetrahedral and octahedral coordination environments are observed. In 

the hexagonal lattice, {NiCl 3}
-
n 1D coordination polymers chains of face-sharing NiCl6

4-
 

octahedra run parallel to the crystallographic c axes cf. Figure 2.1-18.  

A comparison of the intrachain bond distances and bond angles of the {NiCl 3}
-
n fragment of 

Nitac1 with those of compounds comprising related fragments like { [Me3NH][MnCl3]} n
[190]

 

(TMMC), { [Me3NH]3[Mn2C17]} n
[90] 

(T3M2Cl7) and even Nitac as precursor of Nitac1 and 

Nitac2, cf, below, shows them to be quite similar. In TMMC, the MnC16
4-

 octahedron is 

distorted by a lengthening along the chain axis, as if the chain had been pulled. It is interesting 

to notice, that the solid state structure of T3M2Cl7 is almost related and even isomorphic 

compared to that of Nitac1.  
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Figure 2.1- 17 ORTEP diagram (50 % ellipsoid level) of a representative symmetry-grown asymmetric unit of [{(Me 3NH)3 (NiCl4) 

{NiCl 3}}] n (Nitac 1), displaying the principal composition of the solid state structure of Nitac1 of {NiCl 3}
-
n coordination 

polymers together with {(Me3NH)(NiCl4)}
+ setups. Of the {(Me3NH)(NiCl4)}

+ setups only one hydrogen bonded (Me3NH)+ 
cation to the (NiCl4)

2- cations is shown. Symmetry code: óAô  ïx + 2, ïy + 2, z + 1/2. óBô ïy + 1 , x ïy +1, z. óCô x, x ï y + 

1, z. óDô ïx + y, ïx + 1, z. óEô ïx + y + 1, ïx + 2, z.
6
 

The discrete { [Me3NH]3[NiCl4]}
+
 setups, comprising the Ni1 and symmetry related 

equivalent atoms, are located between the {NiCl 3}
-
n chains, cf. Figure 2.1-17 and 2.1-18. Data 

of the NïH
é

Cl hydrogen bond are given in Table 2.1-5.  

 

 

Figure 2.1- 18 Selected part of the crystal structure of Nitac1 indicating the orientation of the {NiCl 3}
-
n chains along the crystallographic 

c-axes and of the discrete {[Me 3NH][NiCl 4]}
+ setups acting as ñspacersò

6
.  

                                                           
 

6
 Cf. Appendix A 
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Table 2.1- 4 Selected bond lengths (Å) and angles (°) of Nitac1.a)6 

 

Bond lengths  Bond angles           Bond angles 

Cl1-Ni1 2.2623(8) Cl1-Ni1-Cl3 95.51(7) Cl1-Ni1-Cl1A         111.56(3) 

Cl2-Ni1           2.2681(17) Cl2-Ni1-Cl3 84.43(7)               Cl1-Ni1-Cl2            107.29(3) 

Cl3-Ni2          2.4159(10) Cl2-Ni1-Cl3 96.23(6)               Cl3-Ni2-Cl3D          84.76(4) 

                              Ni2-Cl3-Ni2A   77.83(19) Cl3-Ni2-Cl3A         179.96(5) 

    Cl3-Ni2-Cl3E          95.276(14) 

Symmetry code: óAô  ïx + 2, ïy + 2, z + 1/2. óDô ïx + y, ïx + 1, z. óEô ïx + y + 1, ïx + 2, z. 

 

Table 2.1- 5 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of Nitac 1
6
. 

DïH
...
A                             DïH                        H

...
A   D

...
A                    DïH

...
A     

N1ïH1N
...
Cl2   0.80(4)     2.61(4)    3.258(3)      139(3) 

 

Table 2.1- 6 Comparison of selected crystallographic data and bond lenghts and angles of TMMC[190], T3M2Cl7
[90],  Nitac, Nitac1 and 

Nitac2. 

Compound TMMC T3M2Cl7 Nitac 1 Nitac 2 Nitac 

space group Pcmn P6(3)/mc P6(3)/mc Pnma Pnma 
a (Å) 8.937(7)  14.509 (19) 14.243(5) 14.172(13) 16.677(5) 

b (Å) 6.474(8) 14.509(19) 14.243(5) 6.1450(5) 7.169(2) 

c (Å) 14.396(8) 6.415(7) 6.073(2) 8.906(8) 8.103(2) 

MïClïM (°) 77.93(8)-

79.74(8) 

77.46(8) 77.83(19) 77.72(7)-

79.49(7) 

93.35(3)-

95.84(3)  

MïCl (Å) 2.525(2)-

2.573(2) 

2.369(3)-

2.559(3)  

2.2623(8)-

2.4159(10) 

2. 4338 (18)-

2.4485(19) 

2.4145 (7)-

2.4635(7) 

MïM (Å) 3.247 3.208  3.070 3.034 3.5843 (10) 

ClïMïCl (°) 83.7187)-

84.12(8) 

85.20(9)- 

95.00(9) 

84.76 

95.28 

83.77(6)- 

96.23(6) 

84.29(3)  

 

2.1.6.1.2. The solid state structure of {[(Me3NH]{NiCl 3}} n (Nitac2) 

Crystals of Nitac2, suitable for single crystal X-ray diffraction studies, have been obtained by 

recrystallization of Nitac according to Scheme 2.1-5. The molecular structure of a 

representative symmetry grown part of the asymmetric unit of Nitac2 is shown in Figure 2.1-

19, Table 2.1-7 summarizes on selected bond lengths and bond angles. Crystal and structural 

refinement data are given in Table A1 in annexes. Nitac2 crystallizes in the orthohrombic 

space group Pnma. The solid state structure of Nitac2 comprises {NiCl3}
-
n coordination 

polymers together with hydrogen bonded [Me3NH]
+
 cations. The prominent feature of this 

structure are the infinite (NiCl3)n
- 

chains, which run parallel to the c axis as illustrated in 

Figure 2.1-20. Each pair of Ni
II
 atoms along the chain are bridged by three chloride ions, the 



2 Results and Discussion- Chapter 2.1 

54 

 

chloride ions being located on the mirror planes midway between adjacent Ni
II
 atoms. Three 

Ni-Cl bond distances are 2.4338(18) and 2.4485(19) Å, respectively. Both of these are 

considerably larger than the value of 2.351 and 2.405 Å reported for similar bond length in 

{ [Me3NH][NiCl3]} n
[98]

. The coordination around the Ni
II
 atom corresponds to an elongation of 

a normal octahedral arrangement along the direction of the chain coupled with a rhombic 

distortion in the x direction. The four unique Cl-Ni-Cl bond angles are 83.77°, 84.43°, 

95.51°, and 96.23°. The N
é

Cl distance are in the range normally considered to constitute Nï

H···Cl hydrogen bonds, cf. Table 2.1-8, and also contributes to the stability of this type of 

complex. 

 

Figure 2.1- 19 ORTEP diagram (50 % ellipsoid level) of a representative symmetry-grown asymmetric unit of [{(Me 3NH)(NiCl3)} n] 

(Nitac2), displaying the principal composition of the solid state structure of Nitac2 of {NiCl3}
-
n coordination polymers 

together with hydrogen bonded [Me3NH]+ cations. Of the [Me3NH]+ cations only N-hydrogens are shown. Lable óAô to óFô 

refers to 1st to the 6th symmetry generated asymmetric unit of Nitac2
7
. 

 

Table 2.1- 7 Selected bond lengths (Å) and angles (°) of Nitac2
7 

Bond lengths            Bond angles           Bond angles 

Cl1-Ni1 2.4338(18) Cl1-Ni1-Cl3 95.51(7)  Cl3-Ni1-Cl3B 180.0 

Cl2-Ni1           2.4485(19) Cl2-Ni1-Cl3 84.43(7)  Cl2-Ni1-Cl3B 180.0 

Cl3-Ni2          2.4027(19) Cl2-Ni1-Cl3 96.23(6)  Cl1-Ni1-Cl1B 180.0 

Ni1-Cl2-Ni1A 77.72(7)   

Ni1-Cl3-Ni1A 79.49(7) 

  Ni1-Cl1-Ni1C 78.28(7)   

                                                         Cl3-Ni1-Cl2B 84.49(7) 

                                                         Cl1-Ni1-Cl2B 83.77(6) 

 

                                                           
 

7
 Cf. Appendix A 
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Figure 2.1- 20 Graphical illustration of a selected part of the crystal structure of Nitac2 with views along the crystallographic c- (above, 

left), a- (above, right) and perpendicular to the b-axes (below) to display the orientation of the {NiCl3}
-
n coordination 

polymers along the crystallographic b-axes and the interaction of the [Me3NH]+ cations to it7.  

Table 2.1- 8 Selected bond lengths (Å) and angles (°) of intermolecular hydrogen bonds of Nitac 2
7
. 

DïH
...
A                              DïH                       H

...
A                   D

...
A                    DïH

...
A     

N1ïH1N
...
Cl2                0.91                       2.36             3.258(13)                        170 

 

2.1.6.1.3. Comparative IR and UV/vis characterization of Nitac, Nitac1 

and Nitac2 

As described above, the three different types of single crystalline material, cf. Figure 2.1-16, 

obtained by recrystallization of Nitac according to Scheme 2.1-5 corresponds to 

{[ Me3NH]3[NiCl4][NiCl3]} n (green, Nitac1), {[ Me3NH]{NiCl 3}} n (brown, Nitac2) and 

{[Me 3NH]NiCl3·2H2O} n (yellow, Nitac). That the yellow crystals correspond to partially 

recovered Nitac as starting material has been verified by a unit cell check via single crystal X-

ray crystallography. For comparison, elemental analysis, UV/vis and IR data of Nitac are 

given in Table 2.1-9 together with those of Nitac1 and Nitac2. According to IR and UV/vis 

measurements of Nitac, Nitac1 and Nitac2, cf. below, no completely different spectra have 

been obtained, although slight differences could be observed, which is discussed next.   
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Table 2.1- 9 Characterization of the Nitac compounds 

Nitac Nitac1 Nitac2 Nitac 

Color green Brown yellow 

EA (%) 
 

 

 

Calc. Exp. Calc. Exp. Calc. Exp. 

C: 18.61 
H: 5.54 

N: 7.07 

C: 18.26 
H: 5.71 

N: 6.84 

C: 16.00 
H: 4.48 

N: 6.22 

C: 15.91 
H: 4.64 

N: 6.07 

C: 13.79 
H: 5.40 

N: 5.36 

C: 13.49 
H: 5.05 

N: 5.02 

 

 

UV/vis1) 

MeOH MeOH MeOH 

I:        226 (143) 

II:     294 (1.93) 
III:     415 (7.6) 

IV:     693 (2.7) 

V:     768 (3.1) 

I:        229 (138) 

II:     292 (1.98) 
III:     416 (33) 

IV:     696 (9.8) 

V:      768 (14.2) 

I:        229 (140) 

II:     292 (1.98) 
III:     416 (30) 

IV:     696 (9.9) 

V:     768 (14.3) 
 

IR 2)  ɜas(-N
+(CH3)3): 3009, 3020, 3030  

ŭs (-N+(CH3)3): 1448 

ɜ(CïN): 980 

ɜas(-N
+(CH3)3): 3027, 3032 

ŭs (-N+(CH3)3): 1448 

ɜ(CïN): 978 

ɜas(-N
+(CH3)3): 3030 , 3033 

ŭs (-N+(CH3)3): 1447 

ɜ(CïN): 980 

1) Measurements were performed in methanolic solution (l / nm, e). 2) IR (in cm-1).  

2.1.6.1.4. IR characterization  

The IR spectra of Nitac1, Nitac2 and Nitac are shown in Figure 2.1-21. The absorption bands 

at 3138 cm
-1

 for Nitac1, 3139 cm
-1

 for Nitac2 and 3140 cm
-1

 for Nitac are very strong and 

sharp and displays weak shoulders which correspond to the stretching vibrations ɜNH
+ 

of the 

[Me3NH]
+
 cations. The NH wagging vibration wNH is identified at 733 cm

ī1
 and 728 cm

ī1
 

respectively for Nitac1, Nitac2 and Nitac. Such observation have been noted in similar 

compounds, containing TMA and DMA ions
[179]

. The band at 1477 cm
ī1

 (Nitac1), 1473 cm
ī1

 

(Nitac2) and 1479 cm
ī1

 (Nitac) is assigned to ŭ(CH3) vibrations. The ɜas(CH3) and ɜs(CH3) 

frequencies are observed at 2955 and 2702 cm
ī1

; at 2965 and 2753 cm
ī1

 and at 2966 and 

2753 cm
ī1

 for Nitac1, Nitac2 and Nitac, respectively. It is important to mention that it is also 

difficult to distinguish between ɜas(CH3) and ɜs([HNMe3]
+
) bands, as only a large band with 

low intensity in the region between 2940 and 2966 cm
ī1

 is observed. The ɜs([HNMe3]
+
) 

vibrations feature appears as a shoulder of weak intensity at 2948 cm
ī1

 and a very weak band 

in 2959 cm
ī1

 for Nitac1. The degenerate ɜas([HNMe3]
+
) band splits into three peaks at 3009, 

3020, and 3030 cm
ī1

 for Nitac1, while in the case of Nitac2 and  Nitac it is only splitted into 

two peaks at 3027, 3032 and 3030, 3033 cm
ī1

, respectively. This confirms that the [HNMe3]
+
 

stretching vibrations are slightly sensitive to different intermolecular interactions, cf. above, 

and this was already mentioned by Grdadolnik et al
[177]

. The ŭs ([HNMe3]
+
) and ɜ(CïN) are 

observed at 1448 and 980 cm
ī1

; 1448 and 978 cm
ī1

, 1447 and 980 cm
ī1

 for Nitac1, Nitac2 

and Nitac, respectively, which is in good agreement with the data in the literature
[181][182][183]

. 

The nearly identical values observed for ŭs([HNMe3]
+
) and ɜ(CïN) bands should be 

associated with the similarity in the headgroup packing, cf. description of the respective solid 

state structures.  
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Figure 2.1- 21 IR spectra of Nitac1 (red line), Nitac2 (violet line) and Nitac (green line). 

2.1.6.1.5. UV/vis Characterization  

The electronic spectra of the three Ni
II
ïcontaining complexes Nitac1, Nitac2 and Nitac were 

recorded at 25 °C in MeOH (Figure 2.1-22). The obtained data are summarized in Table 2.1-9 

and the maximum absorption peaks of Nitac1, Nitac2 and Nitac and their corresponding 

transition are given in Table 2.1-10 below.  

The UV/vis spectra of all three compounds show nearly identical absorption peaks cf. Table 

2.1-9. Five absorptions at 226, 294, 415, 693 and 768 nm for Nitac1 as well as at 229, 292, 

416, 696 and 768 nm for both Nitac2 and Nitac could be identified. 

All the spectra show two strong and broad absorption peaks around 24096 cm
-1 

(415 nm) and 

13020 cm
-1

 (768 nm), with one weak shoulder at ca. 14367 cm
-1

 (696 nm). Two additional 

absorptions peaks at ca. 44247 cm
-1 

(226 nm) and 34013 cm
-1

 (294 nm) are observed, which 

should be originated by the [Me3NH]
+
 cations. The other absorptions resemble to those of 

other octahedral or nearly octahedral Ni
II
 compounds

[191][192][193][194][195]
. The spectra, in 

general, agree well with that reported by Willett et al.
[98]

 for other existing Ni
II
ïcomplexes 

with [MeNH3]
+
 cations. 
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Figure 2.1- 22 UV/vis spectra of Nitac1, Nitac2 and Nitac recorded in MeOH at r.t. [Nitac1]= 0.114 M, [Nitac2]= 0.223 M and  [Nitac]= 

0.231M. 

Table 2.1- 10 Maximum absorption peaks of Nitac1, Nitac2 and Nitac (ɚmax, nm) and their possible transition.   

Solvent Compounds 3A2g­
3T1g (P) 

 

3A2g­
1Eg  

 

3A2g­
3T1g (F) 

 

 

 

 

 
MeOH 

Nitac1 415 693 768 

Nitac2 416 

 

 696  768 

Nitac3 416  696 

 

 768 

 

ñIn an octahedral field the 3d
8
 configuration has A2g (F) as its ground stateò

[191]
 .The 

absorptions peaks (cf. Figure 2.4) at ca. 415, 693 and 768 nm corresponding to the spin 

allowed dīd transitions of  
3
A2g­

3
T1g (P) (ɜ1), 

3
A2g­

3
Eg (ɜ2) and 

3
A2gŸ

3
T2g (ɜ3) transitions 

respectively (cf. Table 2.1-10) are in accordance with reported data for octahedral Ni
II
 

environment
[185][186]

.  

There are no significant changes in ɚmax values when comparing the UV/vis data of Nitac1, 

Nitac2 and Nitac with each other. That might indicate, that at least in MeOH solutions of 

these three different complexes identical species are present and/or that different species do 

have nearly identical UV/vis absorption properties. Certainly, the different coordination 

environments observed in the solid state structures for the Ni
II
 ions of Nitac1, Nitac2 and of 

Nitac3, cf. above, do not find expressions in the UV/vis spectra. 

 

2.1.6.2. Magnetic characterization of Nitac1 and Nitac2 

2.1.6.2.1. Magnetic properties of Nitac1 

ñStatic magnetic susceptibility was measured with a 7 T VSM-SQUID magnetometer from 

Quantum Design at a field of 1 T in a temperature range 2 ï 300 K. 



2 Results and Discussion- Chapter 2.1 

59 

 

The temperature dependence of the static magnetic susceptibility ɢm = M/H of Nitac1 and the 

corresponding inverse susceptibility ɢm
ī1

 are presented in Figure 2.1-23 (right).  

 

Figure 2.1- 23 Temperature dependence of the magnetic susceptibility ɢ =M/H and the inverse susceptibility ɢ1 for Nitac1. Symbols 

represent the experimental results and solid lines correspond to the fitting results
8
.  

The temperature dependence of the magnetic susceptibility was fitted to the Curie Weiss law. 

By using this fit an effective magnetic moment of the Ni
II
 ions in Nitac1 of  3.32 mB is 

observed, which corresponds to a S = 1 system, which is  very typical for Ni
II
-comprising 

complexes. Moreover, a Curie Weiss temperature of -19 K has been calculated, which clearly 

proves the presence of ferromagnetic interactions between the Ni
II
 ions in the {NiCl3

-
} n chains 

of Nitac1. The saturation magnetization of 4.4 mB/2Ni corresponds to S = 1 for each of the two 

crystallographically different Ni
II
 ions of Nitac1. Furthermore, the shape of the field 

dependence of the magnetization clearly proves the presence of two different spin systems 

with S = 1, cf. Figure 2.1-23 (left). This data were analyzed by means of the Brill ouin 

function, which describes the behavior of an ideal paramagnet. The Brillouin function should 

describe the magnetization of the independent out-of-chain Ni ions. Thus, after subtracting the 

Brill ouin function for S = 1 from the experimental data, the resulting (rapidly saturating) 

dependence corresponds to the ferromagnetically coupled S = 1 {NiCl 3
-
} n chainsò

 8
*. 

It thus became clear, that the {NiCl3
-
} n chains of Nitac1 represents a novel Ni

II
-containing S = 

1 spin chain, with the { [Me3NH]3[NiCl4]}
+
 setups being magnetically non-interacting. A 

related observation has been made for T3Mn2Cl7
[90]

 which is structurally isomorphic to Nitac1 

as discussed above. Its furthermore to be noticed, that the Curie Weiss temperature of -19 K 

of  Nitac1 exceeds those of  T3Mn2Cl7 (-8 K)
[90]

  as well as those of TMMC (-6 K) 

[190]
, which 

indicates the ferromagnetic exchange couplings of Nitac1 as comparatively strong. 

                                                           
 

8
 Cf. Appendix A 

8
* Cf. Appendix A 



2 Results and Discussion- Chapter 2.1 

60 

 

By comparing the Curie Weiss temperarures of T3Mn2Cl7
[90]

  with those of TMMC
[190]

, and 

related complexes a nearly linear dependency between it and the crystallographically 

determined Mn-Cl-Mn angles has been derived
[90]

. Thereby it has been observed, that the 

smaller the Mn-Cl-Mn angle is, the higher is the Curie Weiss temperature
[90]

. For Nitac1 the 

corresponding Ni-Cl-Ni angle, cf. Table 2.1-6 exceeds the Mn-Cl-Mn angle reported for 

T3Mn2Cl7
[90]

. That indicates that this dependency is not of general validity. 

It needs to emphasized finally that it is very likely that Nitac1 should be regarded as a single-

chain magnet, cf. below, although the required magnetization measurements as, for example, 

hysteresis measurements, have not been performed in the context of this work. 

2.1.6.2.2. Magnetic properties of the Nitac2  

ñStatic magnetic susceptibility was measured with a 7 T VSM-SQUID magnetometer from 

Quantum Design at a field of 1 T in a temperature range 2 ï 300 K. 

The temperature dependence of the static magnetic susceptibility ɢm = M/H of Nitac2 and the 

corresponding inverse susceptibility ɢm 
ī1

 are presented in Figure 2.1-24.  
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Figure 2.1- 24 Temperature dependence of the magnetic susceptibility ɢ =M/H and the inverse susceptibility ɢ1 for Nitac2. Symbols 

represent the experimental results and solid lines correspond to the fitting results (see the text)
9
.  

The temperature dependence of the magnetic susceptibility was fitted to the Curie Weiss law. 

By using this fit an effective magnetic moment of the Ni
II
 ions in Nitac2 of  2.3 mB is 

observed, cf. Figure 2.1-24, which corresponds to a S = 1 system, which is  very typical for 

Ni
II
-comprising complexes. Moreover, a Curie Weiss temperature of -6 K has been calculated, 

which clearly proves the presence of ferromagnetic interactions between the Ni
II
 ions in the 

{NiCl 3
-
} n chains of Nitac2. From the determination of the saturation magnetization of Nitac2 

it becomes obvious, that the step observed at H = 0.2 T is ambiguous to consider and should 

be attributed to impurities, cf. Figure 2.1-25ò 9*. Indeed, it is difficult to separate the brown 

coloured single crystal of Nitac2 from the green single crystals of Nitac1 and the yellow 
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coloured single crystals of Nitac, cf. Figure 2.1-16 (photo). However, this very slight amount 

of impurities does not affect any statements made so far as well as any following statements. 
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Figure 2.1- 25 Determination of the saturation magnetization of Nitac2
9
.  

It is surprising to notice, that the Curie Weiss temperature of Nitac2 (-6 K) is significantly 

lower compared to the Curie Weiss temperature reported here for Nitac1 (-19 K), although in 

both cases {NiCl3
-
} n chains are responsible for the ferromagnetic interactions. The observed 

differences are attributed to differences in the crystal structures of Nitac1 and Nitac2. In case 

of Nitac1 the {NiCl3
-
} n chains appears fully non-interacting, cf. Figure 2.1-18, whereas in case 

of Nitac2 the {NiCl3
-
} n chains interact with [Me3NH]+ cations by means of formation of 

hydrogen bonds. Due to these hydrogen bonds and thus these intermolecular interactions, 

most probably, the Ni-Cl bond lengths of the {NiCl3
-
} n chains of Nitac2 are significantly 

shorter compared to those of Nitac1, cf. Table 2.1-6. Consequently, the ferromagnetic 

interactions of the Ni
II
 ions of the {NiCl3

-
} n chains of Nitac2 could be even expected to be 

lower compared to Nitac1. 

ñESR measurements (see Figure 2.1-26 below) at T = 4 K at different frequencies (166 GHz, 

249 GHz and 332 GHz) have been performed for Nitac2. From a slop of blue resonance 

branches a g-factor of 2.36 was found. Additionally, the zero-field splitting of 69 GHz (= 2.3 

cm
-1

) from an offset of the first resonance branch was obtainedò
10*

. The observation of the 

zero-field splitting is a first prerequisite to assign Nitac2 as a single-chain magnet, although it 

needs to be emphasized that magnetization versus field hysteresis loops measurements needs 

to be performed in order to verify whether Nitac2 possess an uniaxial magnetoanisotropy D < 

0 as it has been described, for example, by A. Das et al.
[196]

. 
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Figure 2.1- 26 Frequency ɜ versus resonance magnetic field Bres dependence of the ESR lines (symbols) and representative ESR spectra of 

Nitac2 at T = 4 K. Solid lines are linear fits to the experimental data points. Inset: Comparison of the experimental and 

modeled ESR spectra (see text)
10

. 

 

2.1.7. Brief Conclusion 

From the above described results it is to notice, that the choice of the recrystallization solvent 

of Mtac compounds is crucial to obtain these materials back or to obtain other types of 

coordination polymers. In this work, it has been observed that the recrystallization of the Mtac 

family {[Me 3NH][MCl 3(H2O)2]} n, (M
II
 = Mn, Ni, Co, Cu) gave rise to exciting new 

coordination polymers when recystallizing Nitac from MeOH solutions. Two novel 

complexes comprising {NiCl3
-
} n coordination chains have been obtained in form of 

{[ Me3NH]3[NiCl4][NiCl3]} n (Nitac1), {[ Me3NH]{NiCl 3}} n (Nitac2). Both new compounds 

have been fully characterized and could be revealed, that the {NiCl3
-
} n coordination chains of 

Nitac1 appears as non-interacting in the solid state whereas those of Nitac2 are involved in 

further interactions. Most probably the isolated nature of the {NiCl3
-
} n chains of Nitac1 

strengthen its Ni-Cl bonds and strengthen thus the ferromagnetic interaction compared to 

Nitac2. There are already indications, that both Nitac1 and Nitac2 could be regarded as 

single-chain magnets, although specific measurements were not performed in the context of 

this thesis. However, the exciting magnetic properties of Nitac1 and Nitac2 together with the 

exciting observation that Mtac compounds might undergo rearrangement reaction when 

recrystallized different solvents may open a new investigation pathways in the future. 
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2.2. The synthesis and characterization of organic/ inorganic hybrid materials of the 

composition [R3NH][MCl 4] (M = Mn
II
, Fe

III
, Co

II
, R = Me, Et) and of hybrid 

materials comprising aromatic N-donor ligands and/or their protonated forms.  

The aim of this thesis is to design hybrids that combine the best of both the organic and 

inorganic characteristics. We search for materials that are interesting for electronic 

applications and combine the unique parameters of solubility with magnetism and 

(semi)conductivity. As strongly observed and discussed in chapter 2.1 of this thesis, it is 

possible to obtain organic-inorganic hybrid with the same general formulae. This has been 

completely mentioned with the case of catena-{[Me 3NH]MCl3Ț2H2O]} n (M
II
 = Mn, Fe, Co, 

Ni, Cu), a family of compounds with well-known exciting magnetic properties, but however, 

an insulating nature (cf. chapter 2.1 for more details).  

With the before mentioned results of this work it seems likely to ñcreateò such 

organic/inorganic hybrid materials which should comprise both magnetic as well as 

semiconducting properties.  

It is already mentioned in chapter 1 that hybrid materials as {[(BEDT -TTF)3 

(MnCl3)2(EtOH)2]} n by Naito et al.
[96]

, { [(BEDT-TTF)2[Mn2Cl5(EtOH)]} n by Miyasaka et 

al.
[110]

 and { [(BEDT-TTF)2[Mn2Cl5(HOH)5]} n by Leokadiya et al.
[111a]

 possess both magnetic 

and conductive properties. These materials have been obtained by the electrocrystallization 

method. Furthermore, it is already mentioned in this work (cf. chapter 1, section 1.2), that the 

conductive properties of these materials are originated by p-interacting organic [BEDT-

TTF]
+/·

 radicals. The inorganic part of these hybrid materials, thus the inorganic coordination 

polymers, is then ñresponsibleò for the magnetic properties. That the inorganic part does not 

contribute to the conductivity properties has been verified by conductivity studies reported in 

this thesis in paragraph 2.1.4 of the above chapter.  

Following the enormous work on hydrogen bonding from protonated bipyridinium cations to 

perhalometallate anions by Orpen et al
[197][198][87][199]

 Brammer et al.
[200]

 and related work on 

N
+
ï H

é
[MCln]

m-
 interactions by others

[201][202]
, specific stress has been put in the utility of 

such types of bonding. Furthermore, considerable interest in hydrogen bonding patterns 

together with p-p stacking of protonated, cationic nitrogen heterocycles have been also 

mentioned
[203][204][205][206]

. As reviewed in chapter 1 of this thesis, linear bidentate N,Nô-donor 

compounds have been intensively used to obtain polymeric chains with potential properties 

such as electrical conductivity, magnetism
[79][80]

. On varying the lengths of these molecular 

rods employed, a number of polymeric systems have been already isolated, displaying 
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different and interesting geometries. Among them, 4,4-bipyridinium cations have been proved 

to give 1D, 2D even 3D coordination polymers, cf. chapter 1 of this thesis. According to 

Gillon et al
[88]

, there is already a report on inorganic-organic hybrid in which protonated 

N,Nô-donor were used to construct a 1D networks. Gillon et al
[88]

 describes the synthesis of 

e.g. {[4,4ô-bipyH2][MnCl 4]} n and reports the solid state structure. Thereby, {MnCl4}
2-

 entities 

forms a 1D coordination polymer and the [4,4ô-bipyH2]
2+

 entities are connected to each other 

by means of p-interactions. No information with respect to a possible magnetism or 

conductivity of the namely compound is given, although this would be very interesting. In the 

following, N,Nô-bridging ligands such as 4,4ô-bipyridine, 2,2ô-bipyridine and 1,10-

phenanthroline were used in their protonated forms [4,4ô-bipyH2]
2+
, [2,2ô-bipyH2]

2+
 and 

[1,10-phenH2]
2+

  to form together with 3d transition metal salts hybrid materials.  

The aim of these study was then to show, whether cationic [4,4ô-bipyH2]
2+
, [2,2ô-bipyH2]

2+
 

and [1,10-phenH2]
2+

, respectively, are arranged in the solid state by means of p-interactions, 

which are supposed to give rise to semiconducting properties. These cationic fragments have 

been chosen furthermore as they resemble [BEDT-TTF]
+/·

 radicals at least so far that they 

represent aromatic and flat organic cations. Of course, the cationic  [4,4ô-bipyH2]
2+
, [2,2ô-

bipyH2]
2+

 and [1,10-phenH2]
2+

 fragments, respectively, do not possess radical character and 

consequently potentially achieved p-stacks of them would not be as conductive as reported for 

the p-stacks of [BEDT-TTF]
+/·

 radicals. However, cationic [4,4ô-bipyH2]
2+
, [2,2ô-bipyH2]

2+
 

and [1,10-phenH2]
2+

 fragments, respectively, are ñavailableò by the ñwet chemistryò  

approach with all advantages this approach do offer, cf. paragraph 1.3.2.4.  

On the other hand, the aim of this study was to show whether the chosen 3d transition metal 

salts would form coordination polymers, of which magnetic properties are anticipated.  

Beside this motivation it was aimed to investigate, whether coordination polymers as 

described in chapter 2.1 could be obtained by using different transition metal halides and/or 

alkylammonium salts as starting materials. 

The results obtained by these investigations are described in the following, whereby the focus 

is directed to the structural description of obtained materials. 

2.2.1.  Synthesis and characterization of organic/ inorganic hybrid solid of the 

composition [R3NH][MCl 4] (M = Mn
II
, Fe

III
, Co

II
, R = Me, Et)  

2.2.1.1. The reaction of anhydrous FeCl3 with Me3NHCl 

According to Scheme 2.2-1, reacting anhydrous FeCl3 with [Me3NH]Cl in EtOH in the molar 

ratio 2:3 gave rise to brown crystal identified as [Me3NH]3[FeCl4]Cl2 (2), cf. below. 
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x[FeCl3]     +   y[Me3NH]Cl [(Me3NH)3][FeCl4]Cl2

EtOH

x = 2; y = 3  (Yield, ca. 39 %) (2)  

Scheme 2.2- 1 The synthesis of 2 from FeCl3 and [Me3NH]Cl by using the molar ratio 2:3. 

2.2.1.2. Solid state structure of [Me3NH]3[FeCl4]Cl 2 (2) 

Crystals of 2, suitable for single crystal X-ray diffraction studies, have been obtained by 

ñputting a solution of 2 in the fridgeò. The molecular structure of 2 is shown in Figure 2.2-1, 

Table 2.2-1 summarizes on selected bond lengths, bond angles and torsion angles. Crystal and 

structural refinement data are given in Table A1 in annexes. 

 

Figure 2.2- 1 ORTEP diagram (50 % ellipsoid level) of asymmetric unit of [Me3NH]3[FeCl4]Cl2 (2). All C-bonded hydrogen atoms are 

omitted for clarity. Dotted lines refer to intermolecular hydrogen bonds
11

. 

Compound [Me3NH]3[FeCl4]Cl2 (2) crystallized in the monoclinic space group P2(1). The 

structure of the (2) consists of [Fe
III

Cl4]
-
, Cl

-
 anions and [Me3NH]

+
 cations. The Fe

III
 atom in 

the [FeCl4]
-
 anion is four-coordinated in a distorted tetrahedral geometry. The ClïFeïCl bond 

angles are in the range of 107.25(9) - 113.06(7)°, while the FeïCl bonds lengths are in the 

range of  2.1887(19) -2.2045(18) and 2.1812(18)- 2.1988(18) Å for atoms Fe1 and Fe2 
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respectively. Those values are in agreement compared with those in similar [FeCl4]
-
 

complex
[207][208]

.  

As expected there are no p- interactions. There are also rather few intermolecular distances 

which do not give rise to a 1D to 3D network,  [Me3NH]+ cations are all bonded exclusively 

to Cl
- 
anions, Cl

-
 anions are then involved in two CléN hydrogen bond interactions cf. Figure 

2.2-2. 

 

Figure 2.2- 2 Selected part of the crystal structure of 2. All C-bonded hydrogen atoms are omitted for clarity. Lable ñAò to ñDò refers to 

species of a 1st to the 4th symmetry generated asymmetric unit of 2
11

. 

Table 2.2- 1 Selected bond lengths (Å) and angles (°) of 2.a) 11 

Bond lengths        bond angles                                    bond angles   

Fe1ïCl1 2.2045(18) Cl1ïFe1ïCl2 112.42(7) Cl5ïFe2ïCl6 107.81(7) 

Fe1ïCl2 2.1879(17) Cl1ïFe1ïCl3 108.49(9) Cl5ïFe2ïCl7 107.25(9) 

Fe1ïCl3 2.1928(18) Cl1ïFe1ïCl4 108.62(8) Cl5ïFe2ïCl8 109.61(7) 

Fe1ïCl4 2.1887(19) Cl2ïFe1ïCl3 109.21(7) Cl6ïFe2ïCl7       113.06(7) 

Fe2ïCl5 2.1988(18) Cl2ïFe1ïCl4      107.90(8) Cl6ïFe2ïCl8 109.63(8)  

Fe2ïCl6 2.1932(18) Cl3ïFe1ïCl4 110.20(7) Cl7ïFe2ïCl8 109.41(8)  

Fe2ïCl7 2.1812(18)  

Fe2ïCl8 2.1885(19) 
 

Table 2.2- 2 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 2
11

. 

DïH
...
A           DïH       H

...
A   D

...
A   DïH

...
A     

N1ïH1
...
Cl9              0.91        2.23    3.133(9)         173 

N2ïH2 
...
Cl9             0.95(5)     2.11(5)    3.057(6)      175(5) 

N3ïH3
...
Cl10             0.90(5)     2.14(5)    3.037(5)      177(5) 

N4ïH4
...
Cl11             0.95(8)     2.19(8)    3.078(5)      156(6) 

N5ïH5
...
Cl11                 0.91        2.39    3.294(8)         176 

N6ïH6
...
Cl12             0.96(6)     2.11(5)    3.058(5)      172(4) 
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2.2.1.3. The reaction of anhydrous MCl2 (M
II  

= Mn, Co) with [ Et3NH]Cl in EtOH  

According to Scheme 2.2-2, anhydrous MCl2 was treated with [Et3NH]Cl in dried EtOH. Out 

of these reactions [Et3NH]2[MCl4]  (3: M
II
 = Mn, and 4: M

II
 = Co) in form of yellow and blue 

singles, respectively, have been obtained. 

2[MCl2]     +   3[Et3NH]Cl [(Et3NH)2][MCl4]
EtOH

M = MnII, yield ca. 47 %   (3)

M = CoII, yield ca. 76 %    (4)  

Scheme 2.2- 2 The synthesis of 3 from MCl2 and [Et3NH]Cl by using the molar ratio 2:3. 

2.2.1.4. Solid state structure of [Et3NH]2[MnCl 4] (3)  

Crystals of [Et3NH]2[MnCl4] (3), suitable for single crystal X-ray diffraction studies, have 

been obtained by allowing the reaction mixtures to stand in a refrigerator for 1 hour, cf. 

experimental part. The molecular structure of 3 is shown in Figure 2.2-3. Table 2.2-3 

summarizes on selected bond lengths, bond angles, while intermolecular hydrogen bonds are 

given in Table 2.2-4. Crystal and structural refinement data are given in Table A1 in annexes. 

 

Figure 2.2- 3 ORTEP diagram (50 % ellipsoid level) of the molecular structure of of [Et3NH]2[MnCl4] (3). All C-bonded hydrogen atoms 

are omitted for clarity. Dotted lines indicate intermolecular hydrogen bonds
12

. 

Compound 3 crystallized in the orthorhombic space group P2(1)2(1)2(1). In 

[(Et3NH)2[MnCl4] (3), four Cl atoms coordinate the Mn
II
 atom in a slightly distorted tetra-

hedral geometry. Each tetrahedral {MnCl 4}
-
 anion is surrounded by two [Et3NH]

+
 cations. The 

                                                           
 

12
 Cf. Appendix A 
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MnïCl bonds is in the ranges 2.3474 (10)-2.815 (10) and 2.3427 (9) -2.3897 (10) Å for 

atoms Mn1 and Mn2 respectively. Those values are in agreement compared with those in 

(Et3NH)2[MnCl4] complex reported by Clegg et al
[209]

. The ClïMnïCl angles, in turn, are in 

the range 107.14 (4) -114.72 (4). Table 2.6 shows intermolecular NïH
...
Cl hydrogen bond. 

These interactions are significant with D
...
A between 3.164(7)ï3.175(7) Å and the DïH

...
A 

bonds are between 162ï170°. Beside intermolecular hydrogen bonds between the hydrogen 

atoms of the [Et3NH]
+
 cations and Cl atoms of the [MnCl4]

2-
 ions, no further intermolecular 

interactions are observed. 

Table 2.2- 3 Selected bond lengths (Å) and angles (°) of 3.a)12 

Bond lengths  Bond angles                                 Bond angles 

Mn1-Cl1 2.3474(10) Cl1-Mn1-Cl2 111.77(3) Cl5-Mn2-Cl6 110.08(4) 

Mn1-Cl2           2.3482(8) Cl1-Mn1-Cl3 108.92(4) Cl5-Mn2-Cl7 109.35(4) 

Mn1-Cl3          2.3815(10) Cl1-Mn1-Cl4 107.18(4) Cl5-Mn2-Cl8 106.13(4) 

Mn1-Cl4        2.3840(10) Cl2-Mn1-Cl3 109.05(4) Cl6-Mn2-Cl7 108.18(4) 

Mn2-Cl5        2.3763(10) Cl2-Mn1-Cl4 108.21(4) Cl6-Mn2-Cl8 108.33(4) 

Mn2-Cl6        2.3897(10) Cl3-Mn1-Cl4 111.72(4) Cl7-Co2-Cl8 114.72(4) 

Mn2-Cl7        2.3427(9)  

Mn2-Cl8        2.3495(10) 
 

Table 2.2- 4 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 3
12

. 

DïH
...
A                      DïH       H

...
A      D

...
A                        DïH

...
A     

N1ïH1N
...
Cl6          0.85(4)      2.35(4)      3.168(3)                   162(3) 

N2ïH2N
...
Cl4          0.84(3)      2.35(3)      3.178(3)                   168(3) 

N4ïH3N
...
Cl3

i
         0.88(3)      2.35(3)       3.225(3)                   170(3) 

N3ïH4N
...
Cl5

ii
        0.84(3)      2.42(3)      3.222(3)            162(2) 

Symmetry code (i) = 1/2+x,1/2-y,-z. (ii) = 1/2-x,1-y,1/2+z. 

2.2.1.5. Solid state structure of [Et3NH]2[CoCl4] (4) 

Crystals of [Et3NH]2[CoCl4] (4), suitable for single crystal X-ray diffraction studies have been 

obtained by allowing the reaction mixtures to stand in a refrigerator for hours, cf. 

experimental part. The molecular structure of 4 is shown in Figure 2.2-4. Table 2.2-5 and 

Table 2.2-6 summarizes on selected bond lengths, bond angles and intermolecular hydrogen 

bonds. Crystal and structural refinement data are given in Table A2 in annexes. 

Compound 4 crystallized also in the orthorhombic space group P2(1). In the title compound 

[(Et3NH)2[CoCl4] (4), four Cl atoms coordinate the Co
II
 atom in a slightly distorted tetra-

hedral geometry. Each tetrahedral { CoCl4}
-
 anion is surrounded by two [Et3NH]

+
 cations. The 

CoïCl bonds is in the ranges 2.2717(19) -2.2995(18) and 2.2662(19)- 2.3023(16) Å for 

atoms Co1 and Co2 respectively. Those values slightly shorter than the one observed for the 
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[(Et3NH)2[CoCl4] analogue 2.3474 (10)  -2.815 (10) and 2.3427 (9) -2.3897 (10) Å for atoms 

Mn1 and Mn2 respectively. 

 

Figure 2.2- 4 ORTEP diagram (50 % ellipsoid level) of the molecular structure of of [Et3NH]2[CoCl4] (4). All C-bonded hydrogen atoms 

are omitted for clarity. Dotted lines indicate intermolecular hydrogen bonds
13

. 

Table 2.2- 5 Selected bond lengths (Å) and angles (°) of 4.a)13 

Bond lengths        Bond angles       Bond angles 

Co1-Cl1 2.2912(16) Cl1-Co1-Cl2 111.36(7) Cl5-Co2-Cl6 109.67(8) 

Co1-Cl2           2.2995(18) Cl1-Co1-Cl3 108.87(7) Cl5-Co2-Cl7 113.79(8) 

Co1-Cl3          2.2630(18) Cl1-Co1-Cl4 109.27(7) Cl5-Co2-Cl8 108.03(7) 

Co1-Cl4        2.2717(19) Cl2-Co1-Cl3 108.54(7) Cl6-Co2-Cl7 106.63(7) 

Co2-Cl5        2.2662(19) Cl2-Co1-Cl4 107.59(7) Cl6-Co2-Cl8 110.02(7) 

Co2-Cl6        2.2903(19) Cl3-Co1-Cl4 111.21(7) Cl7-Co2-Cl8 108.67(8) 

Co2-Cl7        2.267(2)  

Co2-Cl8        2.3023(16)  

Table 2.2- 6 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 4
13

. 

DïH
...
A    DïH                  H

...
A                       D

...
A                  DïH

...
A     

N1ïH1
...
Cl8

i
       0.91        2.29    3.160(5)         159 

N2ïH2
...
Cl2        0.91        2.29    3.172(5)         163 

N3ïH3
...
Cl1

ii
      0.91        2.33    3.230(6)         172 

N4ïH4
...
Cl6        0.91        2.36    3.235(5)         161 

Symmetry code (i) = 1/2-x,1-y,1/2+z. (ii) = 1/2+x,1/2-y,-z 

                                                           
 

13
 Cf. Appendix A 
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Those values are close compared with those in [Et3NH]2[CoCl4] (4) complex recently 

reported by Reza et al
[210]

. The ClïCoïCl angles, in turn, are in the range 

106.63(7)-113.79(8). Table 2.2-6 shows intermolecular NïH
...
Cl hydrogen bond. These 

interactions are significant with D
...
A between 3.160(5)ï3.235(5) Å and the DïH

...
A bonds are 

between 159ï172° which are slightly different from the value obtained for the Co
II
 analogue 

162ï170°. Beside intermolecular hydrogen bonds between the hydrogen atoms of the 

[Et3NH]
+
 cations and Cl atoms of the [CoCl4]

2-
 ions,  no further intermolecular interactions 

are observed. 

2.2.1.6. Brief  conclusion 

The structural investigation of [Me3NH]3[FeCl4]Cl2 (2), [(Et3NH)2][MnCl4] (3), [(Et3NH)2] 

[CoCl4] (4) revealed all three materials to possess [MCl4]
n-

 fragments (2: M = Fe
III

, n = 1; 3: 

M = Mn
II
, n = 2 and  3: M = Co

II
 , n = 2) only. The formation of coordination polymers has 

thus not been observed, although under identical reaction conditions MnCl2 and R3NHCl (R = 

Me), cf. paragraph 2.1.3 of chapter 2.1 gave rise to the formation of coordination polymers. 

These results shows then, that the choice of the transition metal and alkylammonium salt as 

well as the choice of the solvent for their reaction/recrystallization is crucial and they show 

that at least by changing the reaction conditions in comparison with those described for the 

Mtac family, other types of coordination compounds can be obtained.  

Both compounds [Et3NH]2[MnCl4] (3) and [Et3NH]2[CoCl4] (4) crystallize within the same 

space group and the bond distances and angles are not dramatically different, the slight 

difference is just due to the difference in atomic radius of the metal ions. Thus, 2 and 3 are 

isomorphic as observed for all Mtac compounds. Especially due to the isomorphic nature of 2 

and 3 no further experiments have been performed to synthesize their corresponding Ni
II
 and 

Cu
II
 representatives. 

2.2.2. Synthesis and characterization of organic/ inorganic hybrid materials 

comprising aromatic N-donor ligands and/or their protonated forms 

According to Scheme 2.2-3, solutions of the appropriate transition metal halide containing an 

equimolar amount of the appropriate potassium salt in water are added to solutions of the 

selected aromatic amine in the respective aqueous acid (HX) according to Gillon
[88]

. 
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N N +  MX2·xH2O

       KX

      in H2O
M  = FeIII,                   = 4,4´-bpy, X= Br, n= 3, m= 1,  t= 2 (5)

M  = CoII,                         = 2,2´-bpy, X= Br, n= 1, m= 0,  t= 1 (6)

M  = CoII,                   = 1,10-phen, X= Br, n= 1, m= 0,  t= 1 (7)

N N

N N

N N

in HX

{H2[{MX4}n
 .mX N N} t]

 

Scheme 2.2- 3 Synthesis of the organic-inorganic hybrid of the composition [NArH]n[M xXY]m. 

After stirring, the solutions are allowed to evaporate slowly in a fumehood, whereby the 

compounds formed in crystalline state are characterized: dark-brown [{4,4ó-

bpyH2} 2{FeBr4} 3Br] (5), green [2,2ô-bipyH2][CoBr4] (6), purple [CoCl2(1,10-

phen)][CoCl(1,10-phen)(H2O)]Cl·6H2O which has been reported recently by Preminger et 

al.
[211]

, dark green [1,10-phenH2][CoBr4] (7) and green [Co
II
Cl4]2[Co

III
(phen)3][H2PhenCl] 

(8). All of these compounds have been characterized by elemental analysis and single-crystal 

X-ray diffraction studies. All above reported examples consists, however, of discrete [MX4]
n-
 

anions with the protonated aromatic amines acting only as spacers without the formation of 

mutual p-contacts.  

Further products which have been achieved by an analogous approach as described in Scheme 

2.2-3 in crystalline state are described here in addition. 

2.2.2.1. Solid state structure of [{4,4ó-bpyH2}2{FeBr4}3Br] (5) 

Crystals of 5, suitable for single crystal X-ray diffraction studies, have been obtained as 

described in the experimental part. The molecular structure of 5 is shown in Figure 2.2-5, 

Table 2.2-7 summarizes on selected bond lengths, bond angles and torsion angles. 

Intermolecular hydrogen bonds are given in Table 2.2-8. Crystal and structural refinement 

data are given in Table A2 in annexe. 

5 crystallized in the noncentrosymmetric orthorhombic space group P2(1). In the solid state 

[{4,4ó-bipyH2} 2{FeBr4} 3Br] (5) is formed by three crystallographically independent discrete 

{Fe
III

Br4}
-
 anions, double protonated 4,4'-bipy molecules in the form of {4,4ô-bipyH2}

2+
 

cations and Br
-
 ions, cf. Figure 2.2-6. The non-planar {4,4ô-bipyH2}

2+
 cations, cf. Figure 2.2-6 

and Figure 2.2-7; and the Br
-
 ions interact with each other in the solid state by formation of 

3D network due to intermolecular hydrogen bonds. Each Br
-
 ion is surrounded by four NH 

donors of four different {4,4ô-bipyH2}
2+

 cations, forming a distorted tetrahedral geometry. 

The NïBrïN angles are thereby in the range from 121.1° (N2ïBr1ïN4) to 97.5° (N3AïBr1ï
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N4). The FeïBr bonds is in the ranges 2.3312 (12) -2.3532 (12), 2.3173 (13) -2.3438 (11) 

and 2.3273 (12) -2.3463 (11) Å for atoms Fe1, Fe2, and Fe3 respectively. The FeïBrïFe 

angles, in turn, are in the range 108.12 (5) -111.42 (5), 107.06 (5) -113.84 (5) and 105.60 

(4) -112.91 (5) ° respectively.  

 

Figure 2.2- 5 Graphical representation (ORTEP diagram with 50 % ellipsoid probability) of the composition of the a-symmetric unit of 

[{4,4ó-bipyH2} 2{FeBr4} 3Br] (5). Interplanar angles of connected C5N aromatic rings are indicated by the sign ֢14
. 

 

 

 

Figure 2.2- 6 Graphical representation of a selected part of the 3D network formed by the {4,4ô-bipyH2}
2+ cations and Br- anions of 5 in 

the solid state, displaying the tetrahedral geometries around the Br- anions. Lable óAô to óCô refers to molecules of the first 

to the third symmetry generated asymmetric unit of 5
14

.  

                                                           
 

14
 Cf. Appendix A 
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Table 2.2-8 shows intermolecular NïH
...
Br hydrogen bond. These interactions are significant 

with D
...
A between 3.195(6)ï3.302(6) Å and the DïH

...
A angles between 140ï156°. 

No further intermolecular interactions in the solid state structure of 5 have been observed, as 

for example p-interactions between {4,4ô-bipyH2}
2+

 cations and/or interactions including the 

{Fe
III

Br4}
-
 anions. 

 

Figure 2.2- 7 Graphical representation of a selected part of the 3D network of the [4,4ô-bipyH2]
2+cations and Br- anions of 5 with views 

along the crystallographic a-, b- and c- axes. Carbon bonded hydrogen atoms are omitted for clarity
14

. 

Table 2.2- 7 Selected bond lengths (Å), angles (°) and torsion angles of 5
14

. 

Bond lengths                                 Bond angles                                      Torsion angles 

Fe1ïBr5  2.3318(12) Br5ïFe1ïBr4    108.12(5) C4ïC3ïC8ïC7               39.4(9) 

Fe1ïBr4        2.3319(12) Br5ïFe1ïBr3     111.42(5) C4ïC3ïC8ïC9             ï141.3(6) 

Fe1ïBr3         2.3357(12) Br4ïFe1ïBr3         108.24(4) C2ïC3ïC8ïC7             ï140.0(6) 

Fe1ïBr2      2.3532(12) Br5ïFe1ïBr2     108.27(5) C2ïC3ïC8ïC9               39.3(9) 

Fe2ïBr9          2.3173(13) Br4ïFe1ïBr2     110.93(5) C12ïC13ïC18ïC17        ï36.0(10) 

Fe2ïBr8         2.3390(10) Br3ïFe1ïBr2     109.85(5) C12ïC13ïC18ïC19          142.5(6) 

Fe2ïBr7              2.3402(12) Br9ïFe2ïBr8         107.06(5) C14ïC13ïC18ïC17          143.1(6) 

Fe2ïBr6              2.3438(11) Br9ïFe2ïBr7         106.99(4)          C14ïC13ïC18ïC19         ï38.4(9) 

Fe3ïBr12            2.3273(12) Br8ïFe2ïBr7         110.59(4) 

Fe3ïBr11            2.3323(11) Br9ïFe2ïBr6         113.84(5) 

Fe3ïBr10            2.3352(12) Br8ïFe2ïBr6         108.12(4) 

Fe3ïBr13            2.3463(11) Br7ïFe2ïBr6         110.21(5) 

C3ïC8 1.461(8)  Br12ïFe3ïBr11     112.91(5) 

C13ïC18             1.488(8)  Br12ïFe3ïBr10     109.62(4) 

                                         Br11ïFe3ïBr10     109.29(4) 

                                                         Br12ïFe3ïBr13     105.60(4) 

                                                         Br11ïFe3ïBr13     108.94(4) 

                                                         Br10-Fe3-Br13      110.43(5) 
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Table 2.2- 8 Selected bond lengths (Å) and angles (°) of the intermolecular hydrogen bonds of 5
14

. 

DïH
...
A DïH         H

...
A        D

...
A                  DïH

...
A     

N1ïH1A
...
Br1 0.86          2.39        3.195(6)      156 

N2ïH2A
...
Br1   0.86          2.59      3.302(6)      141 

N3ïH3
...
Br1 0.86          2.42       3.203(6)      153 

N4ïH4A
...
Br1 0.86          2.56       3.270(5)      140  

 

2.2.2.2. Solid state structure of [2,2-bpyH2][CoBr 4] (6) 

Crystals of [2,2-bpyH2][CoBr4] (6), suitable for single crystal X-ray diffraction studies, have 

been obtained by slow evaporation of the resulting solution left at room temperature (cf. 

experimental part). The molecular structure of 6 is shown in Figure 2.2-8. Table 2.2-9 and 

Table 2.2-10 summarize on selected bond lengths, bond angles, torsion angles and 

intermolecular hydrogen bonds. Crystal and structural refinement data are given in Table A2 

in annexe. 

 

Figure 2.2- 8 ORTEP diagram (50 % ellipsoid level) of the molecular structure of [2,2-bpyH2][CoBr4]
 15

  (6)  

Table 2.2- 9 Selected bond lengths (Å), angles (°) and torsion angles of 6. 

Bond lengths                               Bond angles       Torsion angles 

Co1ïBr1 2.3917(7) Br1ïCo1ïBr2 108.15(3)  N2ïC6ïC5ïC4     36.2(6) 

Co1ïBr2 2.4452(8) Br1ïCo1ïBr3      112.13(3)  N2ïC6ïC5ïN1  ï145.9(4) 

Co1ïBr3 2.4295(7) Br1ïCo1ïBr4 114.00(3)  C7ïC6ïC5ïC4  ï139.6(5) 

Co1ïBr4 2.3991(8) Br2ïCo1ïBr3 99.84(3)  C7ïC6ïC5ïN1     38.3(6) 

C5ïC6 1.477(6)               Br2ïCo1ïBr4 106.73(3) 

Br3ïCo1ïBr4 114.64(3) 

 

                                                           
 

15
 Cf. Appendix A 
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The [CoBr4]
2-

 anions of 6 do not possess Td symmetry, especially as the two Co-Br bond 

lengths Co1ïBr2 and Co1ïBr3 with 2.4452(8) Å and 2.4295(7) Å, respectively, are 

substantially larger compared to the bond lengths Co1ïBr1 and Co1ïBr4 with 2.3917(7) Å 

and 2.3991(8) Å, respectively. Interestingly, the two elongated CoïBr bonds are those, of 

which the Br atoms are involved into intermolecular hydrogen bonds to the [2,2-bpyH2]
2+

 

cations. That observation underlines the importance and possible influences of intermolecular 

hydrogen bonds, cf. Table 2.2-10, on structural features of interacting chemical species in 

general. It remains, however, unresolved whether the observed intermolecular hydrogen 

bonds are responsible for the torsion of the [2,2-bpyH2]
2+

 cations or not. Obviously, the 

interplanar angle between the aromatic rings of the [2,2-bpyH2]
2+

 cations with 36.9(2)° is 

adjusted in a way, that their two N(H) functions can both interact in intermolecular hydrogen 

bonds to form the 1D chain (cf. Figure 2.2-9). 

Table 2.2- 10 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 6
15

. 

        DïH
...
A             DïH                      H

...
A              D

...
A               DïH

...
A     

       N1ïH1N
...
Br3          0.72(5)                 2.62(5)            3.292(4)                   156(5) 

       N2ïH2N
...
Br2          0.97(8)                 2.33(7)            3.209(4)                  151(5) 

 

 

Figure 2.2- 9 Selected part of the one selected 1D chain formed by 6 in the solid state along the crystallographic a-axes due to 
intermolecular hydrogen bonds between the [2,2-bpyH2]

2+ cations and the [CoBr4]
2- anions. All C-bonded hydrogen atoms 

are omitted for clarity. Label óAô and óBô refers to a first and a second symmetry generated asymmetric unit of 6
15

. 
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2.2.2.3. Solid state structure of [1,10-phenH2][CoBr 4] (7) 

Crystals of 7, suitable for single crystal X-ray diffraction studies, have been obtained have 

been obtained as described in the experimental part. The molecular structure of 7 is shown in 

Figure 2.2.10, Table 2.2.11 summarizes on selected bond lengths, bond angles and torsion 

angles, while the crystal and structural refinement data are given in Table A3 in annexe. 

7 crystallized in the monoclinic space group P2(1)/c. In the solid state [1,10-phenH2][CoBr4] 

(7) is formed by two crystallographically independent discrete [CoBr4]
-
 anions, double 

protonated 1,10ô-phen molecules in the form of [1,10ô-phenH2]
2+

 cations, cf. Figure 2.2-11. 

The planar [1,10ô-phenH2]
2+

 cations, cf. Figure 2.2-11, interact with each other in the solid 

state by formation of 3D network due to intermolecular hydrogen bonds as well as p-

interactions between [1,10ô-phenH2]
2+

 cations, cf. Figure 2.2-11. Each tetrahedral [CoBr4]
-
 

anion is surrounded by one [1,10ô-phenH2]
2+

 cation. The CoïBr bonds is in the ranges 2.3957 

(10) -2.4340 (11) and 2.3919 (11) -2.4394 (11) Å for atoms Co1 and Co2 respectively. The 

CoïBrïCo angles, in turn, are in the range 106.21 (4) -113.03 (4) and 105.92 (4) -112.22 

(4)° respectively. These values are in accordance with corresponding values in similar 

complexes
[212][213]

. Table 2.2-12 shows intermolecular NïH
...
Br hydrogen bond. These 

interactions are significant with D
...
A between 3.164(7)ï3.175(7) Å and the DïH

...
A angles 

between 152ï158°. No further intermolecular interactions in the solid state structure of 7 have 

been observed, as for example p-interactions between {1,10ô-bipyH2}
2+

 cations and/or 

interactions including the [CoBr4]
-
 anions. 

 

 

Figure 2.2- 10 ORTEP diagram (50 % ellipsoid level) of the molecular structure of [1,10-phenH2][CoBr4]
 16

 (7).  

                                                           
 

16
 Cf. Appendix A 
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Table 2.2- 11 Selected bond lenghts (Å), angles (°) and torsion angles of 7
16

. 

Bond lenghts  Bond angles                                            Torsion angles 

Co1ïBr1    2.3957(10) Br1ïCo1ïBr2       110.00(4)  N1ïC5ïC9ïN2         ï0.3(10) 

Co1ïBr2 2.4032(10) Br1ïCo1ïBr3        107.31(4)      N1ïC5ïC4ïC6           179.9(6) 

Co1ïBr3  2.4002(11) Br1ïCo1ïBr4    111.44(4)  N3ïC17ïC21ïN4       1.2(10) 

Co1ïBr4  2.4340(11) Br2ïCo1ïBr3    113.03(4)  N3ïC17ïC16ïC18   ï179.2(5) 

Co2ïBr5   2.4070(10) Br2ïCo1ïBr4    108.82(4) 

Co2ïBr6   2.3919(11) Br3ïCo1ïBr4    106.21(4)    

Co2ïBr7   2.4107(10) Br5ïCo2ïBr6    112.03(4)    

Co2ïBr8   2.4391(11) Br5ïCo2ïBr7         112.22(4) 

  Br5ïCo2ïBr8         107.19(4) 

  Br6ïCo2ïBr7         107.56(4) 

  Br6ïCo2ïBr8         105.92(4) 

  Br7ïCo2ïBr8         111.79(4) 

 

Table 2.2- 12 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 7. 

DïH
...
A     DïH       H

...
A   D

...
A   DïH

...
A     

N2ïH2A
...
Br8       0.86        2.35    3.164(7)         158 

N3ïH3A
...
Br4       0.86        2.39    3.175(7)         152 

 

 

Figure 2.2- 11 Selected part of the 3D network formed by 7 in the solid state due to intermolecular p-interactions between [1,10-phenH2]
2+ 

cations, indicated by long dashed lines. Lable óAô to óCô refers to a 1st to the 3rd symmetry generated chemical specie. CéC 

bond distances: C7éC24A = 3.494 Å, C13éC12A = 3.541 Å, C22AéC6C = 3.477 Å, C3AéC19C = 3.445 Å, C2BéC15A 
= 3.603 Å and symmetry related bond distances. Intermolecular interactions due to hydrogen bonds between [1,10-

phenH2]
2+ cations and [CoBr4]

2- anions are indicated by short dashed lines
16

. 

 

2.2.2.4. Solid state structure of [Co
II
Cl4]2[Co

III
(phen)3][ {PhenH2}Cl] (8) 

Crystals of 8, suitable for single crystal X-ray diffraction studies, have been obtained by slow 

evaporation of hydrochloric solution containing 1,10-phen and CoCl2·6H2O in the molar ratio 

(1:1). The molecular structure of 8 is shown in Figure 2.2-12. Table 2.2-13 summarizes on 
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selected bond lengths, bond angles and torsion angles, while intermolecular hydrogen bonds 

are given in Table 2.2-14. Crystal and structural refinement data are given in A3 annexes. 

 

Figure 2.2- 12 ORTEP diagram (50 % ellipsoid level) of the molecular structure of  [Co(phen)3][CoCl4]2[{phenH2} Cl] (x1), displaying its 

composition in the solid state structure of [Co(phen)3]
3+ cations, [CoCl4]

2- anions as well as adducts of the type 

[{phenH2}Cl] +. All C-bonded hydrogen atoms are omitted for clarity
17

.  

[Co(phen)3][CoCl4]2[{phenH2]Cl] (8) crystallized in the monoclinic space group C2/c. In the 

solid state 8 is formed by [Co(phen)3]
3+

 cations, [CoCl4]
2-

 anions as well as adducts of double 

protonated 1,10ô-phen molecules in the form of [1,10ô-phenH2]
2+

 cations, and Cl
- 
anions, cf. 

Figure 2.2-12. The central Co (III) ion is hexacoordinated with distorted octahedral geometry 

with four nitrogen donors of the phenanthroline ligand. The Co(II) ion is tetracoordinated by 

four nitrogen chloride anions. The CoïCl bonds is in the ranges 2.300(3)  -2.290(3) Å for 

atoms Co2ïCl2 and Co3ïCl6 respectively.  

The CoïClïCo angles, in turn, are in the range 103.94 (12) -112.93 (12). These values are in 

the expected range value observed in Co(II) complexes. For the Co(III) ions, the CoïN bond 

length is in the ranges 1.936(8)- 1.959(8)Å for atoms Co1ïN2 and Co1ïN1 respectively, 

which is in the normal range observed in Co(III) complexes of  1.944(3)Aę for [Co(en)2Cl2]
+
, 

[Co(bpy)2Cl2]
+
, [Co(phendione)2Cl2]

+[214]
, [trans- Co(en)2Cl2]

+[215]
. In this complex, there are 

p-p interactions. 

 

 

                                                           
 

17
 Cf. Appendix A 
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Table 2.2- 13 Selected bond lengths (Å) and angles (°) of 8.a)17
 

Bond lengths                                   Bond angles  Bond angles 

Co1-N1 1.959(8) N1-Co1-N2 84.6(3) Cl1-Co2-Cl2 111.53(12) 

Co1-N2          1.936(8) N1-Co1-N3 93.3(3) Cl1-Co2-Cl3 109.98(14) 

Co1-N3          1.950(9) N1-Co1-N4 176.3(4) Cl1-Co2-Cl4 109.56(14) 

Co1-N4        1.954(9) N1-Co1-N5 93.5(3) Cl2-Co2-Cl3 103.94(12) 

Co1-N5        1.958(8) N1-Co1-N6 90.4(3) Cl2-Co2-Cl4 112.93(12) 

Co1-N6        1.946(9) N2-Co1-N3 90.0(3) Cl3-Co2-Cl4 108.72(14) 

Co2-Cl1        2.277(3) N2-Co1-N4 92.2(3) Cl5-Co3-Cl6 110.16(13) 

Co2-Cl2        2.300(3) N2-Co1-N5 175.7(3) Cl5-Co3-Cl7 112.17(13) 

Co2-Cl3        2.275(3)  N2-Co1-N6 91.6(3) Cl5-Co3-Cl8 110.57(12) 

Co2-Cl4        2.275(3) N3-Co1-N4 84.7(4) Cl6-Co3-Cl7 109.52(14) 

Co3-Cl5        2.274(3) N3-Co1-N5 94.0(3) Cl6-Co3-Cl8 104.48(12) 

Co3-Cl6        2.290(3)  N3-Co1-N6 176.0(3) Cl7-Co3-Cl8 109.65(12) 

Co3-Cl7        2.266(3) N4-Co1-N6 91.6(4) 

Co3-Cl8        2.279(3) N5-Co1-N6 84.5(4) 

                              N4-Co1-N5 89.9(4) 

Table 2.2- 14 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 8
17

. 

DïH
...
A                             DïH       H

...
A   D

...
A      DïH

...
A     

N7ïH7
...
Cl9 0.86        2.25      3.108(8)                173 

N8ïH8A
...
Cl9 0.86        2.16      3.011(9)                171   

 

2.2.2.5. Solid state structure of [{4,4ôbipyH2·2Et2O}{I 3}2] (9) 

Crystals of 9, suitable for single crystal X-ray diffraction studies, have been obtained 

unexpectedly in an unsuccessful attempt to prepare Cu(II) iodide complex, cf. experimental 

part. The molecular structure of 9 is shown in Figure 2.2-13.  Table 2.2-15 summarizes on 

selected bond lengths, bond angles and torsion angles, while intermolecular hydrogen bonds 

are given in Table 2.2-16. Crystal and structural refinement data are given in Table A3 

annexes. Compound [{4,4ôbipyH2·2Et2O}{I 3} 2] (9) consists of two I3
ī
 anions, 4,4-

bipyridinium dications and diethylether molecules. The bond angle between the I3
ī
 anions are 

slightly different, 177.836 (15) and 178.625 (15) Aę, for I3ïI2ïI1 and I6ïI5ïI4, respectively. 

Surprisingly, there are no further intermolecular interactions observed in the solid state. 

Table 2.2- 15 Selected bond lenghts (Å), angles (°) and torsion angles of 9
18

. 

Bond lenghts  bond angles                    Torsion angles 

C5ïC10    1.485(7)  I3ïI2ïI1   177.836(15)  C3ïC5ïC10ïC8       25.2(6) 

I1ïI2         2.9398(4)  I6ïI5ïI4   178.625(15)  C3ïC5ïC10ïC9     ï154.1(5) 

I2ïI3         2.9061(4)    C4ïC5ïC10ïC8     ï154.4(5) 

I4ïI5         2.9218(4)                                C4ïC5ïC10ïC9       26.3(6) 

I5ïI6         2.9196(4)     
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Figure 2.2- 13 ORTEP diagram (50 % ellipsoid level) of the molecular structure of   [{4,4ôbipyH2·2Et2O}{I 3} 2] (9). Of the disordered 

atoms C15 and C16 only one atomic position is shown, respectively. The sign  ֢ refers to the interplanar angle of 

connected aromatic C5N rings
18

. 

 

Table 2.2- 16 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 9
18

. 

DïH
...
A DïH             H

...
A   D

...
A               DïH

...
A 

N1ïH1N
...
O1 0.80(5)       1.88(5)  2.646(6)         161(6) 

N2ïH2N
...
O2 1.03(7)       1.61(7)  2.636(5)         177(6) 

 

2.2.2.6. Solid state structure of [1,10-phenH2]Br(IBrI)  (10) 

Crystals of 10, suitable for single crystal X-ray diffraction studies, have been obtained 

unexpectedly in an unsuccessful attempt to prepare an iodide adduct, cf. experimental part.   

The molecular structure of 10 is shown in Figure 2.2-14. Table 2.2-17 and 2.2-18 summarize 

on selected bond lengths, bond angles, torsion angles and intermolecular hydrogen bonds. 

Crystal and structural refinement data are given in Table A4 in annexes. 

 

Table 2.2- 17 Selected bond lenghts (Å), angles (°) and torsion angles of 10. 

Bond lenghts  bond angles  torsion angles 

Br2ïI1   2.7036(6) Br2ïI1ïBr4    177.09(2) N1ïC5ïC9ïN2  ï1.2(7) 

I1ïBr4   2.7409(6)                               N1ïC5ïC9ïC8  ï179.2(4) 
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Figure 2.2- 14 ORTEP diagram (50 % ellipsoid level) of the molecular structure of [1,10-phenH2]Br(IBrI)  (10) 19
  

Table 2.2- 18 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 10
19

. 

DïH
...
A DïH       H

...
A   D

...
A                  DïH

...
A     

N1ïH1N
...
Br1  0.86        2.31    3.164(4)         176        

N2ïH2N
...
Br1 0.86        2.32    3.178(4)         176 

 

Surprisingly, there are no further intermolecular interactions observed in the solid state. 

2.2.2.7.  Solid state structure of [MnCl 2(1,10-phen)(dmso)] (11) 

In an attempt to obtain a Mn
III

 complex, [MnCl2(1,10-phen)(dmso)] (11) was unexpectly 

obtained. According to Scheme 2.2-4, hydrochloric acid solution of 1,10 phenanthroline 

monohydrate was added to a hydrochloric solution of potassium permanganate in the molar 

ration (1: 4) according to Goodwin et al
[216a][216b]

. 

Mn

O

OO

O

K+

_

N N

+

N N

Mn ClCl

Cl O

S

(11)

1) HCl

2) Product + DMSO
and recrystallized by 
slow diffusion of THF

 

Scheme 2.2- 4 Synthesis of the [MnCl2(1,10-phen)(dmso)] (11) 
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Crystals of 11, suitable for single crystal X-ray diffraction studies, have been obtained by 

recrystallization of the black crystals as described in the experimental part. The molecular 

structure of 11 is shown in Figure 2.2-15. Table 2.2-19 summarizes on selected bond lengths, 

bond angles and torsion angles. Crystal and structural refinement data are given in Table A4 

in annexes. 

In [MnCl2(1,10-phen)(dmso)] (11) complex, Mn
II
 atom is penta-coordinated by two N atoms 

from a chelating 1,10-phenanthroline ligand, one O atom from a dimethyl sulfoxide ligand 

and two Cl atoms. The 1,10-phenanthroline ligand shows a very small degree of distortion 

(the NïCïCïN torsion angle is 1.3°). The Mn-N1, Cu-N2 distances are of 2.2503(15) and 

2.2614(17) respectively. The Mn1ïCl bridging bond lengths are slightly different, 2.4146 (6) 

and 2.3685 (5) Aę, for Cl1 and Cl2, respectively. The 1D chain formed by 11 in the solid state 

due to intermolecular p-interactions between the 1,10-phenanthroline ligands is shown in 

Figure 2.2-16. 

 

Figure 2.2- 15 ORTEP diagram (50 % ellipsoid level) of the molecular structure of [MnCl2(1,10-phen)(dmso)] 
20

 (11). 

Table 2.2- 19 Selected bond lenghts (Å), angles (°) and torsion angles of 11
20

. 

Bond lenghts  bond angles torsion angles 

 

Mn1ïN1 2.2503(15) N1ïMn1ïN2  73.13(6)           C9ïN2ïMn1ïN1    2.58(12) 

Mn1ïN2 2.2614(17) O1ïMn1ïN1  135.33(5)         C12ïN2ïMn1ïN1  ï178.84(17) 

Mn1ïCl1 2.4146(6) O1ïMn1ïN2  83.27(6)            N1ïC5ïC9ïN2    1.3(2) 

Mn1ïCl2 2.3685(5) O1ïMn1ïCl2  102.54(4) 

Mn1ïO1 2.1135(14) N1ïMn1ïCl2  117.23(4) 

S1ïO1 1.5311(14) N2ïMn1ïCl2  96.73(4)               

                                                         O1ïMn1ïCl1  95.15(4) 

N1ïMn1ïCl1  92.83(4)  
N2ïMn1ïCl1  157.03(4)  

Cl2ïMn1ïCl1 105.94(2) 

S1ïO1ïMn1  120.11(8) 
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Figure 2.2- 16 Selected part of the one selected 1D chain formed by 11 in the solid state due to intermolecular p-interactions between the 

1,10-phen  ligands. The interplanar angle between differently colored aromatic fragments amounts to 0 ° with averaged 

distance between blue and brown colored fragments of 3.45 Å and between brown and black colored fragments of 3.55 Å
20

. 

Finally, as with the linear bidentate N,Nô-donor no polymeric chains were obtained, a recent 

report by Zgolli et al.
[217]

, with 4-aminopyridine shows that polymeric chains with Mn
II
 ions 

could be obtained. Based on this report, trials with other 3d transition metals did started. 

According to Scheme 2.2-5 , equimolar amount solutions of the appropriate transition metal 

halide are added to hydrochloric solutions of 4-aminopyridine. 

+  MCl2·xH2O

in HCl

[{p-NH2-pyH}2{MClm}{H2O} t]p-NH2-py

MII = Cu, x = 2, m = 4, t = 1    (12)

MII = Ni, x = 6, m = 3, t = 5    (13)  

Scheme 2.2- 5 Synthesis of the of [{ p-NH2-pyH}2{CuCl4}(H 2O)] (12) and [{p-NH2-pyH}{NiCl 2(H2O)4}(Cl)(H 2O)] (13) 

After stirring, the solutions are allowed to evaporate in the fumehood. Single crystals of [{ p-

NH2-pyH}2{CuCl4}(H 2O)] (12) and [{p-NH2-pyH}{NiCl 2(H2O)4}(Cl)(H 2O)] (13) are 

obtained by slow diffusion of THF or Et2O into the respective methanolic solutions.  
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2.2.2.8. Solid state structure of [{p-NH2-pyH} 2{CuCl 4}(H 2O)] (12) 

Crystals of 12, suitable for single crystal X-ray diffraction studies, have been obtained by 

slow evaporation of an aqueous hydrochloric solution containing stoichiometric amounts of 

C5H6N2 and CuCl2·2H2O. The molecular structure of 12 is shown in Figure 2.2-17. Table 2.2-

20 summarizes on selected bond lengths, bond angles and torsion angles. Table 2.2-21 gives 

intermolecular hydrogen bonds. Crystal and structural refinement data are given in Table A4  

in annexes. 

 

Figure 2.2- 17 ORTEP diagram (50 % ellipsoid level) of the symmetry-doubled asymmetric unit of [{p-NH2-pyH}2{CoCl4}(H 2O)]n (12). 

Symmetry code: óAô ïx + 1, y, ïz + 1/2
21

. 

Table 2.2- 20 Selected bond lenghts (Å), angles (°) and torsion angles of 10
21

. 

Bond lenghts  bond angles  torsion angles 

Cu1ïCl1        2.2389(5) Cl1ïCu1ïCl2    135.06(2) N1ïC3ïC2ïC1   ï0.5(3) 

Cu1ïCl2        2.2589(5) Cl1ïCu1ïCl1A        97.67(3) N1ïC4ïC5ïC1     0.5(3) 

C1ïN2           1.329(3) Cl1ïCu1ïCl2A       98.70(2) N2ïC1ïC2ïC3     179.98(18) 

  Cl2ïCu1ïCl1A       98.70(2) N2ïC1ïC5ïC4  ï179.97(18) 

  Cl2ïCu1ïCl2A       98.54(3) 

Cl1AïCu1ïCl2A    135.06(2) 

 

12 crystallized in the monoclinic space group P2(1)/c. In the solid [{ p-NH2-pyH}2 

{CuCl4}(H 2O)]n is made up of discrete [CuCl4]
2-

 anions, with the copper atom situated on a 

crystallographic two-fold axis, 4-aminopyridinium cations and water of crystallization 

molecules. An extensive network of hydrogen bonds links these units, most of them being 

represented by broken lines in Figure 2.2-18. The [CuCl4]
2-

 anion shows a tetrahedral 

geometry. The Cu--Cl(2) bond (2.2589 A) is slightly longer than the Cu--Cl(1) bond (2.2389 

A) owing to its extensive involvement in hydrogen bonding. As will be described below, two 

chlorine atoms are involved in hydrogen bond interactions, but Cl(2) is hydrogen bonded to 

the water molecule and the organic cation, whereas Cl(1) only participates in a hydrogen bond 
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to the cation. The Cl--Cu--Cl bond angles vary within the range 98.54(3)-135.06(3)°, showing 

that the geometry is intermediate between square planar (D4h) and regular tetrahedral (Ta). 

These values are in accordance with corresponding values in similar complexes
[218a]

.  

Table 2.2- 21 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 12
21

. 

DïH
...
A DïH        H

...
A   D

...
A                    DïH

...
A     

N2ïH3N
...
Cl2     0.83(2)                 2.55(2)  3.3372(19)          161(2) 

N1ïH1N
...
O1  0.78(2)     2.03(2)    2.807(2)              173(3) 

O1ïH1O
...
Cl2   0.825(18)   2.382(19)  3.1735(13)      161(2) 

N2ïH2N
...
Cl1  0.87(3)     2.48(3)  3.3295(19)      167(2) 

 

 

 

Figure 2.2- 18 Selected part of the 3D network structure formed by 12 in the solid state indicating the intermolecular hydrogen bonds 

responsible for its formation. All C-bonded hydrogen atoms as well as p-interactions between [p-NH2-pyH]+ cations are 

omitted for clarity. Label óAô to óMô refers to a first to the 13th symmetry generated asymmetric unit of 12
21

. 

 

Figure 2.2- 19 Graphic illustration of the p-interaction between [p-NH2-pyH]+ cations in the solid state structure of 12 in two different 

perspective views. All C-bonded hydrogen atoms are omitted for clarity. Lables refer to lables given in Figure 2. The sign 

 ֢refers to the interplanar angles between interacting [p-NH2-pyH]+ cations and d refers to the distance of the N(H2) atoms 

to the geometrical centroid of the adjacent aromatic ring. The distance between the N(pyH) atoms and the C3 atoms of the 

adjacent [p-NH2-pyH]+ cation amounts to 3.415 Å
21

. 
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2.2.2.9. Solid state structure of [{p-NH2-pyH}{NiCl 2(H2O)4}(Cl)(H 2O)] (13) 

Crystals of 13, suitable for single crystal X-ray diffraction studies, have been obtained by 

slow evaporation of hydrochloric solution containing stoichiometric amounts of C5H6N2 and 

NiCl2·6H2O. The molecular structure of 13 is shown in Figure 2.2-20. Table 2.2-22 and 2.2-

23 summarize on selected bond lengths, bond angles and intermolecular hydrogen bonds. 

Crystal and structural refinement data are given in Table A5 in annexes. 

 

Figure 2.2- 20 ORTEP diagram (50 % ellipsoid level) of the symmetry-doubled asymmetric unit of [{p-NH2-

pyH}{NiCl 2(H2O)4}(Cl)(H 2O)]n (13). Symmetry code: óAô ïx + 1, ïy, ïz + 1
22

. 

13 crystallized in the monoclinic space group P2(1)/c. In the solid state, structure is built up of 

infinite chains of edge-sharing [NiCl2(H2O)4] octahedral, which are separated by the 4-

aminopyridinium ions and discrete chloride ions. ñThe organic cations occupy the empty 

space around each inorganic chainò
[217] . Structural cohesion is organized through N-H...Cl 

and O-H...Cl hydrogen bonds, which build up a three-dimensional network as shown in 

Figure 2.2-21. 
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The organic-inorganic cohesion is ensured by hydrogen bonding that involves interactions eg. 

N1ðH1A···Cl1 and N1ðH1B···Cl2 bonds between the organic cation and the chloride and 

O1ðH11···Cl2 and O2ðH20···Cl2 between the water molecule and the Cl anion (cf. Table 

2.2-23). All the hydrogen bond distances of OïH...O and intermolecular hydrogen bonds, cf. 

Table 2.2-23, are as expected. The total result of this intermolecular bonding gives rise to 

three-dimensional infinite arrangement; cf. Figure 2.2-21 and 2.2-22. However, the distances 

between aminopyridinium molecules are closer, ranging from 3.348 Å to 3.592 Å which 

indicates p-p  interactions. The distances and angles throughout the structure are in good 

agreement with those encountered in similar reported compounds
[217]

. 

 

Figure 2.2- 21 Selected part of the 3D network structure formed by 13 in the solid state indicating the intermolecular hydrogen bonds 

responsible for its formation in view on top of the crystallographic c-axes. All C-bonded hydrogen atoms as well as p-
interactions between [p-NH2-pyH]+ cations are omitted for clarity. Label óAô to óJô refers to a first to the 10th symmetry 

generated asymmetric unit of 13
22

. 
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Table 2.2- 22 Selected bond lengths (Å) and angles (°) of 13.a)22
 

Bond lengths   bond angles                                bond angles  

Ni1ïCl1  2.3702(11) O1ïNi1ïO1A    180.0 Cl1ïNi1ïO1     89.00(10) 

Ni1ïO1      2.071(3) O1ïNi1ïO2    92.36(13) Cl1ïNi1ïO2     90.46(11) 

Ni1ïO2      2.089(3) O2ïNi1ïO2A    180.0 O1AïNi1ïO2     87.64(13) 

N1ïC1      1.299(6) Cl1ïNi1ïCl1A    180.0 O1AïNi1ïCl1         91.00(10) 

                                                   O2AïNi1ïCl1        89.54(11) 

a) Symmetry code: óAô ïx + 1, ïy, ïz + 1 

 

Table 2.2- 23 Selected bond lenghts (Å) and angles (°) of intermolecular hydrogen bonds of 13
22

. 

DïH
...
A                              DïH       H

...
A   D

...
A   DïH

...
A     

N1ïH1A
...
Cl2   0.86        2.54    3.361(5)         161 

N1ïH1B
...
O2   0.86        2.34    3.138(6)         155 

N2ïH2A
...
Cl1  0.86        2.75    3.224(3)         116 

N2ïH2A
...
Cl2  0.86        2.47    3.133(4)         134 

O1ïH10
...
O3   0.82(6)     2.00(7)    2.786(5)      160(6) 

O1ïH11
...
Cl2  0.81(5)     2.38(5)    3.152(3)      161(5) 

O2ïH20
...
Cl2   0.82(6)     2.38(6)    3.177(4)      165(5) 

O2ïH21
...
O3   0.86(7)     1.93(7)    2.772(5)      168(7) 

O3ïH30
...
Cl1   0.79(10)     2.38(10)    3.141(4)      162(8) 

O3ïH31
...
Cl2   0.86(6)     2.28(7)    3.133(4)      175(7) 

 

 

Figure 2.2- 22 Selected part of the 3D network structure formed by 13 in the solid state indicating the intermolecular hydrogen bonds 

responsible for its formation in view on top of the crystallographic a-axes. All C-bonded hydrogen atoms as well as p-
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interactions between [p-NH2-pyH]+ cations are omitted for clarity. Label óAô to óJô refers to a first to the 10th symmetry 

generated asymmetric unit of 13
22

. 

 

Figure 2.2- 23 Graphic illustration of the p-interaction between [p-NH2-pyH]+ cations in the solid state structure of 13 in two different 

perspective views. All C-bonded hydrogen atoms are omitted for clarity. The sign ֢  refers to the interplanar angles 
between interacting [p-NH2-pyH]+ cations. Distances between pi interacting atoms of less than 3.60 Å are indicated, 

ranging from 3.348 Å (open bond, C2éN2B) to 3.592 Å (dashed open bond, N1BéN1)
22

. 

2.2.3. Summary and conclusion 

It is clear from our eleven new reported complexes of protonated arylammonium salt that the 

building-block for the construction of extended arrays by using coordinative, hydrogen 

bonding and p-p interactions depend particularly on the nature of the halogeno metal salts. 

However, it is noticeable that for all of the complexes reported here, and previously in the 

literature, very few form coordination polymers with metal bromide salts. This observation is 

in contradiction with the chloride adducts which mostly form 1D/2D coordination polymers 

(cf. chapter 1 of this thesis for more details). ñDifferences in the chemical composition of the 

organic bridging ligands as well as the inorganic components of the hybrids have a strong 

influence on the crystal structure of the inorganic-organic hybrid. Depending on the amount 

of d-electrons and the metal to halide distance of the inorganic component, 0, 1 even 2D 

network could be form as mentioned in chapter 1. The organic group connects to this 

inorganic backbone by Coulomb interactions and hydrogen bonds. There is a strong interplay 

between the distortion of the inorganic network, those hydrogen bonds and the intermolecular 

interactions of the organic componentò
[218b]

.  In the case of 5, 6 and 7 based on 4,4-

bipyridinium, 1,10-phenanphrolinium, no p-p overlap of the organic system was observed. 

ñAsymmetry and variation in diameter of the organic system destabilizes the p-s interaction 

and increases the overlapò
[218b]

. On the basis of this study, we expect that inorganic-organic 
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hybrids based on pyridine, which is much smaller could have better p-p overlap than the 

bipyridinium derivatives based hybrids. Due to the fact that, the above mentioned complexes 

did never comprise inorganic coordination polymers, no further investigations were done as 

all of them will not have magnetic properties in terms of magnetic exchange interactions.
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2.3. Organic/inorganic hybrid of the composition [{M(L)} 2(ptc)] (M
II
 = Cu, Co, Ni; L 

= tmeda, pmdta, bpy, phen): synthesis and characterization  

2.3.1. The synthesis and characterization of binuclear transition metal 

complexes of perylene-3,4,9,10-tetracarboxylate (ptc) of the formula 

[{M(L )}2(ptc)] (M
II  

= Cu, Co, Ni; L = tmeda, pmdta, bpy, phen) 

2.3.1.1.  Introduction  

One of the most frequently studied organic molecules, is the so called 3,4,9,10- 

perylenetetracarboxylic dianhydride (PTCDA, 14) cf. Scheme 2.3-1. 

OO

O

OO

O

 

Scheme 2.3- 1 The chemical structure of 14. 

 

PTCDA (14) is planar and full p-conjugated. 14 is known to crystallize in two polymorphic 

forms, a and b, depending on the specific growth conditions, though the structure of both 

polymorphs are very similar; both crystallizing in the monoclinic P21/c space group
[219]

 cf. 

Figure 2.3-1.  

 

Figure 2.3- 1 The unit cell of a-14 along two perpendicular projections. The unit cell is monoclinic, with the closest intermolecular 

separation along the (102) direction[220].  

Particularly 14 is regarded as an architecture type molecular semiconductor because it forms 

closely spaced, highly ordered planar ́ḯ stacks, cf. Figure 2.3-1. The inter-stack distance is 

just 3.21 Å
[220]

, and thus 14 is well known as an organic semiconductor (cf. chapter 1, 

paragraph 1.3.3)
[221]

. 14 is furthermore widely used in the development of organic 
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semiconducting microelectronic devices
[222]

, for organic solar cells
[223]

, as a photocatalyst and 

even as a red pigment particularly in automotive applications
[224][225]

.  

Aromatic multicarboxylates have been successfully employed in the preparation of various 

carboxylate-containing coordination complexes with useful properties. For example, great 

interest has been devoted to complexes and/or coordination polymers of tetracarboxylates like 

benzene-1,2,4,5-tetracarboxylate (btc) or naphthalene-1,4,5,8-tetracarboxylate (ntc), cf. 

Scheme 2.3-2, due to their potential uses as functional material for photoluminescence
[226]

, 

magnetism
[227]

, catalysis
[228]

, gas storage
[229]

, conductivity
[152]

, non-linear optics
[230]

, ion 

exchange
[231]

, optoelectronic effects
[232]

 and spin-transition behavior
[233]

. The related 

multicarboxylate ligand derived from 14, namely 3,4,9,10-perylenetetracarboxylate (ptc), cf. 

Scheme 2.3-2, has been significantly less investigated to date. That is presumably due to the 

poor solubility of 14 in conventional solvents in the course of constructing coordination 

complexes. 

 

Scheme 2.3- 2 The chemical structure of btc, ntc, and ptc. 

According to Scheme 2.3-3, perylene-based multicarboxylates were already prepared using 

Brönsted bases such as ethylenediamine (en) and triethylamine (TEA) for the treatment of 

3,4,9,10-perylenetetracarboxylic acid 15
[234]

. 

Using TEA results in the formation of the perylene-based dicarboxylate, [HNEt3]2[ptcH2]
[234]

,
 

cf. Scheme 2.3-3. In ptcH2, two carbon acids and two carboxylate units are observed. As the 

use of such a material might give rise to undesirable side effects, it was not considered 

furthermore in the context of this work. The salts obtained according to Scheme 2.3-3 are 

furthermore reported to be insoluble in most organic solvent, such as MeOH, acetone and 

DMF. That property may make it complicated to work with ptc and ptcH2. However, there is a 

very recent report
[235]

 in which polymeric chains of {[Zn 2(ptc)(phen)2](H2O)10}Ð, 

{[Zn 3(ptc)(OH)2(phen)2](H2O)3}Ð, {[Mn (ptc)0.5(phen)(H2O)2] (H2O)1.5}Ð and 

{[Co(ptc)0.5(phen)(H2O)2](H2O)2.5}Ð have been  synthesised by hydrothermal methods by 
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using the transition metal salts Zn(NO3)2Ā6H2O, Mn(CH3COO)2Ā4H2O or Co(NO3)2Ā6H2O 

respectively, 14, the N,Nô-chelating molecules and NaOH as base. 

COO

COO COO

COO

COOH

COOH COOH

COOH

(15)

in H2O, 25 °C

in H2O, 25 °C

H2N(CH2)2NH2 (en)

COO

COOH COO

COOH

ptcH2

(CH3CH2)3N (TEA)

2[(CH3CH2)3NH]+

ptc

2[H3N(CH)2NH3]
2+

 

Scheme 2.3- 3 Reaction process for the synthesis of the perylene-based, ptc and H2ptc starting from 3,4,9,10-perylenetetracarboxylic acid 

15[234].   

The authors mentioned that it was impossible to obtain these complexes or any material in 

crystalline form without including the N,Nô-chelating molecules into the reaction system as 

co-ligands. All these four complexes form 3D networks structures in the solid state, due to p-

interactions between ptc ligands and intermolecular hydrogen bonds
[235]

. Unfortunately, no 

conductive and/or magnetic studies are reported, but all four complexes are reported to have 

strong solid-state luminescence emission at room temperature
[235]

. 

On the other hand, there is a report which describes the synthesis of 

{[Cu2(ptc)(en)4](EtOH)2(H2O)6]}
[236]

. That dinuclear complex has been synthesized by the 

reaction of Cu(CH3COO)2 with ptcH4 and en/H2O mixtures in solution with the ñwet-

chemistryò approach. No yield is given, indicating problems of reproducibility and/or no quiet 

access to that complex. In the solid state no p-interactions between (ptc) ligands are observed. 

But due to the presence of coordinated H2O, as well as H2O and EtOH as packing solvent; a 

2D hydrogen-bridged network is formed. The isolated material of the complex was pressed to 

pellets and the conductivity measurement gave a value of s = 4.6×10
-5

 SĀcm
-1

, thus a 

semiconductor. An anionic mechanism has been proposed to be responsible for the 

conductivity (for more explanation cf. chapter 1). Furthermore, there is another report of a 

closely related complex, {[Cu2(ptc)(dien)2(H2O)2]}
[237]

, in which the magnetic measurements 

indicate weak antiferromagnetic exchange with J = -0.6 cm
-1

. Thus, binuclear transition metal 

complexes of ptc can be regarded as potentially (semi) conducting and magnetic. It would be 
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thus of interest, to transfer 14 into a well handable derivate, allowing complexation reaction 

with transition metal complexes fragments. 

According to Scheme 2.3-4, treatment of 14 with four equivalent of [
n
Bu4N]OH should give 

rise to the formation of the perylenetetracarboxylate (ptc) in form of its [
n
Bu4N]

+
 salt.  

COO

COO COO

COO

H2O/ nBu4NOH

 MeOH/ nBu4NOH

(A
)

(B)

14

ptc

[nBu4N
+]4

 

Scheme 2.3- 4 Reaction process for the synthesis of ptc starting from 14: (A) the reaction medium is water and (B) the reaction medium is 

MeOH.  

The [
n
Bu4N]

+
 salt of ptc, cf. Scheme 2.3-4, is expected to be soluble in both H2O and/or 

organic solvents. If so, that compound would be a very promising precursor for the synthesis 

of e.g. binuclear complexes by the ñwet-chemistryò approach. 

A recent report is describing the synthesis of K4[ptc] and [DOAB]4[ptc]/[DHAB] 4[ptc] with 

[DOAB] = Dimethyldioctadecylammonium bromide and [DHAB] = 

Dihexadecyldimethylammonium bromide should be mentioned
[238]

. The authors report here 

on the synthesis of well-soluble salts of ptc, even in non-polar solvents like e.g. toluene, 

which is impressive. Large crystals could be grown of these ptc salts, however, their solid 

structures and thus their identities were not verified by single-crystal X-ray diffraction studies. 

Compound [DOAB] 4[ptc] and [DHAB]4[ptc] have been synthesized by the addition of 

[DOAB]Br/ [DHAB]Br solutions to those of K4[ptc] in water. The alkylammonium salts are 

reported to precipitate; the filtrated precipitates were washed for purification, although no 

elemental analysis indicated the isolated materials to be pure and/or free of e.g. KBr. For that 

reasons, and because the more convenient tetralkylammonium salt should be used, the focus 

was put to the application of [
n
Bu4N]

+
 salts. In the following, the synthesis of ptc salts and 

their use in the context of formation of transition metal complexes will be discussed.  

2.3.2.  Synthesis and characterization of [
n
Bu4N]

+
 salts of 3,4,9,10-perylene-

tetracarboxylate 

According to Scheme 2.3-5, the ptc salts 16ï18 have been obtained by treatment of 14 with 

four equivalents of [
n
Bu4N]OH in H2O (16), in MeOH (17) or using a mixture of [

n
Bu4N]OH 

and KOH (3:1) in MeOH/H2O to give 18. The reaction mixtures were heated for some time in 
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order to obtain clear solutions, which indicate that the reaction (Scheme 2.3-5) went to the end 

(Scheme 2.3-5). 

O

O

OO

O O

(14)

1) 4 [nBu4NOH] in H2O

2) 70 ° C, 90 min

3)  Filtration

1) 4 [nBu4NOH] in MeOH

2) 50 °C, 90 min

1) 3 [nBu4NOH] in H2O

2) 1 KOH

3) 50 °C, 90 min

H2O

 MeOH

 MeOH/ H2O

[nBu4N]4[ptc]·14.5 H2O

[nBu4N]4[ptc]·14.5 H2O

{[nBu4N]3[K(ptc)(H2O)4]·3 H2O]n

(16)

(17)

(18)  

Scheme 2.3- 5 Synthesis of the 3,4,9,10-perylenetetracarboxylate salts 16, 17, 18 respectively. 

Reaction with four moles of [
n
Bu4N]OH carried in an aqueous medium did never result in the 

formation of a clear solution, even after prolonged heating. The obtained cloudy reaction 

mixtures were finally filtrated. The solid material removed after filtration has been checked 

by IR measurements to be unreacted 14, with ca. 5 % of the 14 initially used. It should be 

emphasized, that the use of five and/or more equivalents of [
n
Bu4N]OH according to Scheme 

2.3-5 does always result in the formation of clear solutions, indicating that all the 14 did react. 

Such solution contains however excess of OH
-
, which would influence further complexation 

reaction. The clear filtrates were allowed to evaporate at r.t, giving rise to the formation of at 

least microcrystals of 16. The microcrystals were isolated by filtration and dried on air. In 

case of 17 and 18, clear solutions have been obtained already by base treatment of 14. They 

were allowed to evaporate slowly, giving rise to the formation of at least microcrystals of 17 

and 18. The yields of 16 to 18 are in the range of 75° 5 %. The identities of 16 to 18 have 

been established by IR, UV/vis and 
1
H NMR spectroscopy as well as elemental analysis, cf. 

Table 2.3-1. 

It is to notice that 17 cf. Table 2.3-1, obtained from the treatment of 14 with [
n
Bu4N]OH in 

MeOH, is without any MeOH. A possible explanation why 17 has been obtained without 

MeOH is the fact that the final resulting MeOH solution according to Scheme 2.3-5 was 

allowed to evaporate on air, which allows the condensation of air humidity (H2O) into the 

solution. Unfortunately, the microcrystals formed of 17 were not suitable for X-ray 

crystallographic studies. For that reason, 14 was then treated with three equivalents of 

[
n
Bu4N]OH and one equivalent of KOH in MeOH medium. Evaporation of the MeOH 

solution on air affords 18 in form of large single crystals. According to its IR, UV/vis and 
1
H 
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NMR spectra, there is no indication, that the single crystals of 18 contain any MeOH, as 

additionally confirmed by X-ray crystallographic studies (see below). Otherwise, data of 18 

are very similar to those reported for 16 and 17 as well, cf. Table 2.3-1. 

Table 2.3- 1 Elemental Analysis, 1H NMR, UV/vis and IR data of 16, 17 and 18. 

Ptc[nBu4N] 

salts 

16 17 18 

EA (%) 
 

 

 

Calc. Exp. 

Calc. Exp. Calc. Exp. 

C: 64.84 

H: 11.02 

N: 3.38 

C: 64.59 

H: 11.70 

N: 3.361 

C: 64.84 

H: 11.02 

N: 3.38 

C: 64.14 

H: 11.07 

N: 3.50 

C: 64.67 

H: 9.95 

N: 3.19 

C: 64.58 

H: 10.91 

N: 3.54 

 

 

H ŭ(1H)1)  Ha (ŭ= 7.96, d,  4H) 

Hb (ŭ= 7.45, d, 4H) 

H1 (ŭ= 3.13, t, 32H) 
H2 (ŭ= 1.54, q, 32H)  

H3 (ŭ= 1.28, sex, 32H)  

H4 (ŭ= 0.92, t, 48H) 

Ha (ŭ= 7.99, d, 4H 

Hb (ŭ= 7.45, d, 4H) 

H1 (ŭ= 3.14, t, 32H)  
H2 (ŭ= 1.55, q, 32H)  

H3 (ŭ= 1.28, sex, 32H) 

H4 (ŭ= 0.93, t, 48H). 

Ha (ŭ=  8.06, d, 4H) 

Hb (ŭ= 7.41, d, 4H)  

H1 (ŭ= 3.13, t, 24H) 
H2 (ŭ= 1.60, q, 24H) 

H3 (ŭ= 1.34, sex, 24H) 

H4 (ŭ=  0.93, t, 36H) 

 

UV/vis2) 

          MeOH        DMSO            MeOH        DMSO           MeOH         DMSO 

I:        223 (28667) 

II:      248 (15846) 

III:     261 (19581) 
IV:     288 (3797) 

V:      345 (1642) 

VI:     392 (3256)  
VII:    416 (10071  

VIII:  439 (20293) 

IX:     468 (24562) 

1: 266 (27973)   

2: 350 (1830) 

3: 399 (5307) 
4: 426 (14954)  

5: 451 (28470) 

6: 480 (29202) 
 

I:        220 (30982) 

II:       248 (12873) 

III:    262 (15633) 
IV:     288 (4177) 

V:       339 (1833)  

VI:      392 (3856)  
VII:    416 (7920)  

VIII: 440 (15557)  

IX:     468 (18922) 

1: 266 (19047)   

2: 349 (987) 

3: 399 (4585) 
4: 426 (12929)  

5: 451 (22324) 

6: 480 (20668) 
 

I:       226 (21221) 

II:      248 (15207) 

III:    261 (17984) 
IV:    288 (4029) 

V:      349 (1641) 

VI:     392 (3668)  
VII:   416 (9766) 

VIII:  440 (18603) 

IX:     468 (21043) 

1: 265 (21216)   

2: 350 (830) 

3: 399 (3709) 
4: 426 (11157)  

5: 451 (21572) 

6: 480 (21869) 
 

IR 3)   ɜas(CO): 1613 

ɜs(CO)/ŭ(COO)= 1377, 1344, 1201  
ɜ (C=C)o.o.p: 1557 

ɔ (=C-H): 880, 837 

ŭ(C-C): 738 
 

ɜas(CO): 1615  
ɜs (CO) )/ ŭ(COO): 1379, 1345, 1197 
ɜ (C=C): 1557 
ɔ (=C-H) o.o.p: 881, 837 

ŭ(C-C): 738 

ɜas(CO): 1614 

ɜs (CO) )/ŭ(COO)= 1378, 1345, 1201 
ɜ (C=C): 1555 
ɔ (=C-H) o.o.p:  880, 837 

ŭ(C-C):  738 

 

1) ŭ/ ppm, DMSO-[d6], 2) ɚ / nm (Ů / dm3 mol-1 cm-1), 3) IR (in cm-1).  

2.3.2.1. NMR characterization  

The 
1
H NMR spectra of 16, 17 and 18 are shown in Figure 2.3-2 together with the labeling 

Scheme. 

For the identification of the 16, 17 and 18 salt a good indication of the presence of the product 

was provided by the appearance of doublet at ŭ= 7.96 ppm for the proton (Ha) of the perylene 

ring, the second doublet appears at ŭ= 7.45 ppm for the second proton (Hb) of the perylene 

ring. In addition, looking at the 
1
H NMR spectra in the alkyl region, the peaks due to CH3 

protons of the tetrabutyl group of the [
n
Bu4N]

+
 cations appeared as a triplet at ŭ= 0.92 ppm 

(H4), as well as a simple triplet, quintuplet, sextet representative of the CH2 protons of the 

alky appear respectively around ŭ= 3.14 ppm (H1), and the other CH2 protons appears at ŭ= 

1.54 ppm (H2), ŭ= 1.28 ppm (H3). Furthermore, the ratio of the intensities of the [
n
Bu4N]

+ 
to 

the [ptc] protons fits to the expectations, cf. Table 2.3-1. 
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The expected doublets of the two different kinds of aromatic proton do always appear well 

isolated (cf. Figure 2.3-2).  

  

Figure 2.3- 2 1H NMR spectra of 16 (red line), 17 (green line) and 18 (blue line) recorded (in DMSO-[D6]): S represents the proton 

chemical shift of H2O and i is an impurity from the DMSO-[D6]. 

Not surprisingly, the chemical shifts of these protons are only marginal different when 

comparing 16, 17 and 18, as the spectra were recorded in solution. A comparison of the 
1
H 

NMR data of the obtained well-soluble salt of 3,4,9,10-perylene tetracarboxylate with those of 

the 3,4,9,10-perylene tetracarboxylic dianhydride (14) could be possible. But, there is no 

report giving 
1
H NMR data of 14 in solution. Because, trials to determine any NMR 

resonances of DMSO-[d6] solution of 14 failed at r.t., this should be due to the poor solubility 

of 14. However, the observation of two different doublets has been made for [DOAB] 4[ptc] 

and [DHAB]4[ptc] as well
[238]

. Here the doublets of the perylene appear at 7.89 and 8.29 ppm 

for [DOAB]4[ptc] and 7.87 and 8.29 ppm for [DHAB]4[ptc] compared to 7.96 and 7.45 for 16; 

7.99 and 7.45 ppm for 17; 8.06 and 7.41 ppm for 18. The slight difference of the chemical 

shift is most probable due to the use of DMSO-[d6] in the case of 16 to 18 compared to 

MeOH-[d4] for [DOAB] 4[ptc] and [DHAB]4[ptc]. 

2.3.2.2. IR characterization 

The IR spectra of 16 (red line), 17 (green line) and 18 (violet line) do not show significant 

differences cf. Figure 2.3-3. All spectra show the ɜas(CO) band at 1613 cm
-1

 for 16, at 

1615 cm
-1

 for 17 and 1615 cm
-1

 for 18. The band at 1377 cm
-1

 (16), 1379 cm
-1

 (17), 1379 cm
-1
 

(18) is assigned to ɜs(CO). That assignments correspond approximately to data given in 

textbooks
[239a]

 (ɜas(CO): 1605-1555), ɜs(CO): 1425-1393) and in the literature
[238]

. For ptcH4 

the ɜas(CO) is observed at 1695 cm
-1[236]

 far away from values reported here for 16-18. 

However, for [HTEA][ptcH2] (cf. Scheme 2.3-3, paragraph 2.3.2.2), the ɜas(CO) appears at 

1547 or 1541 cm
-1

 for the hydrated or dehydrated compound respectively.  
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Figure 2.3- 3 IR spectra of the ptc salts: 15 (red line); 16 (green line) and 17 (violet line) 

The comparatively low wavenumbers in these reported cases are attributed to the presence of 

unprotonated ïCOO
-
 groups of the ptc, although in these cases intermolecular hydrogen bonds 

of [TEAH]
+
 proton to ptc are observed

[234]
. The O-H broad stretching band ɜ(O-H) is shown 

between 3500-2800 cm
-1 

as predicted by the literature
[239a]

 with the maximum at 3420 cm
-1

 for 

16, at 3395 cm
-1

 for 17 and at 3407 cm
-1

 for 18. The bands at 2953 and 2869 cm
-1

 for 16 and 

at 2960 and 2875 cm
-1

 for 17 and 2958 and 2872 cm
-1

 for 18 have been assigned to be 

ɜas,s(CH3, CH2) of the tetrabutylammonium cations. In general, the out-of-plane ɔ (=C-H)o.o.p 

vibrations of aromatic compounds are expected to be seen in the range between ca. 870-

690 cm
-1[239a]

. For 14, the IR spectrum displays in those region vibrations at 865, 860, 805, 

790, 755, 730 cm
-1

, cf. Table 2.3-7, paragraph 2.3.2.2. The ones at 865, 755, 730 cm
-1 

have 

been assigned to be the ɔ (=C-H)o.o.p vibrations
[239a]

. In case of 16-18, the IR spectra, cf. 

Figure 2.3-3 display three vibrations in the concerning region, at 832, 797, 738 cm
-1 

for 16, 

835, 797, 738 cm
-1 

for 17, 832, 797, 738 cm
-1

 for 18 which are assigned accordingly to be the 

ɔ (=C-H)o.o.p. The highest out-of-plane vibration ɜ (C=C)o.o.p has been identified by the bands 

at 1557 cm
-1

 for 16 and 17 while for 18 it is at 1555 cm
-1

. In the case of 16 and 18, cf. below, 

crystallographic studies reveal intermolecular hydrogen bonds between H2O molecules and 

the ïCOO
-
 groups of ptc which have been identified in the IR spectra by the bands at 

1377 cm
-1

 for 16 and at 1379 cm
-1

 for 17 and 18; these values are approximately in the range 
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already observed (1425-1393 cm
-1)[239a]

. To which extent these bonds are responsible for the 

shift of the ɜas(CO) vibration to comparative high wavenumbers remains unclear. It is 

furthermore surprising to notice that, the CO vibrations of 18 are not significantly different to 

those of 16 and 17, respectively, although a coordination of the K
+
 ion to the ïCOO

-
 groups of 

ptc is observed (cf. below). That should indicate that the KïO(COO
-
) bonds of 18 are weak. 

2.3.2.3. UV/vis characterization  

The electronic spectra of 16, 17 and 18 were recorded at 25 °C in MeOH and in DMSO, 

respectively (Figure 2.3-4). The obtained data have been summarized in Table 2.3-1, and the 

maximum absorption peaks of 16, 17, 18 and their corresponding transition in both solvents 

are given in Table 2.3-2. The UV/vis measurement shows nearly identical absorptions for all 

the compounds 16 to 18 (cf. Table 2.3-1). All three compounds dissolved in MeOH or in 

DMSO have an original bright green luminescent color. The shape of the absorption spectra 

of 16 to 18 is very common and similar to those of other perylene derivatives already 

reported
[240]

. The UV/vis absorption spectrum of 16 to 18 in MeOH shows for all the three 

compounds nine absorptions identified at 223, 248, 261, 288, 345, 392, 416, 439 nm and 468 

for 16; 220, 248, 262, 392, 339, 392, 416, 440 and 468 nm for 17; and 226, 248, 261, 288, 

349, 392, 416, 440 and 468 nm for 18. The UV spectra of these compounds in DMSO (Figure 

2.3-4 right) are not similar to those obtained from MeOH solution (Figure 2.3-4 left). 

200 300 400 500 600

0

500

1000

1500

2000

2500

A
b
s
o
rb

a
n
c
e
 (

1
0
-3

)

Wavelenght (nm)

  18

 17

 16

I

II

III

IV

V

VII

VIII

IX

VI

200 300 400 500 600

0

500

1000

1500

2000

2500

A
b

s
o

rb
a

n
c
e

 (
1

0
-3
)

Wavelenght (nm)

 16

 17

 18

1

2

3

4

5 6

 

Figure 2.3- 4 UV/vis spectra of 16-18 in MeOH (left) and in DMSO (right). Concentration in MeOH: 7.26 10-5 molĀL-1 16 5.29 10-5 
molĀL-1 17 and 1.07 10-4 molĀL-1 18. Concentration in DMSO: 3.82 10-5 molĀL-1 for 16 and 3.15 10-5 molĀL-1 17, 3.34 10-5 
molĀL-1 for 18. 

  

In DMSO solution, the three absorption peaks at ca. 222, 248, 288 nm observed in MeOH 

disappear for 16-18. Thus, in DMSO six absorptions peaks are observed which are slightly 

red-shifted compared to those observed in MeOH. Whereas there is no explanation that in 
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DMSO, three of the absorptions observed in MeOH are suppressed, the red-shift might be 

well explainable. For a large number of organic compounds, the solvotochromism effect is 

well understood and investigated
[241]

 and this is why compounds change their color when 

dissolved in different solvents due to the difference in solvent polarity. A positive 

solvatochromism is referred to as a shift of absorption in to higher wavelength (red shift, 

batochromic effet) as observed for 16-18. That effect is, however in the context of this thesis 

not investigated. In the following, the absorption observed in MeOH only will be discussed. 

Those oneôs which can be assigned in comparison with already described absorptions are 

summarized in Table 2.3-2 again and, for completeness corresponding values from DMSO, 

measurements are given. 

The pronounced absorptions at ca. 217 nm (for 16: 223 nm for 17: 220 nm and for 18: 

226 nm) can be attributed to the 
1
E1u transition of the phenyl ring. The one at ca.260 nm (for 

16 and 18: 261 nm, for 17: 262 nm) is originated from the transition along the short axis of 

ptc anions. These values are not far from the reported values of 217 nm and 260 nm according 

to the literature
[242]

, cf. Table 2.3-2.  

Table 2.3- 2 Maximum absorption peaks of 16, 17, 18 (ɚmax (nm) and their possible transition  in different solvents. 

Proposed transitions 

 Comp. 1E1u 

transition 

 

 
S0­S4   S0­S3 S0­S2 S0­S1 S0­S0 

 

 
   

 

 
 

Solvent     

 

MeOH 
16 223  248 261  288 345 392  416  439  468  

 

17 220  248 262  288 339 392  416  440  468 
 

18 226  248 261  288 345 392  416  440  468  

 

DMSO 16 - - 266  - 350 399  426  451  480  
 

17 - - 266  - 349 399  426  451  480  

 

18 - - 265  - 350 399  426  451  480  

 

Ref  217 [242]3 240[243] 

4 

260[242]3  345[243] 

4 

391[238]1 

 

416[238] 1 443[238] 1 

450[244]2  
438 [242]3 

450[243]4 

471[238]1 

478[244]2 

466 [242]3 

470[243]4 
1 (in EtOH); 2(in MeOH); 3(in H2O); 4(in CH2Cl2) 

The absorptions at ca. 248 nm and 345 nm (for 16: 248 and 345 nm, for 17: 248 and 339 nm 

and for 18: 248 and 349 nm) should correspond to transitions in the short axis of the perylene 

chromophore, as this is mentioned for some perylene derivatives[243]
. The pronounced 

absorptions peaks and/or shoulders observed for 16-18 at ca. 468, 440, 416 and 391 nm are 

very close to reported values
[238]

 of  471, 443, 416, 391 and should correspond to the S0ïS0, 

S0ïS1, S0ïS2 and S0ïS4 electronic transitions respectively, cf. Table 2.3-2. In the case of 18, 

the replacement of one [
n
Bu4N]

+
 cation by K

+
 does not really affect the two observed intense 
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peak at 226, 349 nm for 18 compared to 223, 345 nm for 16 which indicates again the bond 

between K
+
 and O

-
 from the carboxylate group as weak. 

2.3.2.4. The structure of [
n
Bu4N]4[ptc]×14.5 H2O (16) 

Crystals of 16, suitable for single crystal X-ray diffraction studies, have been obtained by 

slow evaporation at r.t. of the resulting solution, cf. Scheme 2.3-5. The molecular structure of  

16 is shown in Figure 2.3-5. Table 2.3-3 summarizes on selected bond lengths, bond angles 

and torsion angles, while selected bond lengths of intermolecular hydrogen bonds are in Table 

2.3-4. Crystal and refinement data are given in Table A5 in annexes. 

 

Figure 2.3- 5 ORTEP diagram (15 % ellipsoid level) of the molecular structure of a selected part of the 1D chain formed by 16 in   the 
solid state. All [nBu4N]+ cations are omitted for clarity. The partially occupated water molecule with the oxygen atom O8 

and its symmetry generated equivalents is not shown. Dotted lines indicate intramolecular hydrogen bonds between oxygen 

atoms.  Lable óAô to óEô refers to a 1st to the 5th symmetry generated asymmetric unit of 16
23

. 

16 crystallizes in the monoclinic space group P2(1)/n. The asymmetric unit of 16 comprises 

two [
n
Bu4N]

+
 cations, 7.25 H2O molecules and half of [ptc]. The [ptc] anions do here possess 

crystallographically imposed inversion symmetry, with the inversion center in the middle of 

the central aromatic ring, cf. Figure 2.3-5. The presence of fully deprotonated COO
-
 group of 

the ptc is further confirmed by the almost equivalent C-O bond lengths of carboxyl groups: 

                                                           
 

23
 Cf. Appendix A 
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C1-O1 = 1.265(4), C1-O2 = 1.256(4), C12-O3 = 1.250(4), and C12-O4 = 1.261(4) Å (also 

see Table 2.3-3). Two carboxyl groups are being slightly bended out of the perylene plane, up 

and down in the asymmetric unit, and the torsion angle of e.g. O1-C1-C2-C3 is -41.2(4)°. 

The angle between the two carboxyl groups, O2-C1-O1 is 126.2(3)°, and those with perylene 

plane are -41.2(4)° and -39.4(4)°, respectively.  

As shown in Figure 2.3-6, 16 forms in the solid state 1D chains, due to the hydrogen bonds 

between [ptc] and water molecules. It is surprising that these 1D chains are separated from 

each other, as illustrated in Figure 2.3-6; as no hydrogen bonds and no p-p interaction 

between 1D chains are observed. This is most probably due to the presence of [
n
Bu4N]

+
 

cations, which act as ñ insulatingò spacers. 

 

Figure 2.3- 6 Graphical illustration of the orientation of the 1D chains formed of 16 in the solid state, their orientation along the 

crystallographic b-axes and their isolated nature without any further interchain interaction
23

. 

Table 2.3- 3 Selected bond lengths (Å), angles (°) and torsion angles of 16
23 

Bonds lengths       Bond angles           Torsion angles 

C1 ïO2       1.256(4) 

C1ïO1        1.265(4) 

C12 ïO3     1.250(4) 

C12 ïO4     1.261(4) 

C13 ïN1     1.519(6) 

C17 ïN1     1.512(6) 

C21 ïN1     1.526(5) 

C25 ïN1     1.517(5) 

C29 ïN2     1.522(5) 

C37ïN2      1.516(11) 

C41ïN2      1.529(6) 

    O2 ïC1 ïO1              126.2(3) 

    O2 ïC1 ïC2              117.2(3) 

    O1ïC1ïC2                116.3(3) 

    O2ïC1ïO1                126.2(3) 

    O1ïC1ïC2                116.3(3) 

    C2 ïC3 ïC4              123.2(3) 

    C2 ïC3 ïH3A           118.4 

    C4ïC3ïH3A             118.4 

    N1ïC13ïC14            116.4(3) 

    N1ïC13ïH13A         108.2 

    

 

O2ïC1ïC2ïC3               132.9(3) 

 O1ïC1ïC2ïC3              -41.2(4)  

O2ïC1ïC2ïC11             -39.4(4)  

O1ïC1ïC2ïC11              146.4(3) 

O4ïC12ïO3ïO8W          18.6(5) 

C10ïC12ïO3ïO8W        -153.6(3)   

C12ïO3ïO8WïO6W       82.2(3) 

C11ïC2ïC3ïC4               4.5(5) 

C1ïC2ïC3ïC4                -168.3(3) 

C2ïC3ïC4ïC5                1.1(5) 

C3ïC4ïC5ïC6                -3.3(5) 

C4ïC5ïC6ïC7                -179.5(3) 
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Table 2.3- 4 Selected bond lengths (Å) and angles (°) of  intermolecular hydrogen bonds of 16
23

. 

DïH
...
A                                             DïH       H

....
A   D

....
A                    DïH

....
A     

O1WïH1
...
O5W    0.95(5)     1.81(4)    2.763(5)      174(5) 

O1WïH2
...
O2W    0.96(5)     1.87(6)    2.768(5)      155(5) 

O2WïH3
...
O2                                 0.95(3)     1.76(3)    2.705(4)      170(6) 

O2WïH4
...
O3W    0.93(3)     1.96(3)    2.828(5)      154(3) 

O3WïH5
...
O7W                                0.96(3)     1.93(4)    2.767(6)      144(4) 

O3WïH6
...
O4                                   0.95(6)     1.83(6)    2.720(4)      156(5) 

O5WïH7
...
O3                                  0.98(4)     1.88(5)    2.808(5)      157(4) 

O4WïH9
...
O4        0.96(4)     1.78(4)    2.717(5)      163(3) 

O4WïH10
...
O6W  1.09(2)     2.05(2)    2.786(7)   122.1(18) 

O6WïH11
...
O4W   1.11(8)     1.71(7)    2.786(7)     160(14) 

O7WïH13
...
O3W    0.95(4)     1.83(4)    2.767(6)      171(4) 

 

2.3.2.5. The structure of {[
n
Bu4N]3[K(ptc)(H 2O)4]·3H2O}n (18) 

Crystals of 18, suitable for single crystal X-ray diffraction studies, have been obtained by 

slow evaporation of an aqueous or MeOH solution of 14 in KOH and [
n
Bu4NOH] at room 

temperature, cf. experimental part. The molecular structure of 18 is shown in Figure 2.3-7. 

Table 2.3-6 summarizes on selected bond lengths, bond angles and torsion angles. Table 2.3-5 

shows intermolecular hydrogen bonds. Crystal and refinement data are given in Table A5 in 

annexes. 

18 crystallizes in the monoclinic space group P2(1)/n. The asymmetric units of 18 consist of 

three [
n
Bu4N]

+
, one K

+
 cation and one [ptc] anion and seven H2O molecules overall. The 

carboxylate groups are torsioned from the perylene ring systems, cf. data of Table 2.3-6. As 

shown in Figure 2.3-7, the K
+
 ion is coordinated by the carboxylate O atoms O5-O7 of one 

[ptc] and O1A and O4A of the second [ptc]. Furthermore, each K
+
 ion is coordinated by four 

H2O molecules (O donor atoms: O1W-O4W, cf. Figure 2.3-7) and thus the coordination 

number of the K
+
 ions is nine. The coordination polyhedra is irregular with O-K-O bond 

angles between 10.5(3) to 128.4 (7). The K-OH2O bond distances are between 3.105(2)-

3.314(3) Å much longer compared to the K-OCOO oneôs between 2.688(3)-3.183(3) Å. The 

deviations of the planes of the carboxylate groups with respect to the mean plane of the 

perylene core are similar to those in potassium naphthalene-1,4,5,8-tetracarboxylate
[245]

. The 

C-O bond lengths of the carboxylate groups range from 1.238(3) to 1.264(3) Å (Table 2.3-5). 

The two shorter C-O bonds involve the O atoms closest to the perylene ring system, O1 and 

O8, and the two longer C-O bonds involve the O atoms farthest from the aromatic ring 

system, O5 and O4. The O-C-O bond angles are widened to 126.1(3) and 127.3(3)°, 

respectively (Table 2.3-6). All carboxylate groups are directed outward. This feature can be 
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explained by a comparison of the corresponding C-C-C-O (-COO
-
) torsion angles, e.g. 

C3-C2-C1-O1 is 35.6(4) C7-C2-C1-O2 is 31.9(4)°, cf. Table 2.3-6. 

 

Figure 2.3- 7 ORTEP diagram (25 % ellipsoid level) of the molecular structure of a selected part of the 1D chain formed by the 
{[K(ptc)(H 2O)4]

3-} fragments of 18 in the solid state. All C-bonded hydrogen atoms and non-coordinated H2O molecules 

are omitted for clarity. Lable óAô and óBô refer to a first and a second symmetry generated asymmetric unit of 18
24

. 

.  

 

Figure 2.3- 8 ORTEP diagram (15 % ellipsoid level) of the molecular structure of symmetry-doubled asymmetric unit of 18, illustrating 

the formation of 1D chains of 18 in the solid state. All C-bonded hydrogen atoms are omitted for clarity
24

. 

                                                           
 

24
 Cf. Appendix A 
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The described positions of the carboxylate groups apart and torsioned from the aromatic core 

are comparable to those in bis(ethylenediammonium) perylene-3,4,9,10-tetracarboxylate 

octahydrate
[234]

.
 
Four alternating O atoms arise from water molecule involved as solvent in the 

structure. Their interaction with the 1D chain of 18, which was already shown in Figure 2.3-7 

is illustrated in Figure 2.3-8. As observed and discussed for 16 and as shown in Figure 2.3-9 

between the 1D chains of 18 no interactions are observed. Furthermore, in the 1-D chain, 

water is the packing solvent but it is also connected to the potassium cation. 

 

Figure 2.3- 9 Graphical illustration of the orientation of the 1D chains formed of 18 in the solid state, their orientation quasi 

perpendicular to the crystallographic b-axes and their isolated nature without any further interchain interaction. All C-

bonded hydrogen atoms are omitted for clarity
24

. 

Table 2.3- 5 Selected bond lengths (Å) and angles (°) of intermolecular hydrogen bonds of 18
24

. 

DïH
....

A                       DïH       H
....

A   D
....

A   DïH
....

A     

O1WïH1
...
O5W           0.85(2)     2.08(2)    2.891(3)      160(2) 

O2WïH3
...
O6W           0.86(4)     2.02(3)    2.814(4)      153(4) 

O2WïH4
...
O8               0.85(3)     1.86(3)    2.655(3)      156(3) 

O3WïH5
...
O3            0.83(3)     1.89(2)    2.698(3)      165(3) 

O3WïH6
...
O4W           0.85(2)     2.05(2)    2.840(4)      153(3) 

O4WïH7
...
O1            0.91(3)     2.59(5)    2.895(3)      100(3) 

O5WïH9
...
O2W           0.84(3)     1.93(3)    2.736(4)      162(4) 

O5WïH10
...
O2             0.85(2)     1.86(2)    2.701(3)      170(2) 

O6WïH11
...
O1W         0.86(3)     1.97(3)    2.793(3)      160(3) 

O6WïH12
...
O6             0.84(2)   1.886(19)    2.724(3)      173(3) 

O7WïH13
...
O3W         0.88(3)     1.93(3)    2.800(4)      176(4) 

O7WïH14
...
O5            0.89(3)     1.87(3)    2.758(3)      172(4) 
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Table 2.3- 6 Selected bond lengths (Å) and angles (°) of intermolecular hydrogen bonds of 18
24

. 

 

2.3.2.6. Brief Conclusion  

This facile one-port synthesis of [
n
Bu4N]

+
 salts of [ptc] is particularly interesting as it can be 

completed within 90 min in H2O, H2O/MeOH or pure MeOH.  

The new perylene derivatives 16-18 could be obtained with high yield. The synthesis of the 

ptc salts has the following advantages: moderate temperature, short reaction time (90 min, 

yield (ca. 70 %), simple treatment process. The formation of the charge-stoichiometric 

compounds was at first evidenced by 
1
H NMR spectroscopy. Clearly, ptc dissolve in many 

organic solvents, such as MeOH, CHCl3 or DMSO. As the formation of the ptc
 
salts 16 and 

17 is verified without doubt, in the following solutions of 14 with four equivalents of 

[
n
Bu4N]OH in MeOH or H2O according to Scheme 2.3-5 are regarded as containing solely 

[
n
Bu4N]4[ptc]. In case of H2O as a reaction solvent, it is however required to filtrate, which 

reduces the amount of [
n
Bu4N]4[ptc] to 95 %, due to the elimination of unreacted 14. In the 

following, the addition of transition metal complex fragments to in situ prepared solutions of 

[
n
Bu4N]4[ptc] is described.  

Bond lenghts Bond angles Torsion angles 

C1ïO1        1.243(3) 

C1ïO2        1.255(3) 

C17ïO6      1.254(4) 

C17ïO5      1.264(3)  

C24ïO8      1.239(3 

C24ïO7      1.260(3) 

C17ïK1      3.100(3) 

C24ïK1      3.413(3) 

C25ïN1      1.527(4) 

C29ïN1      1.507(4) 

C33ïN1      1.517(4) 

C37ïN1      1.522(4) 

C41ïN2      1.506(4) 

C45ïN2      1.510(4) 

C53ïN2      1.535(4) 

C57ïN3      1.523(4) 

C61ïN3      1.527(4) 

K1ïO7        2.688(2) 

K1ïO4        2.699(2) 

K1ïO2        2.715(2) 

K1ïO5        2.724(2) 

K1ïO1W    3.105(2) 

K1ïO2W    3.113(3) 

K1ïO6        3.183(2)  

K1ïO4W    3.247(3)  

K1ïO3W    3.314(3) 

 

O1ïC1ïO2               126.1(3) 

O1ïC1ïC2               116.7(3) 

O3ïC8ïO4               126.1(2) 

O4ïC8ïC9               117.2(2) 

O6ïC17ïO5             126.3(3) 

O6ïC17ïC16           116.8(2) 

O5ïC17ïC16           116.8(3) 

O6ïC17ïK1             82.22(16) 

O5ïC17ïK1             61.09(14) 

C16ïC17ïK1           136.81(18) 

C10ïC9ïC7             119.2(3) 

O8ïC24ïO7             127.3(3) 

O8ïC24ïC23           116.3(2) 

O7ïC24ïC23           116.2(3) 

O8ïC24ïK1             95.86(18) 

O7ïC24ïK1             45.64(14) 

C23ïC24ïK1           136.39(19) 

C26ïC25ïN1           114.2(3) 

 

 

 

 

O1ïC1ïC2ïC3                 35.6(4) 

O2ïC1ïC2ïC3                -139.7(3) 

O1ïC1ïC2ïC7                -152.9(3) 

O2ïC1ïC2ïC7                 31.9(4) 

O3ïC8ïC9ïC10              -128.6(3) 

O4ïC8ïC9ïC10               45.6(4) 

O6ïC17ïK1ïO7               93.17(17) 

O5ïC17ïK1ïO7             -127.60(19) 

C16ïC17ïK1ïO7           -28.2(3) 

O6ïC17ïK1ïO4             -110.61(16) 

O5ïC17ïK1ïO4              28.62(19) 

O4ïC8ïC9ïC7               -144.5(3) 

C15ïC16ïC17ïO6           129.1(3) 

C18ïC16ïC17ïO6          -42.2(4) 

C15ïC16ïC17ïO5          -47.1(4) 

C15ïC16ïC17ïK1         -122.4(3) 

C18ïC16ïC17ïK1           66.3(4) 

K1ïC8ïC9ïC10               103.6(3)  

O3ïC8ïC9ïC7                 41.3(4) 

K1ïC8ïC9ïC7                -86.4(3) 

N2ïC41ïC42ïC43           176.3(3) 

C62ïC61ïN3ïC69           58.0(4) 
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2.4. Synthesis and characterization of binuclear transition metal complexes of 

3,4,9,10-perylene tetracarboxylate. 

According to Scheme 2.3-6, in situ prepared [
n
Bu4N]4[ptc] has been treated with different 

transition metal complex fragments to obtain the binuclear complexes 19 to 26. 

[nBu4N]4[ptc]

O

O

O

O

O

O

O

O

M(L N)(H2O)n

[M(LN)X2]

M(LN)(H2O)n

X = NO3
-, Cl-, BF4

-

-4[nBu4N]X

in H2O or  MeOH

·xS

M  = CuII, LN = pmdta, n = 1, x = 6, S = MeOH (19, ca. 70 %)

M  = CuII, LN = pmdta, n = 1, x = 11, S = H2O (20, ca. 60 %)

M  = CuII, LN = tmeda, n = 2, x = 6, S = H2O (21, ca. 50 %)

proposed { Cu(bpy)} 2(ptc)} ·(x+n)H2O (x+n= 4),  S = H2O (22, ca. 80 %)

proposed { Cu(phen)} 2(ptc)} ·(x+n)H2O (x+n= 8), S = H2O (23, ca. 80 %)

proposed Ni(pmdta)} 2(ptc)} ·(x+n)H2O (x+n= 11), S = H2O (24, ca. 50 %)

proposed Ni(pmdta)} 2(ptc)} ·(x+n)H2O (x+n= 10), S = H2O (25, ca. 50 %)

proposed Co(pmdta)} 2(ptc)} ·(x+n)H2O (x+n= 11), S = H2O (26, ca. 50 %)  

Scheme 2.3- 6 Synthesis of binuclear transition metal(II) complexes of ptc and obtained yields. 

By using bpy or phen terminated transition metal complex fragments, the reaction products, 

which are identified to be binuclear transition metal complexes 22 and 23; precipitate directly 

from the reaction mixtures. In the case of tmeda or pmdta terminated transition metal complex 

fragments no precipitate at the end of the addition of the fragments has been observed, 

allowing sometimes crystallization of the material by slow evaporation of the solvent. Thus 

the solid state structures of 19, 20 and 21 could be obtained. The results obtained there of 

sheet valuable light into the characterization of all other complexes shown in Scheme 2.3-6. 

For a better comparison, the synthesis and characterization of the Cu
II
 containing complexes 

19 to 23 should be discussed first. 

2.4.1. Synthesis and characterization of the binuclear Cu
II
 complexes: 19 to 23 

Treatment of in situ prepared [
n
Bu4N]4[ptc] with two equivalents of [Cu(LN)]

2+
 fragments 

affords, by slow evaporation of the reaction solvent, crystals of 

{Cu2(ptc)(pmdta)2(H2O)2]Ā6MeOH (19, solvent: MeOH); {Cu2(ptc)(pmdta)2(H2O)2]Ā11H2O 

(20, solvent: H2O) and {Cu2(ptc)(tmeda)2(H2O)4]Ā6H2O (21, solvent: H2O). In contrast, an 

identical treatment with fragments of [Cu(bpy)]
2+

 and [Cu(phen)]
2+

 results in immediate 

precipitation of brown powders of {Cu(bpy)}2(ptc)}Ā(x+n)H2O (x+n = 4)(22, solvent: H2O) 

and {Cu(phen)}2(ptc)}Ā(x+n)H2O (x+n = 8) (23, solvent: H2O) respectively. All complexes 
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were isolated by filtration, washed as described in the experimental section of the thesis and 

finally dried on air. Complexes 19 to 21 are well-soluble in e.g. H2O, alcohols and even 

CH2Cl2, allowing recrystallization. Complexes 22 and 23 are however insoluble or only 

slightly soluble in most common organic solvents. In DMSO and DMF, respectively 22 and 

23 are somewhat soluble, all trials to grow single crystals failed however. 

2.4.1.1. IR characterization of 19 to 23  

FT-IR spectroscopy confirms the presence of [ptc] in all of the complexes and also shows 

features attributable to each component of the complexes
[239a]

. The IR data of 19 to 23 

together with those of P-1 and 16 for comparison are summarized in Table 2.3-7.  

The IR spectrum of 16 (Figure 2.3-3) did show the ɜas(CO) antisymmetric stretching band at 

1613 cm
-1

. Upon coordination with Cu
II
, this frequency shifts to lower wavenumbers of 

1592 cm
-1

 for 19, 1581 cm
-1

 for 20, 1583 cm
-1

 for 21, 1588 cm
-1

 for 22 and 1589 cm
-1

 for 23. 

This is indicative for a coordination of the Cu
II
 ion by the [ptc] anions. The ɜs(CO) symmetric 

stretching vibration, which is at 1377 cm
-1

 for 16 is shift to higher wavenumbers of 1386 cm
-1

 

for 19, 1386 cm
-1

 for 20, 1413 cm
-1

 for 21, and 1415 cm
-1

 for 22, 1407 cm
-1

 for 23. For 

19 to 21 the ɜas(CO) and ɜs(CO) vibration values agree with already reported vibrations of 

other tetracarboxylate complexes, namely of the btc
[246]

 adducts of which the ɜs(CO) 

vibrations were observed at 1564-1532 and 1479-1374 cm
-1

 respectively. In the ñfreeò 

[
n
Bu4N]4[ptc] 16, the ɜas(CO) and ɜs(CO) appear at 1613 and 1377 cm

-1
 respectively. In the 

complexes 19 to 23, the ɜas(CO) and ɜs(CO) stretching shift to lower and higher frequencies, 

respectively (1592 and 1386 cm
-1

 for 19; 1581 and 1386 cm
-1

 for 20; 1583 and 1413 cm
-1

 for 

21; 1588 and 1415 cm
-1

 for 22; 1589 and 1407cm
-1

 for 23) which is indicative of an 

unidentate coordination mode of the carboxylate ligands to the metal (M-O-C(R)=O)
[247]

, 

which has been also proved by the X-ray structure of 19 to 21, cf. paragraph 2.4.1.7 to 2.4.1.9. 

The difference of those frequency shifts as proved for compounds 19 to 21, is not only due to 

the coordination of the metal ion to the carboxylate group, but also, as revealed by the single 

crystal X-ray diffraction studies, to intermolecular hydrogen bonds between H2O molecules 

and the ïCOO
-
 groups of ptc. The O-H broad stretching band ɜ(O-H) of H2O, expected 

between 3500-2800 cm
-1[239a]

,
 
shows a maximum at 3408 cm

-1
 for 19; at 3391cm

-1
 for 20; at 

3456 cm
-1

 for 21; at 3339 cm
-1

 for 22 and at 3339 cm
-1

 for 23, which clearly indicates the 

presence of (coordinated) water molecules in case of 19 to 21
[239b]

. The bands at 3108, 3102 

and 2921 cm
-1

 for 19 and at 3107, 3103 and 2919 cm
-1

 for 20 and 3011, 3007 which were 

absent in 16, shows the ɜas,s(CH3, CH2) of the pmdta and the tmeda ligands coordinated to the 
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metal. The out-of-plane vibrations ɜ(C=C)o.o.p, which was  identified by the bands at 1557 cm
-

1
 for 16, is nearly identical for all the complexes (1559 cm

-1
 for 19, 1559 cm

-1
 for 20, 

1559 cm
-1

 for 21, 1562 cm
-1

 for 22, 1564 cm
-1

 for 23).  

Table 2.3- 7 IR frequencies (in cm-1) between 500 and 3500 cm-1 observed for  14, 16, 19, 20, 21, 22 and 23 complexes,  together    with 

probable assignments. 

14 16 19 20 21 22 23 Probable 

assignmenta 

3446 br 3420 br 

 

3408br 
3108 vw 

3102 vw 

3391 br 
3107 vw 

3103 vw 

3456 br 
3011 vw, sr 

3007 vw 
 

3339 br 
3113 vw, sr 

3078 vw, sr 
3055 vw, sr 

3399 br 
3207 sr 

3068 s, sr 
 

ɜ (O-H)  
 

 

2962 w, sr 

2872 vw, 

sr 

2958 m 

2864 w 

2662 vw 

2921sr 

 

2919 vw, sr 

 

 

2957 vw, sr 

2849 vw, sr 

2919 vw, sr 

2849 vw, sr 

 

2957 w, sr 

 

 

ɜ (C-H)  

1770 s 

1755 s 

1740 s 
1730 s 

1613 s 

 

 

1591 vs 

 

 

1581 vs 

 

 

1583 vs 

 

 

1602 vs 

 

1687 vs 

 
ɜas(CO) 

 

1610 sb 

1590 s 

1575 s 
1502 m 

1402 s 

1300 s 

1557 m 

1484 s 

1466 m 
 

1559 m 

1474 w 

1410 w 

 

1559 vs 

1472 w 

1410 m 
 

1559 vs 

1458 w 

1413 m 
 

1588 vs 

1562 vs 

1473 w 
1446 m 

1415 m 

 

1639 vw 

1586 vs 

1564 vs 
1520 m 

1432 s 

ɜ (C=C)o.o.p 

 

1260 w 

1230 s 

1150 m 
1130 m 

1120 s 

1377 w 

1345 vw 

1152 w 
1107 vw 

1057 w 

1386 vs 

1345 vs 

1282 s 
1212 m 

1143 vw 

1104 vw 

 

1386 vs 

1345 vs 

1282 vw 
1212 m 

1143 vw 

1104 vw 

 

 

1377 vs  

1350 vs 

1245 vw 
1203 m 

1121 vw 

1118 w 

1385 vs 

1345 vs 

1324 vw 
1252 vw 

1208 w 

1106 vw 

1407 m 

1358 vs 

1297 m 
1277 s 

1201 m 

1176 m 

1114 w 

ɜs(CO) 

+ 

ŭ(COO) 
+ 

ŭ(C-C-H)c 

1020 s 

1015 s 
 

970 w 
935 m 

865 m 

860 m 
805 m 

790 m 

755 m 
730 m 

1027 w 

 
 

998 m 
880 s 

837 m 

738 m 
687 m 

1050 w 

1023 vw 
1008 m 

 
967 m 

939 w 

851 m 
779 m 

764 m 

734 vw 

1050 w 

1023 vw 
1011 sh 

 
967 m 

939 w 

854 m 
811 m 

779 m 

764 m 
760 s 

1048 w 

1018 m 
 

999 w 
948 vw 

863 m 

809 m 
777 m 

760 m 

683 w 
 

1031 w 

1018 m 
 

960 vw 
858 vw 

812 m 

767 s 
730 m 

1029 vw 

1013 vw 
 

939 vw 
854 s 

806 m 

753 s 
722 vs 

 

 
 

 
 

ɔ (=C-H) o.o.p  

 

aAssignment of the in-plane C-C and C-H modes are based on the normal coordinate analysis for perylene by Iqbal et al.[239a][248] 
 bRelative intensities, br= broad, s= strong, vs= very strong, m= medium, w= weak, sr= shoulder, o.o.p= out of plan 
cŭ represents a deformation mode. 

 

In general, the out-of-plane ɔ (=C-H)o.o.p vibrations of aromatic compounds are expected to be 

seen in the range between ca. 870-690 cm
-1[239a]

. In these ranges for 16, three vibrations at ca. 

832, 797, 738 cm
-1 

are observed, whereas for 19 to 23 four were noticed, cf. Table 2.3-7, (at 

ca. 851, 779, 764 and 734 cm
-1 

for 19; at ca. 854, 779, 764 and 760 cm
-1 

for 20; 863, 809, 777,  

and 760 cm
-1 

for 21; at ca. 858, 812, 767 and 730 cm
-1 

for 22; at ca. 854, 806, 753 and 722  

cm
-1 

for 23). 

For tetrasubstituted benzeneôs three to four ɔ (=C-H)o.o.p vibrations would be expected, 

depending on the substitution pattern. Thus the expectation made here may fit to the 

prevision. The ɜas(CO) for the anhydride group band at 1770, 1755, 1740, 1730 cm
-1

 in 14 did 
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not longer exist  in 16 and in any of the obtained complexes. This indicates 16 and the 

complexes 19 to 23 to be free of 13. 

2.4.1.2. UV/vis characterization of 19 to 23 

The electronic spectra of all the binuclear complexes were recorded at 25 °C in MeOH for 19, 

20, 21 (Figure 2.3-10) and in DMSO for 22 and 23 (Figure 2.3-11). For comparison, the 

starting precursor 16 was measured in both solvents. The obtained data are given in Table 2.3-

8, and possible assignments are indicated in Table 2.3-9 in comparison with 16. 
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Figure 2.3- 10 UV/vis spectra of 16, 19, 20, 21 recorded in MeOH with a lower concentration (left) and a higher concentration (right). 

Complexes 19 to 21 possess intensive absorption in MeOH, which indicate the presence of 

ptc, cf. Table 2.3-9. For example in the case of 16, UV/vis peaks appear at 223, 288, 416 

(shoulder), 439, and 468 nm (shoulder)
[238][242]

, whereas for 19 related absorption are observed 

at 221, 289, 420 (shoulder), 445, and 472 nm. For 21 the transitions S0­S3 and S0­S2 are 

missing, which is probably due only to the concentration effect. 
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Figure 2.3- 11 UV/vis spectra of 16, 22 and 23 recorded in DMSO at r.t with a lower concentration (left) and a higher concentration 

(right). 
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For the same reason, absorptions observed for 16 in DMSO at 350 and 399 nm are not 

observed for 22 and 23. However, for 22 and 23 two absorptions at 288 (16814) and 314 

(10639) nm as well as 298 (13000) and 333 (3400) nm, respectively, are observed, cf. Figure 

2.3-10 (above left) and Table 2.3-8. 

Table 2.3- 8 UV/vis data of 19-23 measured at 25 °C. 

Solvent Complexes      Aborption  ɚ / nm (Ů / dm
3
 mol

-1
 cm

-1
)
*) 

 

 

 

 

 

MeOH 

 

 

 

 

181) 

221 (44643) 

250 (20954) 

263 (27368)  

289 (14376) 

351 (2653) 

398 (4444) 

 

 

420 (12487)  

445 (24373)  

472 (27971)  

 

687(383) 

 

192) 

220 (42943)   

248 (18623) 

263 (24509)  

289 (12203) 

351 (2168) 

398 (4354) 

 

421 (11755) 

446 (21790) 

472 (25955) 

687(280) 
 

 

 

203) 

211 (39106)  

220 (43771) 

264 (22133) 

 
 

 

 

445 (17171)             

475 (19851) 

496 (1308)        

 
 

 

 

DMSO 

 

 

 

214) 

266 (18865)  

288 (16814) 

 

314(10639) 

 

426 (5567)  

450 (10226) 

478(12216) 

858 (170) 

 

225) 

271(29651) 

298 (13051) 

 

333 (3447)  

 

426 (7497) 

451 (12576) 

479 (14065) 

569 (243) 

658 (155)  

775 (105) 

1)[6.142 10-5 mol.L-1], 2)[5.8 10-5 mol.L-1], 3)[1.0075 10-5 mol.L-1]} , 4)[9.66 10-5 mol.L-1], 5)[9.53 10-5 mol.L-1]}.  

These absorptions are not originated from ptc and thus they are attributed to UV/vis 

absorptions of [Cu(bpy)]
2+

 and [Cu(phen)]
2+

 fragments. An identical observation is made for 

22 and 23, measured in DMSO and compared with 16, cf. Table 2.3-8. Thus, all absorptions 

observed for 16 are faced for 19 to 23 as well. There are, of course, some changes in ɚmax 

values when comparing data of 16 with those of 19 to 23 cf. Table 2.3-8. Furthermore it is to 

notice that the intensities of all comparable UV/vis absorption of 19 to 21 are significantly 

higher compared to those of 16, whereas in contradiction for 22 and 23 lower intensities are 

faced. In the context of this work, the discussed charges in ɚmax and Ů values are not further 

investigated, vide infra. However, they do indicate a different electronic nature of ptc which is 

counted as a proof for the coordination of transition metal complex fragments. The values 

obtained for 19 to 23 at ca. 420, 445, 472 correspond furthermore to reported values of 422, 

443 and 485 nm obtained for the similar complex {[Cu2(ptc)(en)4](EtOH)2(H2O)6]}
[236]

. The 

UV/vis spectra of 19 to 23 should furthermore indicate or show absorptions due to d-d 

transition (s) of the Cu
II
 ions. This is discussed next. The detailed electronic behaviour of a 

Cu
II
 ion is determined by its stereochemical coordination environment. 
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Table 2.3- 9 Possible assignments of  the UV/vis transitions of the CuII complexes 19 to 23 in comparison with 16. 

Solvent Compounds 1E1u 

transition 
S0­S0 S0­S1 S0­S2 S0­S3 d­d 

 

 
 

 

MeOH 

16 223  468  439 416  288  _ 

19 221  

 

472  

 

445  420  

 

289  687  

20 220  

 

472  446  

 

421  289  687  

21 220  475  

 

445  

 

398  

 

- 496  

 

 

 

 

 
DMSO 

16 266  480  451  426  399  _ 

22 266  

 

478 450  

 

426  

 

288  858  

23 271 

 

479  451  

 

426  

 

298  

 

569  

658  

775  

Ref  217 [242]3 471[238]1 

478[244]2 

466 [242]3 

470[243]4 

443[238] 1 

450[244]2  

438 [242]3 

450[243]4 

416[238] 1 391[238]1 

 

 

1 (in EtOH); 2(in MeOH); 3(in H2O); 4(in CH2Cl2) 

The divalent Cu
II 

ion has electronic configuration 3d
9
 and ground state for octahedral Cu

II 

complex is characterized as 
2
Eg. For a simple Cu

II 
ion in an octahedral field, a spectrum 

corresponding to single transition 
2
Eg ŸT2g is expected. Octahedral Cu

II 
complexes are found 

to exhibit a dïd band in the range of 833 to 666 nm, which can be assigned to 
2
Eg ŸT2g 

transition
[249]

. However, Jahn-Teller effect may remove the degeneracy of d orbital and, the 

resulting tetragonal distortion (D4h) leads to further splitting of the eg and t2g levels into B1g, 

A1g and B2g, Eg levels, respectively
[250a]

.  

Therefore three bands might be observed corresponding to the 
2
B1gŸ

2
A1g, 

2
B1gŸ

2
B2g and 

2
B1gŸ

2
Eg transitions in weakly distorted complexes, respectively. For majority of 

tetragonally distorted Cu
II 

complexes, the d-d transitions are expected in the region of 769 to 

400 nm. Square-planar Cu
II 

complexes, otherwise exhibit a broad band in the region of 769 to 

555 nm and a charge transfer band in the region of 476 to 434 nm
[250b]

. 

In complexes 19-23, the Cu
II
 ion is penta-coordinated; cf. paragraph 2.4.1.7-2.4.1.9. Data on 

UV/vis spectroscopic characterization of Cu
II
 ions in the coordination number 5 are less 

reported
[251][252][253]

. Lever
[254a]

 mentioned for the trigonal bipyramidal CuCl5
3ï 

ion in 

Co(NH3)6ĀCuCl5 two absorption bands at 980 and 1220 nm. In addition, the UV/vis spectrum 

of the [Cu(Me6tren) Cl]
+
 cation, with Cu

II
 in trigonal bipyramidal environment, is very similar 

to that of CuCl5
3ï 

but is shifted to higher energies because of the higher field strength of the 

N-donor ligands. Concerning Cu
II
 carboxylate complexes, as mentioned by Lever

[254a]
, three 
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absorptions bands in the region 741-667 nm, 385-370 nm and 263-250 nm are observed 

respectively. Furthermore, for some Cu
II
 carboxylate complexes, a fourth band near 909 nm is 

observed. The band between 263-250 nm (Ů= 10
3
-10

4
 cm

-1
ĀM

-1
) is the most intense and should 

be originated by charge transfer (O ŸCu). The absorption region between 741-667 nm (Ů= 

100 cm
-1
ĀM

-1
) and the one between 385-370 nm are always observed as shoulder. As 

mentioned before, the UV/vis absorption of ñfreeò ptc appears at higher intensities for 19 to 

21 in MeOH. Most probably, this is due to a charge-transfer of MLCT type. For example, for 

16 at 250 nm, an intensity of Ů= 12000 is observed, which is at 250 (20954) and 248 (18623) 

in case of 19 and 20. As corresponding UV/vis absorption of 22 and 23 appears at lower 

intensity when compared with 16 in DMSO (eg. 266 (27973) for 16, 266 (18865) for 22 and 

271 (29651) for 23). This is indicative for an LMCT. Probably, the d-d transitions which are 

mostly in the region 741-667 nm (Ůå 100 cm
-1
ĀM

-1
)
[254a]

 are observed at 687 (383) nm, 687 

(280) nm for 19 and 20 respectively, 858 (170) for 22 and 658 (155), 777 (105) nm for 23.  As 

noticed for 19 and 20, d-d transitions are observed at the same wavelength. This is due to the 

fact that both complexes have the same N-donor ligands (pmdta). The red-shift observed for 

22 and 23 is probably due to the differences in nature of the N- donor (bpy for 22 and phen 

for 23). However, a more precise assignment to a certain coordination type of the Cu
II
 ion 

seems to be responsible. 

2.4.1.3. Thermal analysis of 19, 22 and 23 

Thermal analysis of compounds 19, 22 and 23 were thus performed by heating the 

corresponding complexes from 40 to 500 °C with a heating rate of 5 °C·min
-1

 under a 

nitrogen atmosphere (STAR
e
 SW 10.00) (Figure 2.3-12). Thermogravimetric (TG) curves of 

19 and 22 and 23 show three steps weight loss under the chosen experimental conditions (cf. 

Table 2.3-10).  

The aim of the thermal analysis of selected complexes of 19, 22 and 23, is to sheet some more 

light in the identities of binuclear transition metal complexes of ptc in general. From the IR 

and UV/vis spectroscopy, vide supra, it could be concluded that 19 to 23 do contain the 

expected transition metal complex fragments coordinated by ptc. Beside this, the elemental 

analysis gives valuable information as well. The results obtained from the elemental analysis 

correspond thereby very well with the composition of 19 to 21. In case of 22 and 23, however, 

no crystals could be obtained. The elemental analysis indicates for 22, the presence of 

additional four H2O molecules and for 23, eight H2O molecules. The thermal analysis should 

thus agree with the results of elemental analysis and is regarded here as an additional tool of 
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the characterization. For comparison, 19 were subjected to a thermal analysis as well, as here 

the composition is fully explored. 

Table 2.3- 10 Thermogravimetric (TG) analysis data for 19, 22 and 23. 

Thermogravimetric (TG) analysis data for 19, 22, 23 

Complexes Compound/ 

Mass (mg) 

 

Decomp. 

 steps 

Tstart/Tend 

(°C) 

æmexp æmcalc Proposed 

decomposition  

process 

In mg in % In mg 

 

in % 

 

 

19 

26.9630 1 50-150 -4.71 -17.45 -4.70 -17.42 -2H2O, - 5MeOH 

22.2292 2 150-210 -8.85 -32.83 8.30 -30.77 -2pmdta 

 

 

22 

9.1730 1 50-95 -0.66 -7.26 -0.70 -7.70 -4H2O 

8.4709 2 95-175 -0.94 -10.21 -0.88 -9.62 -5H2O 

7.3030 3 175-245 -3.05 -33.30 3.06 -33.37 -2 bpy 

 

 

23 

12.1069 1 65-150 -1.56 -12.89 -1.65 -13.64 -8H2O 

8.7974 2 150-225 -1.58  

-4.65 

-13.09  

-38.48 

 

-5.78 

 

-34.13 

 

-2phen 
5.6802 3 225-410 -3.07 -25.39 

 

The TGA of 19 shows the first weight loss of 17.45 % in the range of 50-150 °C (peaking at 

89, 108 and 134 °C) which indicates the loss of 5 moles of MeOH, and 2 moles of H2O (calc.: 

17.42 %) (cf. Table 2.3-10). The remaining substance is stable up to 170 °C, with further 

weight losses occurring at peaking at 206 °C. The weight loss of 32.83 % is close to the 

calculated value of 30.77 % corresponding to loss of the two pmdta ligands. Complex 19 

undergoes further weight loss steps, which were not investigated in more detail. 

The loss of two H2O and five MeOH molecules in the first step agrees very well with the 

description of 19 as {Cu2(ptc)(pmdta)2(H2O)2]Ā6MeOH. There is of course one MeOH 

missing in the first weight loss step of 19. However, as MeOH acts here as packing solvent or 

weakly hydrogen bonded molecule, cf. paragraph 2.4.1.7, it is reasonable to assume that the 

isolated crystals of 19 lost one MeOH molecule during storage (ca. two weeks). Furthermore 

in step II, cf. Figure 2.3-12 and Table 2.3-10, the remaining material lost its two pmdta 

molecules, which could be already expected as the next reasonable weight loss step. The 

expected and observed weight loss agrees also here very well with each other.  

With regard to complex 22 (Figure 2.3-12), the TGA profile exhibits a weight loss of 7.26 %, 

in the temperature range between 50-100 °C (peaking at 78 °C) which indicates the loss of 

four H2O molecules (calc.: (7.70 %). Another weight loss of 10.21 % occurs between 110-

170 °C (peaking at 140, 160 °C) indicating the loss of further 5 moles of water molecules, 

which is not far from the calculated value (calc.: 9.62 %). 
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Figure 2.3- 12 Thermogravimetric analysis plots (left) and differential thermal analysis plots (right) (static air, heating rate:                 

5 °C·min-1) of {[Cu2(ptc)(pmdta)2(H2O)2]Ā6MeOH} for 19, of proposed {Cu(bpy)}2{ptc}Ā9H2O for 22, and of proposed 

{Cu(phen)}2{ptc}Ā8H2O for 2325.  

Complex 22 undergoes between 170-210 °C (peaking at 200 °C) another step of weight loss 

of (33.30 %) which is due to the release of the two bipyridine ligands (calc.: 33.37 %). The 

first two weight loss steps of 22 are thus attributed to the loss of water molecules. The 

temperature range of these two steps agrees with those observed for 19, at first. Secondly, the 

two steps are very significant as they indicate the presence of two different types of H2O 

molecules. In step I, 22 loss four H2O molecules, most probably these H2O molecules act as 

                                                           
 

25
 Cf. Appendix A 
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packing solvent. In step II, 22 loses five further H2O molecules. Most probably, they are 

coordinated to the Cu
II
 ions of 22. In case of the tmeda terminated complex 21 the presence of 

two coordinated H2O molecules at each Cu
II
 was observed, cf. paragraph 2.4.1.9, thus 21 

exhibits four coordinated H2O molecules. As bpy of 22 is a bidentate ligand as tmeda of 21, 

one might expect for 22 to possess four coordinated H2O molecules as well. The origin of the 

fifth lost H2O molecule remains here, however, unresolved. The elemental analysis of 22 

indicates the presence of four H2O molecules. In the light of the thermal analysis of 22 it is, 

however, better to formulate 22 as {Cu2(ptc)(bpy)2}Ā9H2O. In this context, the result of the 

elemental analysis of 22 is regarded as wrong. That could be due to the fact that the isolated 

material of 22 stands for ca. 3 weeks and might have lost H2O molecules before the elemental 

analysis was measured. Furthermore, 22 shows nicely an additional weight loss which agrees 

fairly with the loss of its two bpy ligands. That weight loss might occur in individual steps, cf. 

Figure 2.3-12, but is observed at ca. the same temperature as the loss of the pmdta ligands in 

case of 19. The TGA of 23 shows the first weight loss of 12.89 % in the range of 65-150 °C 

(peaking at 112 °C), which indicates the loss of the eight moles of H2O molecules (calc.: 

13.64 %) (Table 2.3-10). The second and the third weight loss of 13.09 % and 25.39 %, 

respectively, occur between 150-410 °C (peaking at 141 °C and 155 and 227 °C). The whole 

weight loss of 38.48 % is due to the release of the two phenanthroline ligands (calc.: 

34.13 %). Thus, in contrast to 22, for 23 the loss of eight H2O molecules in ca. one thermal 

decomposition step is observed. It is assumed, that each two H2O molecules were originally 

coordinated to one Cu
II  

ion of 23 and that the remaining four H2O act as packing solvents. 

Here it is noticed, that the result of the elemental analysis and those of the thermal analysis 

agree with each other. In that case, the time between the isolation of 23 and its 

characterization by elemental and thermal analysis has been shortened to one day. The loss of 

the phen ligands of 23 occurs in two or more less resolved steps, as it was already indicated in 

case of 22 by losing its bpy ligands. Also in case of 23, observed and calculated weight loss 

amounts agree very well with each other. 

2.4.1.4. Fluorescence spectroscopy studies of 16, 21, 22 and 23 

In the present work, the fluorescence properties of complexes 16, 21, 22 and 23 were 

investigated in aqueous solution at room temperature, as depicted in Figure 2.3-13.  

As expected, the perylene derivative and the four Cu
II
 complexes exhibited fluorescence 

associated to the perylene tetracarboxylate fragment. Intense fluorescence emission bands 

with peaks were observed at 478 nm, ɚ = 509 nm for 16, 479 nm, ɚ = 509 nm for 21, 479 nm, 
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ɚ = 509 nm for 22, 479 nm, ɚ = 509 nm for 23, respectively. By comparing the locations of the 

emission peak of the complexes 22, 23 with those of the free [
n
Bu4N]4[ptc] 16 molecule, we 

can presume that the auxiliary of the pmdta, bpy and phen ligands make almost no 

contribution to the fluorescent emissions. 
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Figure 2.3- 13 Fluorescence spectrum of 21, 22 and 23 (recorded in H2O) in comparison with 16: [conc] = 1x10ï5 M
26

.  

The emission peak in the range of ca. 509 nm for all the four complexes should be originated 

from the intraligand pïp* transitions mainly through the perylene ring of the (ptc), namely 

ligand-to-ligand charge transfer
[235]

. In comparison with the [
n
Bu4N]4[ptc] 16 molecule, the 

enhancement and the blue shifts observed at ca. 479 nm for 21 to 23 are perhaps a result of 

the coordination of the relevant [ptc] to the Cu
II
 metal center, as was already mentioned in 

similar perylene complexes
[235]

. 

2.4.1.5. Photoluminescence spectroscopy studies of 16, 19, 20, 21, 22 and 23  

ñThe photoluminescence measurement was performed with a LabRAM 800 HR Raman 

spectrometer from Horiba Jobin Yvon with a 600 lines/mm single grating and an attached 

Peltier-cooled multichannel charge coupled device. The spectrometer was calibrated using a 

calibrated tungsten white light lamp with a known spectral characteristic. The samples were 

excited by a He-Cd UV laser with a wavelength of 325 nm. The spectral resolution of the 

spectrometer is below 1 nm. The photoluminescence of the samples was collected with a UV 

objectiveò
27*

.  

16 has a good photoluminescence property, so it is important to observe how this property is 

influenced by the nature of the complex. The normalized PL spectra of 16 and 19 to 23 

                                                           
 

26
 Cf. Appendix A 

27*
 Cf. Appendix A 












































































































































