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Die vorliegende Arbeit fokussiert auf die Synthese von organisch/anorganischen
Hybridmaterialien mit multifunktionalen Eigenschaften unter aussshitiber Dastellung

di eser Materialen mit Hil fe des Awet chemis
und Charakterisierung von isomorphen bzw. isostrukturellen Hybridmaterialien der
allgemeinen Zusammensetzucatena{[Me sNH][M ClsRH,0]} », (Mtac) (M' = Mn, Co, Ni,

Cu, tac= [Me3NH]CIsRH,0]) speziell mittels IR und UV/vis Spektroskopie ist beschrieben,
wie sich aus diesen entsprechends-, tri-, und auch tetraheterometalBche
Koordinationspolymere der allgemeinen Zusammenseztvhd/ tag,, {MM" yM"" tag,

(MM MM dag, M"=M | ME ME BME ENET” und x, y, z t als prozentualer
Metallgehalj herstellen lassen und welche limitierende Faktoren zu bertcksichtigen sind
Leifahigkeitsmessungen an Einkristallen ausgewdahlter Koordinationspolymere werden
vorgestellt. Zusatzlich eden die durch Rekristallisation von Nitac erhaltenen zwei
verschiedenen Koordinationspolymere der FormMesNH]3{NiCl{NiCl 3}}, und
{[(MesNH|{NICl 3}} » in Bezug auf ihre ungewdhnlichen strukturellen und magnetischen

Eigenschaen vorgestellt und beschrieben

Die durch Austausch von[MesNH]" Kationen gegen[Ets:NH]® bzw. protonierten
aromatischerN-haltigen Kationen wid 2 ;bipydl,]>*,  [-BipyH3]® and [1,10phenH]*
erhaltenenReaktionsprodukte aus Umsetzungen mit Hilfe dew e t c h @ugangst r y O

werden im Hinblick auf ihre Festkorperstrukturen beschrieben.

Die erfolgreiche Darstellung einer neuen Familie von perylentetracarboXdaterenden
Komplexen, die teilweise hervorragende Loéslichkeiten besitzen, wird beschsewan die

strukturellen, magnetischen und lumineszierenden Eigenschaften ausgewahlter Vetreter.

Keywords: organisch/anorganischeHybridmaterialien Magnetisnus  Leitfahigkeit

Photoluminegens Luminegers, Rontgeneinkristallstrukturanadg.
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The thesigpresented here is focused on the synthesmgdnic/ inorganic hybrid materials
with multifunctional properti esThésynthessands of
characterization of hybrid materials with the general composition catena
{{MesNH][MCI;PH0l}n (Mtac) (M'= Mn, Co, Ni, Cu, tac[MesNH]CIsRH,Q]) is
described Due to their isomorphic and/ or isostructural character, hii-, and even tetra
heterometallic chains of the general formuladM,M ytag, {MM M tagn,

(MM MM “dag, M"=M T MTMT M”71 M andx, vy, z t is the percentage of

each metal contentyere 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. Additionajyothets
obtained fronrecrystallization of Nitactwo different novel 1D coordination polymers of the
formula{[ MesNH]s{NiCl s4{NiCl 3}} , and{[( MesNHKNICI 3}} ,, are describedvith respect to

their structural and magnetic properties.

Efforts to replaceghe [MesNH]" cations of Mtac compounds §#tsNH] " cations as well as
by protonated ar ebipygHi)4, c [-BipyHsPeand [lal6phehH]* &ed
reported next withrespect to the structural exploration of obtained hybrid materials by the

Awet chemistryo approach.

Finally, the synthesis of a new family qderylene tetracarboxylatétc) basedsoluble
complexesis reported. Structural, magnetic and luminescence prams of selected

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

Keywords: organicinorganic hybridmaterials magnetism, conductivity, photoluminescence,

luminescence, singlerystal xray diffractionstudies.
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1 Theoretical background and aim of the thesis

1. Theoretical backgroundand aim of the thesis

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

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 matehiatsistr{'3. Such polymers
attracs importantinterestdue to the diverse practical applications in the fieldsrying from
molecular magnetism, adsorption science, gas storage and photoluminédéence
Coordination polymers of 3d transition metal ion bridged by halide ions are of specific
interestin the context of this thesiCompounds of transition metal ions coordinated by
halides asi¢§jands are referred to asetathalido complexesSuch metahalido complexes are

of interest,for their structural diversity and novel properties, such as interesting physical,
electronic, catalytic and structunadoperties This part of the thesis intended to classify the
structural features opolymeric metahalido complexe®f divalent3d metals based on the
CambridgeStructuralDatabas€CSD), articles, reviews, and bddkFor the majorityof these
polymers, halides acin mbridging mode together withoommon donor ligands, thus
constructing 1D chain, 2D layers and rarely 3D networks. These different kinds of polymers
are introduced in the following in more degailt should be emphasized that the common
feature of all the polymers dealt with in the éolling is the presence of repeating units which
comprise exclusively-M-X-], fragments with M = Mh, Fé', cd', Ni"", cu' and X = CI, Br,

I

1.1.2. 1D coordination polymers of 3d transition metathalido complexes

A large variety of different 1D chainlike coordination polymers of 3d transitietathalido
complexes has beeobserved so far. These 1D coordination polymers can be divided,
according to their charge anhar their different oordination geometries of thel 3netals into

1D neutral polymer (typéN), cationic 1D polymerstypeIC) and anionic 1D polymers (type
IA), cf. Schemes1,1-2 andScheme 13.
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Chemicalstructures of the neutr@lype INa- INd) 1D coordination polymers of 3d transition metialido compéxes,

As shown inScheme 11 for type INa andINb 1D chain, the 3d transition metal ion adopt

the coordination number 5 in a trigonal bipyramidal MXcoordination setup (typeNa) or

a quadratigpyramidal MXL setup (typeNb). The first type is less observed, (8theme 4

1). Furthermore, octahedrally MK; coordination setupare connected to each other to give

(type INc) coordination polymers or octahedrally MX setups which give (typéNd)

polymers; (cf.Scheme 11) with the latter type being the most abounded among neutral type

IN coordination polymers.
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Chemicalstructures of theationic (typel Ca- I Ch) 1D coordination polymers of 3d transition metalido complexes.

Cationic charged 1D coordination polymers (ty@ cf. Scheme 12) are significantly less

frequenly observed compared to tyjpd polymers. The 3d transition metal ion either adopt

a coordination number 5 in a trigodapyramidal MXL3 coordnation setup(typeICa) or a

coordination number 6 in octahedral M coordination setuftypeICb).
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Chemicalstructures of thanionic fypelAa- IAe) 1D coordination polymers of 3d transition metalido complexes.

Anionic charged 1D coordination polymers (tyi%, cf. Scheme 13) are observed for the 3d
transition metal ions in coordination number 5 (quadigiamidal), MXs (type IAa) and
dimeric subunitstype IAb) both only with Cl, octahedralMX 4L, (type IAc), MX¢ (type
IAd) andMX5 (typelAe) coordination setups.

Common fature of all 1D chain illustrated iBchems 1-1 1-3 is that the haliddigand acts
only in a mbridging mode. The number ofiX-bridges between 3d transition metal ions
variesthereby from 1(type INa, type INc, type ICa, type ICb), over 2 (typeNb, type INd,
type I1Ab, type lAd) up to 3 (typelAe). Without supporting and or additional work as, for
example accompanying quantum chemical calculations, it seems bmpassible to predict
the formation of a certain 1D typEor exampleMn" ions togethewith CI ions form either

5
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type IAc or typelAd coordination polymers. Both types possessgMEordination setups
with either 2 or 3 octahedral M-bridges. The difference is the cation, which is for tife
exclusively [4,4bipyH,]** and for typelAc [CiHzn:aNH3]*(n =1- 4). For the 1D polymers,
type |Ab hasboth m and ni-bridging halido ligands §cheme ). It seemsthat further
intermolecular interactionsgs e.g. hydrogen bridgeare responsibléor the formation of a

certain typeof 1D chain.

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

The analysisof 2D coordination polymers ledo the identificationof different motif

topologies Their simplified representation is givenSthemel-4 andSchemel-5.

The neutral typélNa is the most popular type for 2D layers mel@lido complexes while
the anionic fypellA b) chainsrepresent the most common motif.

As shown inSchems 1-4 and1-5, 2D layers are usually composed of méiaide bridges in
one and bridging domdigands in ascond dimension.

Beside their charg2D coordination polymers cabe divided into further main types: in type

lINa coordination polymers. The 2D arrangement f&ft NN br i dgi n4g4 mode
bpy and pyz)which connect linear {M} chains to 2D layes, cf. Scheme 4. In contrast,

all further 2D coordination polymers are formed exclusively by rehto fragments, cf
Scheme #4 and Scheme 5. For the 2D polymersi-bridging halido ligands are observed;

almost exclusively fotypellNb (Scheme #).
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M
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1.1.4. 3D coordination polymers of 3d transition metathalido complexes

Although 3D coordination polymers of 3d transition metalides are rare, here tveaamples
arementionedcf. Scheme b6 below)

In most of the3D coordination compourg] transition metal ions interlinked together by
bridging ligands into polymeric arrayand/ orare connected through d¢ypgen bond rather

than halides forming dimeric metal (1) subunits havingstoéchiometry [MX4(L)2].

Structure Composition Color Magnetic/ conductive properties
L L=
\M, TN M =Mn", X = C*?*, L = dadpm paleyellow not dtm, not dtm
~171- /T\\ M =cCd', X = ¥, L = dadpm blue not dtm, not dtm
‘;J1< ‘;J.<
- L - L ty

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

Schemel-6 Chanmical structures of theeutral(typelllNa ) 3D coordination polymers of 3d transition metalido complexes.

In most of the3D coordination compounddransition metal ions interlinked together by
bridging ligands into polymeric arrayand/ orare conneted through hgrogen bond rather

than halides forming dimeric metal (1) subunits havingstoéchiometry [MX4(L)2].

1.1.5. Conclusion

The analysis of the 1D coordination polymers with mbtdido complexes led to the
identification of eleven different strugal motifs. The neutral repeating units, tyjéd

[{MX 2(L)2} ] 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 alse liurned such that anionic, cationic, and neutral polymers are
obtained.The diversity of organic components wefinitely, the basis for the variety in

structural topologiesiiBy carefully selecting the orga ligand one also aims to tuthe
physical p operti es (composition, col or é) and, t h
catalysis, electrical conductivity, luminescence, magnetism, spin transitiotinean optics

or zeoliticlike behaviod ™Y,

Finally, the physical properties of all diffent types of coordination polymers should be
discussed. The color of all the coordination polymers is giveBcimems 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 col@appears, the more likely conductive properties might be observed.

8



1 Theoretical background and aim of the thesis

The interplay between the color and the conductivity can be explained by the banddheory (
sectionl.2.9.
There are, however, only a few examples of coordination polymers which passess or
less dark color. For example, [{Cu@gly)}.]'® is dark blue; [{FeBra(pydz)}]® is
brown; [{CoCla(pydz)}]*® and [{CoCh(bpyk}]*" are violed; {CuBr(pydz)} ] is
light- brown; [{CuBr(etz)} ]®” and [{CuBr(htz)}]®” are darkbrown (cf. Scteme 11);
[{CuCl3(PuH)},]©° is brown; [{CuCls(bimH)} ] is darkbrown;
[{CuCls(Me;CHNH3)} ]"Y is brown (cf.Scheme 1) and[{FeClx(4,4bpy)} ]2 is brown
(cf. Scheme 4).
However, of all these coordination polymers just mentioned, no conductive studies are
reported. In the cases where these studies were made, as for[{HPtLCls}] » (s = 102
S AW [{pipzH2l[{Cu-Cle}l n (s = 10° S AW and [{melH:]{CusCle}] » (s = 2.8 10"
S A'mcolor: redf” where the conductivity is exclusively originated from the hydrogen
bridges (proton conductivity) of the metadlido polymer reporteds-values are almost very
low. Not surprisingly, several polymers are reported possessing cationic, radicg- and
connected [BEDITTF]" entities, which are responsible for significantly improved
conductivity; e.g.{[(BEDT-TTF);[Mn,Cls(EtOH)[}*'% s=21 S'Act. mection1.2.4.
Such materials are very interest ipwogpnected! t hou
[BEDT-TTF]" organic radicals and not along thelymeric metahalido parts, with the latter
being responsible for the magnetic stgxchange interaction.
It is extremely surprisingn terms of possible conductive properties of coordination polymers
discussed and shown in Scheme§ fhat there is absolute no report on iamtaining
polymers. Of such polymers one would expect veagpdcolors and consequently conductive
properties (cf. sectiofh.2 for more details). Based on that observation alone, it seems likely
that the redox activity of lanions rules out the formation of 3d transition metal '(Mee',
cd', Ni"', cd') coordnation polymers but might give rise to oxidized and /or reduced
transition metal.
Magnetic properties of the coordination polymers showidhems 1.1-1.6 are significantly
more reported compared to conductivity studies. However, even the number ofeihade
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 [{Cu(@)},] (L= TMSO, DMSO}? as a typdNb
polymer Scheme 11) ferromagnetic interctions are reported. The Cions here are
pentacoordinated, forming {MX} coordination setups. For the &lons of typeINa

9



1 Theoretical background and aim of the thesis

(Scheme 11) pentacoordinated setups are observed as well, here in form ofL{iii3etups,
although no magnetic properties hdeen determined.

Additionally, for the typelNc polymers §cheme 11) possessing {MXL 3} setups antiferre
magnetic exchange interactionstzeen observed fdfCuCl(L)s}.] (L= pypepY, dierf'?,
whereas fof{CuBr(pypep}}.J* a ferromagnetic interaction is observed. More general,
antiferromagnetic in the rangeom -0.1 cm® ([4,4-bipH;] [MnCl4]27 ®8)) to -115 cm!
{[morsz]n[Cuzxs]n[Bl] (X= ClI, Br)} and ferronagnetic interactions in the range from +0.07
cmit [{CuBr(pepcik} ' typeICa (Scheme ) to +72K [{CuCls(MesNH)} ] type I1Ae
(Scheme 13) have been observed. Thaesages give a first impression wfat could be
expected of theséypes of polymers in terms of magnetic properties. However, further
magnetic ppnomena have been observed. In selected cases a dg@adeter is given, for
examplefor {{CoCly(H-0)].[MesNH]CI} £¥ (type INd, Scheme 41) with J= 7.7°K andJ ®

0.09 °K. These further magnetic interactioage originated ¥ 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 modél?, spin glasé*®® spin clustéf?; competing andor frustrated
interactions are observed. For example{fiép," /Ni1..'Cl, (H20)]n [MesNH]CI} 28 (x = 0.4)
(typeINd, Scheme 11) spinglass behavior is observed. This type of magnetic interadsons
due to the competition between the interplanar ferromagnetic and antiferromagnetic
interactions. Such magnetic properties depend also on the amount and/ or magnetic properties
of eah 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 thesisas beerroncentrahg on the classification of 3d transitianetat

halido- complexes, structural trends were highlighted and derived properties were mentioned.
Beside a number of inoagic/or and organic coordination polymers already mentioned in the
literature, there are a number of inorgémiganiccoordinaton polymers which are magnetic

andeven conductiv& 1%

. iThechallengeto prepareconducting polymers with improvedf
desired properties began to attract the attention of chemists in the/1880&Polyacetylene
(PA), which is the prototype of a condutg organic polymer was first discovergd1977 by

10



1 Theoretical background and aim of the thesis

Shirakawa et a¥*?? after then ittonductivity(cis-PA) was increased by@oping mechanism
which modifies itstructuralview ( 3 0 0Orf)* foSiddline-trans-PA)*23IH24I12% apdfrom which
were ganted he Nobel Prize in Bemistry in 2008%!. Following the fundamental
observations oHeegerand MacDiarmid %2, further novel conductingrganic polymers
were quickly foundFigure 21 showsonly the monomeric repeat uniié some of the already

reported conducting polymers.

Polwens Aromatic hlixt=

O 10-0F || 19

palvacetiens polyp-phensdans) pols{Avonine) Foly(p-phenslene vimylens)
Aromatic heterocyele Polwmers with hatercatoms in their vnits cdls
1OF 05 ) (1041 dod
0 1
T S e H |
palvevrole polviuran polvthiophens polyaniline palphenylene sulfids)

Figure 1-1 Monomericrepeatn g uni t s, obsomefoithe alddy reportet ¢osdacting polymers

fiThese organicconductivespolymers have togethemany structural characters such as
anisotropy ratio, conjugated backbone as well asptararity of their ring structuré?®.
However they have a wide range of conductiwtyich dependsrocertainfactorslike doping
percentge the alignment of chainsithin the polymerthe lengthconjugationand the prity

of the material'®®. Apart from organic polymers, there are also inorganic conducting
polymers agoly(sulfur nitride) (SN) (10°q.Cm™) which was firstly discoveréd”,
Specifically,threedifferenttypes of conducting polymerould beemphazisedlepemling on

the source originatingthe conductivity: Protoitonducting polymers, ioniconducting
polymers ad electrorconducting polymers

Otherwise conducting polymersare considered akighly anisotropic quasbnedimensional
polymerswith their structure nearly similar in some extends to tlids®mecharge transfer
salf'?®. fiThe concept of doping is the unique, central, underlying, and unifying theme which
distinguishes conducting polymersrnall other types of polymei* 3%,

The doping processor mechanismis in generalto increase the conductivity of the
material§>Y. In a conjugated systenthe p- electronsare carelessly bonenablingelectron

flow within the syste®?®. The conductivityof many materials reduce, because polymers

11



1 Theoretical background and aim of the thesis

having only covalent bondseeds to be dopeid order to allowelectron flowwithin the
system, thus enlargement of conductivity.

Dopingwhich istheinjection of chargewhich can be done eithdry the addition of electrons

A A y p(eduction reaction) or the removal of @®nsfip-typed (oxidation reaction) from
the polymet materiaf**®!. Doping can be accomplishdy different chemical process which
can be either by chemical dopin or by electrochemical dopiHd®. fiThe electrical
conductivity results from the existence of charge carriers (through dopingjr@andthe
ability of those charge carriers to move alongpH®snded highway'3*,

Designiry/ fabricatingsophisticatedmaterials requires a fundamental understanding of how
structuralmodificationof the mechanisns related to the ultimate material properti€srrent
research efforts by several groups indicate thatf#etors that are most ignificant or
importantto the control otonjugatedoolymers (CP) properties are the band gap and position
of the edges of theonductionband (CB) and/alenceband (VB}**.

The sectionl.2.4 of this thesisestablishes the moleaul origin of the band gap, how it
manifests itself irecentmaterials, what needs to be donentaximizesome materials, and

the impact thatheband gap has on materials in termelettricalconductivity*3*.

1.2.2. Band Gaps and condativity in p-conjugated materials

fiThe origin of the band gap @P is understood in terms of the bonding and-aotding of
carboncarlon double bond$™#®!. PA is the fundamental example in current research.
AOwing to its structudaand electronic simplicity, PA is well suited &b initio and semni
empirical calculations and has therefore played a critical role in the elucidation of the
theoretical aspects of conducting polyntef¥?. APA is composed of a chain of *sp
hybridized carbon atoms linked by alternating single and double bondso(€¥f. Basel

on literature work already doHé”, AiPA was assumed to have a structure like that shown in
Figure 12A, where resonance causes the double bonds and single bonds to have the same
bond length on average and there is extensive delocalization alongir® Ef®. The
backbone, with unit repetition a, can be considei€l relative to the 2p electrons.
Considering the Peierls distortion, which gives rise to a dimerization of the polymer
backbone, andlso toalternation of single ahdouble bonds with repeat units #as material

is expected to be conductfV&. According to the nmber of electron added, tteecould be

no energy differencaotedbetween the full VB arising from the HOMO of acetylene and the
unfilled CB from the LUMO™* This approach seems to be seaable since high

conductivity demands patrtially filled bandad wherthe electrons are added in, there should

12



1 Theoretical background and aim of the thesis

be no energy differendeetween the basti®*¥***! (Figure 12A). This explains the expected
high conductivity which requires a partially filled bamd.modelderived from physicists is
used fordescribing the band structure of terals*>®.

In such a modethe energy of the orbitals, and thefsthebands, are viewed ika which is a
point in reciprocal lattice spaé&?. For hypothetical PA, the VBind the CB go closén
energyin orderto meet at a pointhere the is10 band gdp*?™*_ As a result of visualizing
k space,density of states (DOS) is utilizedegularly as a model that incorporates the
important information fronk space wiile preserving the intelligibilityof real space for nen
physicist§>®. Hoffman et al™**? has explicatednethods of approximating the DOS af
material given the band structure of the concerning material.

PA was synthesizebeingan insulator with a conductivity afa 10 S&m™ for the cis-PA
form. PA effectively dimerizes by a Peierls distortidA™*"!, opening up a band gay 1.48
eV by photoconductivityfor transPA and ~2 eV for cissPA™**. The band structure and

approximate DOS results of this process are representedFigure 12 B.

A. HYPOTHETICAL POLY(ACETYLENE) BAND STRUCTURE

CIALXIIAL

B. POLY(ACETYLENE) AFTER PEIERLS DISTORTION
T NN

R R R

«—DOS(E)

K(E)=>

k— DOS —
NNE
B

k— DOS —

Figure 1-2 fiDevelopment 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. (Brfally undergoes a Peierls distortion causing a
band gap to open with the approximate density of states shdakenfrom***3,

To increase it conductivity as discussed befé¥& has tobe doped to partially fill the CB by
adding electrons ¢type doping) oto partially vacate the VB by adation (ptype doping).

It was also discovered that electron rich polyheterocycles could be oxidized to form
conducting polymef§. Two examples of such heterocycles are pyrrole and thiophene.
Their band structurewhich also intudeselectron correlationwas generally determineby

the DensityFunctionalTheory (DFT) calculationghich is the most common metHtd.

The conductivity of an aromatic system could also be explained in the same way like that of
PA. The example of graphit€&igure 13) is used as explanation for sugfaromatic system.

The structure of graphite consists of stacked planar sheets, in which the carbon atoms are
13



1 Theoretical background and aim of the thesis

covalently bound into a honeycomb I1ady&}. The 2D layers are weaklgound together
through van der Waals interactions (the interlayer distar@83& nm)®.

The carborcarbon distances are not different from each other, which indicate full mesomeric
resonance stabilizatiodlong the 2D layersthe conductivity is higlonly in the direction
parallel to thdayers 6 = 2. 10° S Anandis low perpendicular to the lay&P*4%®.

Low conduc tivity

® ®

Figure 1-3 (a) Single layer of graphite; (b) 2D graphite superimposed parts of different lbystisiing the high conductivity along
the direction parallel to the layefaken and modified froM*®,

The possible intplay between the color and the conductivity of coordination polymers has
been already mentioned, cf. paragrdph. In case that a material haddefined color (red,
orange gr eenéeé) i ncident Il i ght |l ead to electro
orbitals. Here are few exarneg given e.g. C (colorless)V= 5.5eV; CdS (yellow),W= 3.0

eV; HgS (Red)W= 2.0eV; Si (black),W= 1.1eV. The darketthe colof the smalleis the
energy difference between the VB of the HOMO and the CB band of the LUMO.

The increasef the electrical conductivity of various orgamtaterialsby thedopingprocess

is not withoutadditional problems.fiThe possible elimination of dopin@hage carriers),
while still achieving high conductivity is one of tipgincipal motivations for the need of
small energy bandyap in polymersf?®. Such polymers are expected to be intrinsic
conductors and thefiere it would not be necessaty dope them??. Following are wo
examplesof such polymers with low banglp given: tran®A (1.5 eV),polythiophene (PTh)

(2.1 eV§**®. Polarons and bipolarons aescitations storagethe mostdominant charge

carrierswhich are responsible for tledectrical conduction ithese materiafs™d.

1.2.3. Polarons, bipolarons and solitons

Besides the hopping mechanism, in the case of dopeducting polymers angtconjugated

systems (cf. Figure 14), there are additional mechanisms to explain conduetiv
14



1 Theoretical background and aim of the thesis

propertie§*'¥. The conductivityhasbeenfinterpreted in terms of Eelocalized excitations,
which are quasparticles with structural changes oveeveral repeating units. These
excitations can be classified into solitBf% polaron§*?, bipolarons and excitond** 1431,

When the doping level itow the mainchargecarriers arecalled polaron§*?. When the
polarons reaches a maximum upon doping it begins to g@air it is then called
bipolaron§**. fiSolitons are localized conformational defects that can easily move coupled
with the lattice vibrations since the energy of the solitons is the same evergWfBre\s an
example ofp- bonded unsaturated polymers, PA has a small ionizgidential and / or a
large electron affinity. PA chains have unpaired electrons (neutral solifiiseitrons of

p character can be easily removed or added to form a polymeric ion without much disruption
of thes bonds which are primarily responsible for holding the polymgettret’***! (Figure

1-4).

Neutral soliton
¢ Oxidation (doping)
@
NSNS N NN

Positive soliton

l Further oxidation (doping)

Figure 1-4 Charge caiers in conjugated polymers. (A) Formation of two charged solitares chain of doped PAaken frorf*Sl.

It is to mention that all CP other than PA have -{degenerated ground statégdost CP
synthesized up taow hasband gapsnergy largethan 2 eV and they are characterized as
middle orhigher band gap polymef§®. In designing low bandap systems, the are many
methodologies. Somé&ctors have been used teeduce theHOMO-LUMO gap such as

reduction ofbondlength alternatio®** (Peierls distortion), creatinfully planar systems,

15



1 Theoretical background and aim of the thesis

inducing order by interchain effects, resonance effects alomgterring of the polymer

backbone, athusing donomcceptor group*®147],

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

Beside conjugatedconductive polymersother conductingsystemswith aromatic ankbr
heteroatomianits havebeenextensively stugd. Examples of suctypes arechargetransfer

(CT) complexes combinedfrom tetrahiofulvalene (TTF)and tetrecyano-quinodimethane

(TCNQ) derivativesThese CT¥salts exhibit, just as dopd®A, either a temperatur@ndbr a

pressure dependency on their conductiiigure 15 shows somef the structural types

A typical donor molecule IBEDT-TTF (Figure 15). Such moleculesare simple units or
66building blocks6d which can be wused to n
conducting solids; the electronic bands areebas o n the donor mol ectL
orbitald**®. These classes of materials assentially noticeablsince they are offering the
transparency of low gap systems with the ability to be bothpe (reduced)and p

type(oxidized)doped for the same polynf&fd.

NC N H 5 5 H
~O~ T
CN CN H S S -

TCHO (acceptor) TTF (donot)

=)

EEDT-TTF (donof)

FTCDA (acceptor)

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

Conductivity is exclusively due to the overlapping of thmeorbitals of the donors and
acceptors®®. The overlap is here different from theorbitals overlap forminghe Porbital
bands in CP (cf. section.?). The different types of overlaps of CP and-€alts are
schematically shown iRigure 6.

Overlapping in CP occursroadside along the polymer axis and leads to very wide bands
with W~10 eV.i Overlapping in C¥salt is top to bottom, along the stacking axis and leads to
rather narrow bands with ¥ eV&**?l. Based on the overlap of the atomic orbit&@l®,could
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1 Theoretical background and aim of the thesis

be considered as intraoleaular 1D conductor an@€T- saltsasinter-molecular conductors.
There is also an intanolecular, for example, interhai n over |l apping 1in

and an inerstack overlap in CBalt with W<< 1 e\,

\/ w0
’ ’/’ I\(\ Direction of highest \/\ /"
conducu\ ity AN
/

a)... .
f >!/\>< W=1eV
]
\_A‘ ‘ =
G '.E"
\ ’<> / = E,g‘
/\ \/\/\ L am ! gg
\/' /'\/ x ’< .5 §'§
Gy
\

Figure 1-6 fiDifferent 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 (orthe molecular p orbitals) forming the CB of molecular crystals (e.g. edlf§). Two stacks are shown T a k e n
fromf*,

Consideing the example of EDT-TTF)X,**”, [BEDT-TTF] molecules donate electrons to
the anion layerThus, in(BEDT-TTF),l3, each 4 accepts one electron froanpair of[BEDT-
TTF] molecules, formingBEDT-TTF]," and k.1**Y Ignoring electronic interactions (orbital
overlap) and steric interactions, charge transfer occurs betweeeutral[BEDT-TTF] and
cationic BEDT-TTF]" molecules of the dimBr?. If the overlap of the BMOs betweerthe
two [BEDT-TTF] molecules is largenough the system will lead to a structure intermediate
between[BEDT-TTF] and [BEDT-TTF]" form™°. Therefore it would neednteraction
energies greater than the barrier of 0.0V The physical propertieof these compounds
depend not only on the spécimolecular properties of thadividual components, metadns
and sulfur ligands, but a@so strongly influenced bihe arrangement of interactiomsthin

the crystal lattice®. Crystals of[BEDT-TTF] molecues exhibitdifferent variety of phases
and p-stackingmodes which strongly influenced it conductivity/ insulative nattié The
neutral [BEDFTTF], which is nm-planar becomes after oxidation a planar phdonjugated
molecule. As mentioned beforgs different types of formation gb-stacks areshown in
Figure 17. Not all of thosep-stacks rise to (semi) conducting properties. For example,
[(BEDT-TTF),][FeCL]™® with the BEDT-TTF] molecules formingp-stacks of the type
Figure 7 (a), issemiconducting(s =102 S dn™) whereaq(BEDT-TTF),][FeBr,]** with

the BEDT-TTF] molecules formingp-stacks of the typ&igure 17 (d) is a quasinsulator

(s = 10° Sdn™) (cf. mechanism of conductivity, paragrap22 and1.23 of this section).
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Figure 1-7 fiPerspective views of tlBEDT-TTF layers for different crystallographic phases: dayplane ofU-phase, (bjac-plane of
d-phase, (cpb-plane ofb-phase, (dpc-plane ofe-phaseé Ta k e f r om

1.2.5. Conclusion

fiSeveral different conductivity mechanisms are available for electrically conducting CPs
depending on their structwr&®*3. Hybrid materials can have multiple mechaniskigure t

8 (vide infra) shows the typical conductivity ranges for miatkls commonly considered
metals, semiconductors and insulators although the factor that determines this classification is
the temperature dependence of conductivity ratiet the conductivity magnitud&*d.

The mechanism for neutral polymer conductivity hasnbdiscussed isection1.2. Neutral
polymers tend to be semiconductors or, less frequently, insulators bmdeand gap is
generally < 3 e\

Theseries of radical cation salts based on orggmidonors with paramagnetic metal complex
anionsas sually thecase,is a class of materialsised forthe study of magnetidor non
magnetic) eactrical and optical propertiesThese materials combine different physical
propertiesthereforel t r ef &ypos i domast nifuncti onal materi a

to achieve in this thesis.
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Figure 1-8 Conductivity range available to CPs spans those common for metals through insiktersfrortt>*

1.3. Inorganic hybrid materials

1.3.1. Generality

fiResearh on functional hybrid materials has become one of the most rapidly developing
fields of materials chemistdy*>*3. According to a IUPAC recommendation from 2007 hybrid
mat er i aaterial amposed 6f an intimate mixture of inorganic componentsnarg
components, or both types of compoaéfitl. The development of suamaterials has been
expanded by different aspects thfe organic and inorganidield. The variety from the
molecular scale to the polymer scale, such as daocgptor complexes, inorganic molecular
doped polymers, organic molecules modified inorganic nadgerpolymer coated inorganic
materialsand soon has already found numerous applications in electraniedicine,
cosmetic, biology™*®® The main interest incorporating inorganic components within
organic ones is to achieve a syodis of the properties of both components resulting to the
obtention of a variefymultiplicity of properties. This objective has been generally achieved
using sophisticated methods such as electrocrystallization, thgdmmal methods ansblgel
processesilt is however possible to obtain hybrid materials with exciting properties by the
fwet Chemistrg approach. In the following section, these approaches will be introduced with

one common example. In addition, examples which are of interest in tteetoointhis work,

19



1 Theoretical background and aim of the thesis

more precisely hybrid materials of polymeric 3d transition mieddidlo complexeswill be

shown

1.3.2. General synthetic method of hybrid materials and approaches
Let ussummarize some advantages and disadvantages of these approaches.
1.3.2.1. Electrocrystallisation

fiElectrocrystallisation technique is a heterogeneous process that occurs at the

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

surface*®™,

Figure 1-9 Picture of running EC cells: (a) detailashing the crystals at the anode) and (b) general view of the installation. (c)
Single crystal of (BEDITTF),l; grownby EC. Courtesy of Dr P. BataiP*.

Pros: This techniqueusually produces large, goaglality sngle crystals. In additionthe
main adavantages are: theaction selectivitythe product formationthe phase puritythe
kinetics of reactiornd the nicerystal growtf®™.

Cons It requires the needf high-purity starting materialén constrast to other techniques
The formation of the product is affted by several parameters like, currpotential, solvent,
supporting electrolyteand also by theperating temperatufé™. The yield of the product is
extremely low and theeproducilility is very difficult, even impossibleMost of the final
materialsareobtainedby chance. Thisnethod is also timeansuming®>™.

Let us consider the example of the syedtis of{[(BEDT-TTF)[Mn.Cls(EtOH)]} ' where
thin platelike crystals were obtained aftemore than 1 week, (antiferromagnetic,
conductivity, 21 S.ci)). In this cae, the metallic behavior of the matésias originated by

the BEDT-TTF layer (cf. paragraph.2.4for more details).

1.3.2.2. Hydrothermal methods
fiHydrothermal methodsncludes the various techniques of crystallizing substances from
high-temperaturequeous solutionat highvapor pressug’*® %! (T above 10°C andp

above 1 atrpas shown irFigure :10.
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Figure 1-10 Hydrothermaimethod for the syn#sisof inorganicorganic hybid[lssc].

Pros: This methods a singlestep low eergy consuming fabrication techniquiparticularly
suitable for the growth ofquality crystals while maintaining good control over their
compositiom 1% 15 5ome advantages of this technique are: it simplicity, it lost @ost,
energy savingt better nucleation contfd?™, it free pollution (because theeaction is carried
out in a closed systerwhich has no interaction with the external environmelttis to
mention too that the reaction hasigherrate,dispersionthus theshapeof crystal isbetter

controf*>®!

. The reaction can be carried at lower parature depending on the chosen
solvent, etclt alsofiaccelerates interactions between solid and fluid species, phase pure and
homogeneous materials candmhieved, reaction kinetics can be enhanced, the hydrothermal
fluids offer higher diffusivity, lover viscosity, facilitate mass transport and higher dissolving
powe 158,

Cons: This technique needs expensive autoclaves, ardnger reaction timé>® |t is
impossibleto observe the crystal as it gronReproducibility is poor, especially when aiming

to achieve identical crystalso because this technique needs hmghssure, it presents
practical difficulties which influenced the crystal growtf *5&,

Let us consider the example of the synthesisyoifthesis of {MC}(4,4-bpy)}.[M = Fe, Co,

Ni, Co/Ni ]"°! were respectively brownish, pispurple, greesryellow and palegrawish
crystals were obtained aftex period between 3 and 7 daysl the compounds show
antiferromagnetic interactionéinalytical investigations to study the composition of obtained
materials areestricted to crystalline material onl.large number of compoungdsspecially
MOFs, have been synthesized under hydrathedr conditions like metal oxide, carbonates,
silicates, etc. but rarely methalido complexes with conductive properties. Adicgon of
certain parameters@ncentration of the solvent, solvent to solvent rafiop and reaction

time) to access a maitak is nearly impossible and is time o n s u rrialragd effioro
approach. Furthermore, a reproducibility of a certain type of e.g. a coordination polymer is
also predictably impossible.
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1 Theoretical background and aim of the thesis

1.3.2.3. Solgel Process

Solgel processs a wetchemical techniquevhich is to dispersethe materials (discrete,
colloidal)in a liquid in order to bring it back as a s&fid**® (cf. Figure 111).

It leadsto small particles, which are easibbservablé®d. Then it is easy to quantify the
incorporation of some trace elememstaothly to achieve uniform doping on a molecular

level, easy to carry out the reaction even at lower tempefdfiire
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Atomizer w | m
Gas input = == ea "”*7'-_{-‘14-.:-‘- | -
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+Conventional Lithography

et~
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\ +Pattern-Transfer Method

/ “Two-photon absorption
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it iz%g,a

Figure 1-11 Processing route to materiaisingsolgel methodgaccording to the literatu?é”)

Cons: The disadvantages are that, the raw mdtedarrently used are expensive, and some
raw materials for the orgéc matter, harmful to healtHhé result haso time contractidff™.

The solgel process enables the formation of metal clusters with main precursor meta halide
and hydroxyl groupThis type of multifunctional hybrid materias not of interest in the
contest of this thesis.

Pros: The advantages of this method &hat somecompoundshaving many components
could be synthesized controlling thstoichiometry by miing for examplesols of different
constituent§®. Theco-precipitationprevents enablingixing at an atomic levefd.

From all the above techniques which also requires either high cost material, time consuming,
sophisticated techniques, or even sometimes irreprodymibbess. @e of thegoalsof this

work is to avoid such complicationsherefore our technique is the simplest, classical, old

techni que, wethhemissso named A
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1 Theoretical background and aim of the thesis

1.324. iwtchemi stryo approach

fiWet chemisty a p pis aovarietyof scientificsimple orclassicaltechniques that irotve
directexperimentation with liquidsA typical example is shown iRigure :12. It is the most
useful method for the symsis of coordination polymers.

Figure 1-12 A WeCthemi stryoappr ao crorganieorganic hybridSgurce: Viesvofithe prepération of compounid
our Laboratory

Pros: This approach usedways simple and inexpensigtarting materialsalmost no damage
occurs during the processguite easy manipulatianin this technique, the prediction of
parameters (concentration, solvent to solvent rafiop, reaction time) is easier. The
reproducibility is possible. It is even easy to calculate the product yield. It is not time
consuming. The pification of the obtained material is easily done by recrystallization in
most of the organic solvent. The product obtainedsigally soluble in most of the organic
solvent. From all the above mentioned methods, this approach is one of the best Hatause o
very low cost.

Cons The disadvantages are ththe processis poolly controllable especially with small
amount ofstarting materials.

Although the synthesis of multifunctional hybrid materials using-smphisticated method is
rare,th e u sweet cleefistryd in order to synthesize multifunctional materidlas been
provedso farin the literatureLet us consider the example gfnthesis of [Hpip][Cu.Clg] } n,

and {[H2pipz][CwClg]}» where crystals were obtained successively in alcohaaidic
medum'® without any precautions Both compomds combine successivelyerro-
antiferromagneticnon-conductivity, 10* SAn™* andantiferromagneticsemiconductivity, 10

" s properties.
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1 Theoretical background and aim of the thesis

In a similar mannerblack powderof [{C »,SsNi} *], ABusN* wasobtained from methanolic
mediumt*®®. These hybrids combinantiferromagnetic and metallic conductivif$x10°
S&m™). The planarity and short-S distances indicate extensive delocalization of the
systemthe source oftonductivity(cf. paragraplt2.2for more details).

The third example is the synthesis of poly (metal tetrathiooxalate) (poly(MTTO) withiNM
Cu which were also prepared in methanolic medium. For both snbtatk powders were
obtained having electrical conductivities betwee2aSam % without dopng. In the later
example, the material has an intrinsic conductivity; thus doping insieateaseshe

conductivity (cf. paragrap®.3for 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 transfaarghitsagnetiensulating
materials using metdlalido complexes with protonated ligandfghen combining electrical
conductivity with magnetismthe key point is the interplay betweénelectrons from the
donor and theal electrons from the transition metal of the inorganic paelow are some
common examples:

{[BEDT-TTF]3[MnCr(C,04)3]}» exemplifies the case of a material where ferromagnedtisin

metallic conductivity coexistCoronadoet al*®*!

. AiThe structure consists of organic layers of
BEDT-TTF cations alternating with honeycomb bordered layers of the bimetallic oxalato
complex [MnCr(GO.)3]' 6 *®¥. This case is not interesting as far as thisithis concerned
because we are interestadnetathalidobridges.

{[(BEDT-TTF)s(MnCls)(EtOH)]}» reported byNaito et al’®®, combines ferromagnetism
and unusual metallic oaluctivity. fiThe structure consists aihe dimensional (1D) infinite
{MnCls} ", magnetic chains and two dimensional (2D) organic conduction patti#ays
{[(BEDT-TTF)[Mn,Cls(EtOH)]}», by Miyasala et al® and {[(BEDT-
TTF)[Mn.Cls(HOH)s]}» Leokadiyaet al*''® correspond to antiferromagnetic metallic
conductivity. Both structuseconsist of 1D chain ofMn,Cls(H»0)s]' responible for the
magnetic properties and therganic layers of BEDATTF cations responsible for the
conductive properties.

The followingFigure 213 shows a view along tHeaxis according to Leokadiyet all**'?.
fiThe crystal structure of {}(BEDT-TTF);[Mn,Cls(H-0)s]} » is consistof radical cationof
(BEDT-TTF) layers alternating along theeaxis with layers of the polymeric chain anions

[Mn,Cls(H,0)s] p0 11101112}
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Both anion layers contain infinite anion chains P@k(H-O)]'s running dong the c
direction. The zigzag chains are constructed from M(ZD); and MnCk(H,0), octahedra

connected to each other apical Cl atoms.

Figure 1-13  The layered structure §{(BEDT-TTF),[Mn,Cls(H;O)s]} . projected along this axis™*#!

Some known typeof infinite chloromanganateDlchains: typdA ([MnCl3]' s chain of face
shared octahedrdlave been already reported{ii{CH3)sN][MnCl 3]} ,***4 and{d-[(BEDT-
TTF)s[MNnCl3]o(CHsOH)]} » % and alsd [MesNH][MnCls(H20):]} °2. Theaeis avery big
similarity between the structures, so due to the insulative nature afkjlammonium salt, it

is possible to replace the alkyl by the aryl andltange the physical properties as was already
proved by Battaglia et " by checking the electronic properties {dH-pipz][CClg]} n.

This was the main goal of this thesisstarted to synthesize a number of coordination
polymers (homo/ and heterora#ic) in orders to find up tavhich extend the intrinsic
parameters auld allow change in their magnetic properties, then it was followethéy
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 ofoéecularorganic system PTCDA

was requires in order teynthesizeplanarstacking structuralcompounds and to study it
multifunctional properties.

The subsequent chapters addresctmponents of thedesues and provide a foundation for
the design of materialhat meet the requirements for multifunctional hybrid materials with

magneticand /orconductiveand other physicadroperties.
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2 Results and Discussio@hapter 2.1

2. Results and DiscussionSynthesis and characterizationof organic/inorganic hybrids

materials.
2.1. Organic/ inorganic hybrid of the composition catena{[Me s;NH]M CI;2H,0},

2.1.1. Introduction

Thecombination at the molecular level @fganic andnorganic components allows access to
a captivatingnew area in solid state materials science vetitormousopportunities for
development of multifunainal materials particularly due to their special magneti¢
electronic and optoelectronic properti&¥®! presently the rational design of reliable
synthetic strategies fdow dimensional materials continuing at amccelerating developing
stagefor the coming century todt is therebystill a challengdor chemistgo considertheuse

of low cost materials and classical wagf the synthesisof such materials by thé we t
chemistry approach Specifically, magneticclusters such as MpO1(OCR)6(H20)4¢"!

exhibit a high spin ground state valU®@<£ 10) and undergo a very slow relaxation of the
magnetization de to a negative uniaxial anisotrofy € 0) ", These moleculesould be
referr e @&nglé¢ BMoleauls Mafig n et s 0 1 ShisiM omplexes, thatis, 1D
coordination polymers, with magnetic coupliatpng the chain and nesancellaion of the
uniaxial anisotropicspinsa r € r e f Single GhainsMaog nie $CMP** (The chains
should be as magnetically isolated as possible, meaning that the magnetichaiter
interactions must be very weak compared to inlain coupling in order to avoid 3D
magnetic orderin{f®tePI%  Both SMM and SCMexhibit quantum magnetism (e.g.
Quantum Tunneling of theMagnetization QTM) and magnetic relaxation phenomena in
contrast tcbulk magnetd®. Additionally, magnetic materials whose dimensionalities varies
from | ow OD ( SMM) over 1D (SCM) to higher
applications in information storage and nanotechn&t6dyPoIt ™,

This part ofthe thesiss focused on hybrid materials of the general chemical forcatiena
{{ MesNH]MCIsRH,0} , a family of spirchain compounds called Mtac (M= Mn, Fe, Co,
Ni; tac = {[MesNH]MCIsRPH,0},)!. The solid state structuse of the catena
{[Me sNH]MCI3RH,0}, type compoundg{M" = Mn, Fe, Co, Ni, Cu)have alreadybeen
described by Losee et®l. As an example of a member of the Mtac family seiffég, 2.1-1

' The labeling of the compounds in this chapitac (M' = Mn, Fe, Co, Ni) consists of the compound number

as firstly mentioned in the literature.
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2 Results and Discussio@hapter 2.1

shows the solid state structure ohtena{[Me 3NH]CoCI3RH,0},. The orthorhombic
{[Me sNH]CoCI;PH,0}, crystals belong to the space groBpma with four irreducible
molecules in unit cell. Therystalstructure consistof the edgesharingtrans[CoCl,(OH,),]
octahedra running parallel to tleeaxis Figure 2.11). TheCd' ionslie on crystallographic
centers of symmetry and are coordinated octahedrally by @urions and two H,O

molecules. Th€ao" ionsare 3.637 Aapartfrom each otheand linked byu-bridgingCl' ions

Figure 2.1-1  Top (left) and side view (right) on a 2D layer{fiCH 3)sNH]CoCls-2H,0} ,*%

The[MesNH]* cations and remainingl' ions are found as interstitial ionseing responsible

for the formation of 2D layers by means of interemllar hydrogen bonds, dfigure 2.1

12®. The members ahe Mtac family seriesre isostructuraénd even isomorphiar nearly

so (f. Table 2.1-1). All are orthorhombic, space grolgnma,except for Cutacwhich is

monoclinic, but deviate from orthorhombic symmetry by less than two degrbesnagnetic

behavior of all members of theMtac family have been intensively
studigPeN2NB2AN26NSTIAGINT273] of Taple 221. These quasi 1D fcoordir
show, depending on thev" transition metal intr@&hain ferre(M" =Fe, Co, Ni
Cu)eeloloN32)s]2el3 a4l 46l 722 73] - or  gntiferranagnetic  exchange  couplings
(M" = M) Furthermore, all of therfwith exception of Cotac, cf. Table 213 have in
commonthe possessn of antiferranagneticproperties at few Kemperatures, due to inter

chain interactior®?,

2|t needs to be emphasised, that the reports mentioned here do describe antiferromagnetic properties
phenomenologically, although the magnitude of theagmatic interactions are not explicitly given in numbers.
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Table 21- 1 Crystal and Magnetic parameters for members of the seNeEsN[HIMCI;2H,O},.

M" Mn Fe Co Ni Cu

Color Pink Green Violet yellow-green green

a (A) 16.733 16.711 16.671 16.677 16.730

b (A) 7.422 7.361 7.237 7.169 7.479

c(A) 8.198 8.140 8.113 8.103 7.864

Unit cell Orthorhombic Orthorhombic Orthorhombic Orthorhombic Monoclinic

Space group Pnma Pnma Pnma Pnma P2i/c

Cell Volume 1026.2 1001.2 986 967.5 991.6

JIK (K)? -0.36 17.4 13.8 14.0 0.85

JOK (K)P - - 0.09 - -

Tc(K)? 0.98 3.12 4.18 3.67 0.16

Special feature | Weak 1D Ising Ferromagnetic™ Strong Heisenberg
g}ntiferromagnetilj:g' Ferromagnét>="! 37 ferromagneti*®? | Ferromagnét®

a) Intrachain magneticoupling,b) Inter-chain magnetic coupling am) Tc = critical temperature

Due to this, unexpected magnetic interaction between the magneticscemgdt occur,
which could give rise to spontaneous magnetic/quantum effBats, theCotac compound

has recently been reported @ghibit QTM™"*! properties This shows that despitbe large
amount ofstudiesdealing with the magnetic properties of compounds of the Mtac family,
even moe magnetic/quantum phenomena might be observed.

The reported membersf the Mtac family seriesre all isostructuralcf. vide supra the
synthesis of heterobimetallic members of this series of the formudéena
{{MesNH]M,M §CIsPH,0}, (y=1-x) has been already reported favin"/Cg'?2t73]
Mn"/Ni", Fé'/cd'® Ni'/Co'BIB8Iel representaties. Thereby, the heterobimetallic
members, cf. Scheme 211 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 representatividaus, different combinations of members of the

Mtac family are easily achievable and these observations implies, that even heiarotri

heterotetrametallic, cf. Scheme 21 quas i AlD chainsd could be
[ v ] v v v 7 ]
]
1 N AININATNATN
A A il | & A A A .
V=H,0 o=CI Q000
@ =MI=Mn, Co.Ni.Ca @ =M"=Mn, Co. Ni, Cu

=MI=Mn, Co. M. Ca @ =M"=Mn, Co. N, Cu

Scheme 2.41 Schematicstructures ofheterobi {{[Mes;NH]M.MQCI;RH,0}, (x = y = 0.5; left) and heterotetrametallic 1D chains
{{IMesNHM,M gM 6.8 6 €I§PH20}, (x =y =z =t = 0.25; right).
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The characterization ofthe heterobimetallic {{ MesNH]JM,M QCIsPH.O}, (Y= 1-X)
compounds displays even further, very interestimaterial propertiesFor example, for
Mn,/Copx (0 <x< 0.3, spin cluster behaviour[)zz]; for Mn,/Coy (x = 0.029,ferromagnetic and

for x = 0.093,superparamagnetic cluster3™™”™; for (Co./Niy (x = 0.4) and Ma,/Niy, (x = 0.6),

spin glass behavioury®; for Fe./Co, (x= 0.0] ferromagnetic exchange couplingsy’; for
Col/Nipx (X= 0.4%® and 0.2 <x< 0.8%" spin-glass behaviour,ferro- and antiferromagnetic
exchange couplings, respectively) and for; @Nix (x= 0.25-0.78, antiferromagnetic
exchange coupling$j®.

The just mentioned results obtained for the heterobinudl@desNH]M M QCls2H,0},
compounds underlines the general possibility to change material properties, especially
magnetic properties, of moleculbased compounds gradiyaand/or fully. Thus, it is of
further interest to investigate in which way material properties of even heterotri
([[MesNHIMM gM 6,013-2H,O} ) (y + X + z=1) and heterotetrametallic ([f1esNH]-

MM §M 6. 6 €18 2H,0}1]) (Y + X+ z + t= 1) members of th Mtac series could be varied.

It would be of interest to transfer the homometallic and hetertobiheterotetrametallic
members of the Mtac family series into thin films on, e.g., Si wafers and to investigate, for
example, the magnetaptical activity of such thin films. As the thin films should be
fabricated by means of spaoating, 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 tfi@mation 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 represéatives of the Mtac family is thereby performed by mixing aqueous
solutions of the respective hydrated M@ansition metal salts with an aqueous solution of an
equimolar amountof [ MM H] CI . Thus, one might expect tha
ard by using noraqueous solutions other types of coordination polymers could be obtained,
cf. general introduction, review on coordination polymers in Chdptéithis thesis.

In the following the synthesis of the homometallic members of the Mtac famdlagan,
together with the characterization of tbatena{[ MesNH]MX 32H,0},, 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 Rétady, by
changing molar ratiods between starting mat e

Subsequently, attempts to fabricate heterdbi heterotetrametallic members of the Mtac
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2 Results and Discussio@hapter 2.1

family are shown and discussed followed finally by the dpson of results obtained by

recrystallizing homometallic Mtac compounds from MeOH and EtOH, respectively.

2.1.2. Synthesis andcharacterization of catena{[MesNH]MCI s2H,0}, (M" =
Mn, Co, Ni, Cu) type complexes (Mtac complexes)

According to Losee et &°, single crystals of{[ MesNH]JMCIsPH,0}, were prepared by
evaporating an aqueous solution tw@omng equimolar amounts ofMesNH]Cl and
MCI,AH,0, as shown in Schemel2.

H,0

[MCIy;xH,0]  + [MegNHICI > [MesNH]M Clg 2H,0],

M =Mn'"; x = 4 (Mntac, ca. 82 %)
M = Fe'; x = 6 (Fetac, ca. 31 %)
M = Co'!; x = 6 (Cotac, ca. 64 %)
M = Ni'; x = 6 (Nitac, ca. 79 %)
M = Cu''; x = 2 (Cutac, ca. 87 %)

Scheme 2.12 Synthesis of theatena{[ MesNH]MCI;2H,O}, type compounds and obtained yields.

Most of the members of the Mtac series, cf. Scherh® 2wereobtained within ca. 2 weeks
with good yields and in form of welhaped crystalepending on thé&ransitionmetal ion
used slight adjustments on the genesghtheticmethodsneed to be made. In case tife use
of F€', the synthesis and crystal grdwhas to be performed in @t environmento prevent

oxidation of Fé&.

Table 2.1- 2 Elemental Analysis, UV/vis and IR data of Mntac, Cotac, Nitac and Cutac
Mtac Mntac Cotac Nitac Cutac
EA Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp.
(%%)”
C:13.99 C:13.77 C:13.78 C:13.53 C:13.79 C:13.49 C:13.54 C:13.15
H:5.48 H:5.29 H:5.39 H:5.39 H:5.40 H:5.05 H:5.30 H: 4.20
N: 5.44 N:5.16 N: 5.35 N: 5.35 N: 5.36 N: 5.02 N: 5.20 N: 4.96
single Solutor”? | Solutior? Solutior? single Solutior? single Solutior?
crystaP crystaP crystaP
I 259 I: 196 (932) | I: 269 I: 196 (7®) | I 226 I: 196 (527) | I: 274 I1: 204(834)
UVNhis | I 351 I 425 | I: 515(11.2) | Il 294 | II: 398 (16.1) | Il: 285 I: 753 (36)
: 367 1n: 517 : 415 Il: 698 (105)| Ill: 338
IV: 415 IV: 546 IV: 693 IV: 789
V: 527 V: 615 V: 768
VI: 664
VIl: 694
|R3) 3nh: 3163 3nh: 3159 3nH: 3138 3nH: 3133
UNH: 1383 CNH: 1382 UNH: 1384 UNH: 1384
3(CiN): 974 3(CiN): 976 3(Ci N): 980 3(CiN): 976
WnH- 703 WnH- 700 WnH- 706 WnH- 733

a) It is important to emphasizthatfor these measurements the internal standard urefN@HC 20.09 %H 4.03%, N 46.65%) hasto be
used in order to determine the @XHcontent precisely.1) Measurements were performed of a seleciegles crysta) &/ nm (Ucannot be
given). 2) Measurements were performed in aqueous sollitionng, €). 3) IR (in cm™).

Indeed, the Fetac compid could be obtained in form of tiny needllee, green colored
single crystals. However, on contact to air the green color changed within less than a minute

to brown, indicating an oxidation of e Fé". Additionally, the Fetac compound appears as
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extremely hygroscopic. Due to that, the Fetaenpound was not further characterizetl
used for experiments described beldWwe identities oMntac, Cotac, Nitac and Cuthave
been established by IR and UV/vis spectroscopy as well as elemental acfalyaisle 2.12.
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 Table2.1-2, the IR spectra (cf. Figur®.1-2) of the catena

{{ MesNH]MCI3RH,0}, (M"= Mn, Co, Ni, Cu)type compoundsire almost identicalThe
absorption band observed 263cm™* for Mntac, 3159cm* for Cotac,3138cm™* for Nitac

and 333cm® for Cutacis a very strong and shamnd correspond to the stretching
vibrations 3y of the [MgNH]" ions The above mentioned values acknowledge thus these
3nn vibrations All complexes exhibifurthermorebroad band betweearound ca3450 cmi .

This band corresponds to vibrations of the coordinatg® Irholecules. That the 2
molecules are coordinated follows furthermore by the appearance of shoulde@Hof
virbationsca. 723 790 cm*77,

100

o
Y

% Transmission

—— Mntac thir
—— Cotac
30 1 \‘ —— Nitac 3(Ci N)
7] —— Cutac
20 - 3nH
T T T T T T T T T T T 1
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 2.1- 2 IR spectraof theMntac (black line), Cotagredline), Nitac (blue lineand Cutac (green line).
The NH waggingu vibrations arddentified at703cm'*, 709 cm't, 706 cmi * and733cm'*

for Mntac, Cotac, Nitac and Cutarespectively Such observation have been nofed a
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similar salt (TMA)!® or compoundscontaining MA and DMA iond'’®. The Uy is
observed afl383cm't, 1382cm' ! and at1384 cm'! for Mntac, Cotac, Nitac and Cutac
respectively.The band at 1476m' ' (Mntac and Cotac), 147@ * (Nitac) and 147%m'*
(Cutac) is assigned to thigCHz). The 3,((CHs) and3s(CHz) frequencies arebserved at 2961
and 274%cm *; 2959 and 2748m *; 2955and 202 cm ' and 2%7and 278 cm * for Mntac,
Cotac, Nitac and Cutaaespectively It is important to mention, that it is difficult to
distinguish between,s(CHsz) and3{[N(CHs)s]*) bands observing only a large band with low
intensity in the region 294R975 cn 8%, The ti([HN(CHs)s]") and3(Ci N) are observed at
1446 and Y4cm' ; 1449 and F6cm' ; 1448 and BOcm' * and1447 and ¥6cm' ; Mntac,
Cotac, Nitac and Cat respectively, which is in good agreement with the data in the
literaturd' #8218 A comparison of thel([HN(CHs)s]") and 3(CiN) vibrations of
individual members of the Mtac reveals the values of both types of vibrations to be nearly
identical. Thisshould be associated with similé# in the headgroupacking that is, the

packing mode of thgfiN(CHs)3]* cations, which is indeed the case (cf. e.g. FigurelP.1
2.1.2.2. UVNis characterization

The electronic spectra dintac, Cotac, Nitac and Cutaecorded at 25 °C inl,O are shown

in Figure2.1-3 (left). Fa comparison, the electronic spectra of one individual single crystal of
these four compounds were measured at room temperature in addition (see Eigurgi).

The obtained dataave beesummarized in Tabl2.1-2.

All UVvis spectra measured in,B 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
[MesNH]" cations.The values of these absorption peaks are, not surprisingly, very similar,
indicating nearly idetical bonding/solvation situations of thiglesNH]" caions in solution.

As shown in Table&.1-2, the UV/vis measurements of Cotac, Nitac, and Cutac gave rise to
the observation of respectiveddtransitions. They are discussed in the following together
with results of UV/vis measurements of single crystals.

The UV/vis absorption peaks of the individughgle crystalsare in this respect in perfect
agreement with observations made in solution, thus[MeeNH]" absorptions are observed

for Mntac at 259 nmCotac at 269 nm, Nitac at 226 nm and Cutac at 274 nm, cf. RigliBe
(right).

The UVis spectra of Mntac measured of a single crystal deviates dramatically from those of

other Mtac members reported here, as the intensities of the absorption pea@ky aeak.
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Thisis due to the fact, that in high spin Moomplexes all electric dipole transitions are spin
forbidden. Consequently, for the UV/vis spectra of Mntakli®, no absorption between ca.
300 to 1000 nm is observed. In case of Cotac, the Ugpaestra irH,0 displays absorptions
peaks at 515 nm; for the Nitac, the UV/vis spectréli® displays absorptions peaks at 398
and 698 nm, while for Cutac, the UV/vis spectraHyO displays absorptions peaks at 803
nm. The UV/vis spectrain solution shavs clearly the presence of &oNi" and CU species

by the identification of the-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 homometalldtac compoundgM = Mn, Co, Ni, Cu)in H,O (left) and of their single crystals
(right).

As summarizd in Table2.1-2, all the spectréright) show two strag and broad absorptions
peaks betweerd4247cm™ (226 nm) and34013cm™ (294 nm), whichshould be originated

from the Me3sNH]" cations For the Mntacthe otherabsorptions peaks observed at 28490
cm’ (351 nm),27247cm™* (367 nm), 2409&m™* (415 nm) and 18976m™* (527 nm) should

be the transitions °A;14(°S) %, (*G), °A1°S) Wy(‘G), °A1°S) %A1 (*G) and
°A14(°S ) W1("G), respectively.

The assignments indicated for the Mntac compounds are in accordance with similar reported
compound$®. For Cotac, there are six additiordisorptions peaks a8529cm* (426 nm),
19342cm* (517 nm), 18315cm™* (546 nm), 16260cm™ (615 nm), 15060cm™ (664 nm) and
14409cm* (694 nm). Those absorptions peaks were identified to be caused by electronic
transitions T1o(*F ) M14°G) (23529cm?), “T1(*F ) M1g(*P) (19342cm™), *Ti('F ) YAy,
(18315cm™), “Ti('F ) W2 (16260cm™) and *“Tig('F ) ¥Ti4 (15060cm™) respectively,

which is typical for sixcoordinatehigh-spin Cd' complexe$*. For the Nitac, the absorptis

peaks at ca. 24098n™ (415 nm) and 13026m” (768 nm), with one weak shoulder at ca.
14367cm™ (696 nm) corresponding to the spin allowéd dransitions ofA,¢+ T4 (P) (1),
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3AY *Tog (33) and Ay °Ey (32) transitions respectively. The obtagnl values are in
accordance with reported data for octahedrdl &ivironmerit®!8 For Cutac, only one
absorption peak is observed at 1267 (789 nm), wich is due to electronic transiticfEg
(D)Y °Taq (D).

2.1.3. The reaction of anhydrous MnCL with [Me 3NH]CI in EtOH

According to Schem@.1-3, anhydrous MnGl has been dissolved in dried EtOH and was
treated with [MeNH]CI in the molar ratio 2:3, to givé in first experimentsThe molar ratis
between anhydrousinCl, and [MgNH]CI were changed by reacting both compounds in
dried EtOHunder anaerobic conditionsf. Scheme.1-3. All of these reactions gave rise to
the formation of{[(CHz3)sNH]3sMn.Cl;},(1), as veried by elemental analysis and single
crystal unit cell determination§he formation ofl, however, has been already described by
Caputo et aP%, who used exclusively a molar ratio between Mréid [MeNH]CI of 2:3

under normaerobic conditions.

EtOH
{IMnzCl(MesNH)s]},

landx=2;y=3(ca 64 %) (1)
4andx=1;y=5(ca 32%)

3(ca 33 %)

6 (ca 20 %)

X[MnCl,] + y[MesNH]CI

Y

PRERR
<<K<<

X X X X

Scheme 2.43 The exclusivesynthesis of® from MnChband[MesNH] CI by using different molar ratiod

It is to noticethat the variation of the molar ratios, cf. Sche@@&-3, did influence
considerablythe yeld of 1. Furthermore, crystals df are not stable on air as they are

hygroscopic.

2.1.4. Conductivity studies

Recent reporton {[(BEDT-TTF)3(MnCls),(EtOH)]},» by Naito et al'®® on {[(BEDT-
TTF),[Mn,Cls(EtOH)[} » by Miyasakaet al*'® and on{[(BEDT-TTF),[Mn,Cls(HOH)s]}» by
Leokadiyaet al™**® describes the magnetic and conductive properties of these coordination
polymers obtaing by electrocrystallization methodhll of these coordination polymers
consistof one dimensional (1D) infinite {{MnG]},, and the organic pathwayseing the
[BEDT-TTF ] moleculeqcf. chapter 1 of this thesis for more details)

Thesolid state structerof 1 is most inieresting, since it contains Mions in both tetrahedral

and octahedral environments and consmtf polymeric {MnCk} ", repeating unitsvith the
organic pathwaysdeing the[MesNH]" cations.Because of the similarity observed in the

above mentioned compouitf$*?111a and1, which is the 1D{MnCl 3}, repeating unitswe
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became interested in a conductivstudy in order to verify, whether the coordination polymer
might contribute to the conductivity. A reasonable large single crystalwads selected. In
order to allow conductivity measurement along the coordination polymer chain, its crystal
faces were dermined by a crystallographic studyihe crystal was then glued to electrical

wires byusing GE varnishiil 7031 Insulating Varnish)3*8", cf. Figure2.1-4.

Figure 2.1-4  lllustration of a typical needitke crystal ofl with sizeca. 10 mm x 0.2 mm x 0.2 mth

The conductivity measurement of the shown single crysta] of. Figure2.1-4, gave a value

of even less than 18S Anwhich means that can be regarded as a perfect insulaBased

on the comments madef. chapter 1 of this thesis) this observation is not surprising but it
was amed to verify the results observed described f¢{(BEDT-
TTF)s(MNnCls)2(EtOHY]}°®,  {[(BEDT-TTF)[Mn,Cls(EtOH)]} /***? and on {[(BEDT-
TTF)2[Mn,Cls(HOH)s]} o114

As largely discussed for the Mtac family seriasthe 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 provEff!, (comments made in general introducjiorits
conductivity was determined as well.

For the transport measurements of Catactangulasanpleswith typical dimensions ofgx

0.5 x 0.5) mnT were cut from thecrystals with an abrasive slurry ngi saw. Fouprobe
measurementsf the thermal conductivity were performed in thei 300 K range with the
thermal current along therystallographicb- and c-axes éb and ac respectively}®”.. The

shape obtained from the expeental result (see Figure 25) shows the measurement

pictures

3t Appendix A
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Figure 2.1-5 lllustration of a typicatectangulacrystal ofCotacwith sizé'

Due to thehigh resistivity obtainedor better expressed by a conductivity of 18*° S A'n
Cotacbehavslike an insulator.

From the above obtained resuitsbecomes thus obvious that th® chains of the Mtac
family members (that is, tH&Cl 3}, (M" = Mn, Fe, Co, Ni, Cu) polymeric chainscf. Figure
2.1-1) are responsible for the magnetic propertidrit these chains are noonductive.
Finally, one cannote thateven aprotonic conductivity is not observer the studied
complexes, as reported fipipH 2] [{Cu2Cle}] n (s = 102 S ADY, [{pipzH 2] [{Cu2Cle}]
(s = 10° S AW and [{melH].[{Cu-Cle}] n (s = 2.810%? S A'mcolor: redf® where the
conductivity is exclusively originated fromintermolecular hydrogen bridges (proton
conductivity), €f. chapter 1 paragraphl.2.3 andl1.2.4 of this thesisfor more details The
here reported condustiies of 1 and Cotac are approximately in the range of the latter
mentioned coordination polymé&¥®°, although the protons df and Cotac are gponded
whereas those of the latter reported complexes arédmmled, which might explain a
different conductivity behavior.

2.1.5. Synthesisand characterization of heterobt, heterotri- and heterotetra
metallic coordination polymers of the Mtac family (M" = Mn, Co, Ni, Cu)

According to Schem@&.1-4, aqueoussolutions ofequimolar amounts appropriatedifferent

{{ MesNH]M CIzsRH,0}, (M" = Mn, Co, NiandCu) Mtacfamily membersvere mixed under
heating (5C°C). After stirring, the solutions are allowed to evaporate slowly irfuhehood,
whereby theheterdi-, the heterdri- and heterdetrametallic compounds are formed in
crystalline statecf. Figure 2.14.

That the heterometallic compounds were formed couldebegnizedalreadydue to the
colour of obtained crystalline materialehich aredifferent compared to those of the starting

Mtac chains; cfFigure 2.16 for few examples.

4 Cf.Appendix A
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H,0, 50 °C
[AMXC|3 2H20]n+ [AMyC|3 2H20]n —_— [AMXM 'yCI3' 2H20]n
(@ (b) (c)
H,0,50°C
[A] = [MegNH]
X+y+z+t=1 [AM”",Cl3 2H,0],
PR H,0, 50 °C
[AMM" M M™Cl3 2H 0], -~ [AM,M" M "" Cl3 2H,0],
(e) [AM™"Cl3 2H;0], (d)

Scheme 2.14  Synthetic route used for the synthesis of heterobii and heterotetraometallicatena Chains: A = [MeNH],
M'=MIi M6 M6iBMO 6 6 W+ My CoMNi, Cu and (a3 (b) = homometallic chain, (¢} heterobimetallic chain,
(d) = heterotrimetallic chain and (e)heterotetrametallic chain.

From the already reported mixedasi1D compounds MYCo"?271 mn"/Ni", Fd'/Co"'B
andNi"/Co"'B7I8I78l it is to notice that the resulting products obtained from proper amounts
of the nmixed metal salts with thEMesNH]" cations are of the compositighMesNH][M 1. x
M’"«Cl3-2H,0]}, in which x denotes the metal percentage involved in low concentration,
call ed A i Timp mixed tmetal scompounds were characterized IRy UV/vis

spectrosopy as well as ICRAES.

CoCu MnCo MnNi

MnCoNi CoNicu CoMnCu MnCoCuNi

Figure 2.1- 6 A photo series of the homometallligterdi-, heterotri and heterotretrametallzatenachains Catenachains in whichA =
[MesNH], (x, y, z t is the percentage of each element content according to the applied molar ratio of their synthesis):
[AMNCI3-2H,0]n (Mn), [ACO0Cl-2H,0], (Co), [ACuCk-2H,O], (Cu) (Top left) [ACoxCuCls-2H,0], (CoCu)
[AMn,Co,Cl32H;0],  (MnCo), [AMNnNI,Cls-2H,0],  (MnNi) (Top right), [AMN,CaNiCls-2H,0], (MnCoNi),
[ACo.NiyCuCls-2H,0O], (CoNiCu), [ACoMn,CuCls-2H,0], (CoMnCu) (bottom leftyand [AMn,Co,CuNiCls-2H,0],
(MnCoCuNi) (bottom right).

2.1.5.1. Identification of {{Me 3sNH]Mn ,Co,Cl3-2H,0}, (Mn,Coytac)

2.1.5.1.1. IR Characterization

The IR spetra of the Mtac family series, (cf. Figuzel-2, vide suprd and those of the mixed
metal compounds.g.Mn,Caotac(cf. Figure 2.17) do not show significant differences.
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Figure 2.1-7  Single crysal IR spectra of Mntac, Cotac and Mo tac.

As fully described and assigned in the case ohttraometallic chains Mntac and Cof@ee

vide supra all the assigned bands are in accordance witldlates in thditeraturd!811182I183]

That no differences are observed is attributed to the isostructural natlirehefraembers 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/is characterization

The electronicsingle crystalspectraof one arbitrary selected heterobimetallic J@ntac
compoundogether with the homometallic Mntac and Cotac are shown in FRyiu& (left).

In order to estimate the &@mmount in the mixed metal compounds, solution absorption
spectra were measured (cf. Figdr&-8 right).

To verify, whether the spectra of theelected single crystal corresponds to that of a
heterobimetallidMn,Cotac complex he assignments given for Mntac and Cotac absorptions
peaks (cf. paragraph 2.}.&re valuable her&8y comparison, the spectrum of Meptac has

an absorption band at 2681 due to the transitiowithin the organic component ([M&H]"
ions), as observed for Mntac (nm) and Cotac (niihe absorptions bandsbserved at
28490cm™* (351 nm),27247cm™ (367 nm) and 24096cm* (415 nm) for Mn,Cajttac are the
transitions °A1(°S ) E,(‘G), °A1(°’S ) WMo('G) and PA1°S ) *A14(*G) mentioned for

Mntac. This clarifies that the compound consMn" ions.
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Figure 2.1-8  Left: Single CrystalUV/vis spedra of Mntac, Cotac and M@ogtac Right: UV/vis spectra of the mixed compounds in
water solution The blue line refers to an egiomalor mixtureMriitac and Cotacthe red line refers to a selected single
crystal ofMn,Cojtacin whichx andy has to be dermined.

The MnCaytac spectra also show similarity with the Cotac spectra9@42cm™ (517 nm)
18315cm* (546 nm) 16260cm™ (615 nm) 15060cm™ (615 nm)and 15060cmi* (664 nm)
indicating the T1o(*F ) M14G), “T1ig(*F ) M 1(*P), “T1ig(*F ) YAz, Tig('F ) ¥,y and

4Tlg(4F ) ileg electronic transitions already observed in the Cotac compading, he

UV/vis absorption bandsf the selected single crystal lih,Cojtac derived from Figre 2.1-

8 (left) clearly demonstrates, that a heterobimetallic complex has been formed.

Yet, it is important to notice that the molar ratio of Mo Cd' ions of the selected single
crystal remains unknown. As the ratio of the transition metal ions in all furthenohettallic
compounds synthesized according to Sché&ied 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 syrghesiheterometallic
compounds according to Sche@éd-4al ways equi mol ar ratiods of
monometallic Mtac compounds have been used. Thus, heterobimetallic compounds as, e.g.,
{[Me sNH]Mn,Co,Cls-2H,0}, should expected to be formed wihmolar ratio of x =y = 0.5;
heterotrimetallic compounds as, effMe sNH]Mn,CaoNi,Cls-2H,0}, should be expected to

be formed with a molar ratio of x =y = z = 0.333 and the heterotetrametallic compound
{[Me sNH]Mn,CoNi,CuCls-2H,0}, should be expected e formed with a molar ratio af
=y=z=1t=0.25. This expectations are based on the descriptions made for already reported
heterobimetallic compounddn'/Co"?2171 Mn"/Ni", Fd'/Co"® andNi"/Co'B7I=8ILE] - Ag

it will be shown, ideal compositions have never been observed.

Determination of" N'"haad Qi &dnten id ketermrhetallichvitafantlyp

member compoundsA single crystal of the heterohiheterotrd or heterotetranetallic

compound, having a certain weightis selectedand dissolved in a defined volume of water

(V1). From the individual homometallic compound appropriate masseshsmn calculated to
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give a mixture with the mags as well, and these mixtures were dissolved in water of the
volume Vi. The calculations of the masses of the individual homometallic compounds
acknowledge thereby the i d detdrotr egduhetenaietra r rat
metallic compounds as described above.

For example, a selected single crystaMof,Caotacweighted 13.8 mg and was dissolved im 6

mL H2O. Their UV/vis spectrum ishown in Figure2.1-8 (red line). Equimolar amounts of

Mntac (68 mg) and Cotac (7 mg) were dissolved together in 6 D & well. The UV/vis

spectra of this mixture are shown in trig2.1-8 as well (blue line). The UV/vis absortions of

both solutions (due to the here preseff Cons) are both pwithREng at
0.035 for the single crystal dn,Cojtacand 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 MnCaotac single crystal should be described as &7 and y = 0.30, thus a single

crystal with of the formula Mg/Cqy stac has been selected for measurenierthe following,
however, precise mol ar rati oos wi || not b €
measurements of selected single cryst#isheterometallic compounds are compared to

UV/vis measurements of mixtures of the respective homometallic compounds in expected

i deal mol ar rati oos.

The above shown UV/vis spectra, Eigure 2.1-8, and the corresponding calculation of the
molar ratioof the Mrl' and Cd ions for a selected single made clear, that despite mixing
Mntac and Cotac in an equimolar ratio no single crystal of the ideal composition
{IMe sNH]Mn( sC sCl3-2H,0}, has been formed. It is not shown here, that other selected
singlecrystals of this reaction bench were in addition never of the ideal composition but had

instead variabl'"and€hitns.o6s bet ween Mn
2.1.5.2. Identification of {{[Me 3NH]NixCu,Clz-2H,0}, (NixCuytac)

According to Scheme P-4, single crystals of the mixed[MesNH]Ni,CuCls-2H,O},
heterobimetallic chains were prepared by evaporating an aqueous solution containing
equimolar amounts of [MesNH]NIiCl3-:2H,0}, and {Me3sNH]CuCk:-2H,0},. The yellow

green crystals were obtained with good yield (ca. 61 %) after 6 dag®rattemperature.

From the obtained crystals, selected ones were used for further measurements. The identity of
{[MesNH]Ni,Cu,Clz-2H,O}, could be proved by means bfV/vis spectroscopycf. Figure

2.1-9
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Figure 2.1-9  Left: Single CrystalUV/vis spectraof Nitac, Cutac and the Mutac. Right:UV/vis spectra of the mixed compounds in
water solution The blue line refers to an egiomalor mixtureNifac and Cutacthe red lire refers to a selected single
crystal ofNi,Cutacin whichx andy has to be determined.

The assignments given f@utac andNitac absorptions peaks (cf. paragréph.2.2) are
valuable hereBy comparison, theingle crystabpectrum oNixCutac has ao an absorption
band at Z4 nm due to the transitiowithin the organic component ([M&H]" ions). The
absorptions bandsbserved a29239cmi* (342 nm), 22727cm™* (440 nm) and 19379cm’™

(519 nm) for Ni,Cutacare the transition¥A,¢ *Ti4 (P) B1), 3AxY Ty (33) and®A,, °Eg

(32) mentioned foMitac. The slip shift of the peak observed at 415 nm in Nitac may be due
the interaction between the two different metal ions. Thealasorption peak is observed at
12674cm* (789 nm), which is due telectronic transitior?Eg (D)Y Zng (D) observed for
Cutac TheUV/vis absorption bandsf NiyCutaccontent both the Nitac and Cutac spectra.

This provesonce again with doubt that th&//vis spectra of the mixed metals compounds are
the sum of individuaspectrum.

In order todetermine whether the ratio between thé &lid CU ions of the selected single
crystal corresponds fgMe sNH]Nio sCuy sCl3-2H,0}, or not, Figure2.1-9 displays its UV/vis
spectra with those obtained of an equimolar mixture ¢ddNand CutacAs referred from
Figure2.1-9 (right) it can be ruled out that the isolated single crystal was of the composition
{[Me sNH]NisCuw sCls-2H,0} . It is not shown here, that other selected single crystals of this
reaction bench were in additone ver of the i deal composition
between Ni and CU ions.

2.1.5.3. Identification of {[MesNH]CoxCu,Cl3-2H,0}, (CoCuytac) and of

Single crystals of the general composition of {Nél]Co,Cu,Cls-2H,0}, (CoCutac) and
of {{MesNH]Mn,Ni,Cl3-2H,0}, (MnyNiytac), respectively, have been obtained according to
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Scheme 2-4. One single of C&utac and of MgNiytac, respectively, has been isolated and

its single crystal UV/vis spectra has been measufeBigure2.1-10, above.
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Figure 2.1- 10 Above left:Single Crystal UV/vis spectraf Cotac, Ctac andCo,Cutacand Above rightSingle CrystalUV/vis spectraof
Mntac, Niac andvin,Nijtac. Below. UV/vis spectra of the mixed compounds in water solutibthe Mn,Nijtac The blue
line refers to an egiomalor mixture Bintacand Niac,the red line refers to a selected single crystaliofNi,tac inwhich
x andy have to be determined.

The spectrum of G€utac (Figure2.1-10, above lefthas an absorption peak at 274 nm due

to the transition within the organic component (BMEI]* ions). The shape of band between

274 and 338 nm is identical to theeoof Cutac. The shoulders observed at 425 nm for Cotac
disappear in the GEutac spectrumThe absorptions peakdserved at 517 nm (sh), 551 nm

(sh) and 615 (sh) nm are identical to the one observed in the Cotac compounds which
correspond to thé'Ti(*F) YA1(°G), “T1i(*F ) M1(*P) and *Ti(*F ) YA, electronic
transitions In the individual spectrum the absogpis peaks observed at 546 faot&c is red

shifted in theCo.Cutac spectrumThe last absorption peak at 789 nm correspond to the
electronic tansition 2Eg (D )2'ﬁ"ég (D) already noticed in the Cutac compounds. The
CoCutac spectrumdisplays thus thecontentsof both the Cotac and Cutac individual

spectrumand the successful formation ©b,Cutaccan be referred from.it
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In this case, however, it not shown that the single crystal were even here of the ideal
composition{[Me sNH]Coo sCup sCl3-2H,0} ..

Thespectrum of MgNiytac (Figure 21-10, above righthas an absorption band at 259 nm due
to the transition within the organic component (BMEI]" ions). The absorptions bands
observed at351 nm and 367 nm for Mn,Nijtac are the transition$A;4(°S ) “E4(*G),
°A14(°S ) 424("G) mentioned for Mntad=urthermore, the absorptions peaks at 328 nm (sh),
440 nm and 515 nm observed for ti@,Nijtac spectrum has been identified in the Nitac
compound This clarifies that theselected single crystabntairs Mn" and Ni' ions and the
successful formation d¥inyNiytaccan be referred from.it

In order todetermine whether the ratio between the'Mnd NI' ions of the selected single
crystal corresponds Me sNH]Mng sNig sCls-2H,0},, 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 Figu1-10 below the molar ratio betweeMn" and Ni' is not 1:1.
This has been been verified for additional selectegles crystals as well, which had always

different MA":Ni"r at i o6 s .

2.1.5.4. Identification of {[Me3NH]CoxNi,Cu,Cls-2H,0}, (CoxNi,Cu tac)

124 —— cotac
— Nitac 0,50 4

1,0 —— Cutac
— Co,Ni Cu tac

—— CoNiCutac
— CoNi Cu,tac
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Figure 2.1- 11 Left: Single Crystal UV/visspectra ofCotac, Nitac,Cutac andCoNi,Cutac Right: UV/vis spectra of the mixed
compounds in water solution. The blue line refers to an egiomalor mixt@etat, Nitac,Cutac,the red line refers to a
selected single crystal @foNiy,Cutacin whichx, yandz have to be determined.

Thespectrum of the selected single crystal of the proposed compdSaibii,Cutac (Figure
2.1-11 left) shows three different regions corresponding to the three differexttls content.
The absorptiopeals at 274, 338&nd 789 nm observed in the 8l,Cutac spectrum has also
been observed in the Cutac spectriarther the absorptiorpeals observed at 434 nm is
identical to the one observed for the Nitac compo#ihlly, the other three peaks observed
at 527, 555 ath 610 nmarethe one already seen in the Cotac spectrum. The peaks obaktrved

334 and 415 nm for Nitac dippear here, but are replaced by large bands around this region.
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Thespectrum of the selected single crystal displays thusah&ntof Cotac,Nitac andCutac
individual spectrum although the interaction between the different metals ions allows some
transitions to be very wealHowever, the successful formation of single crystals of the

composition CeNi,Cutaccan be ruled out of it.

In order todetermine whether the ratio between the' CNi" and CU ions of the selected
single crystal corresponds {fMe sNH]Cop 33Nio.338C U 33LCl3-2H,0}, or not, Figure2.1-11

(right) displays its UV/vis spectra with those obtained of an equimolar mixture taic,Co
Nitac and Cutac. As it can be referred easily from Figuiell the molar ratio betweethe

Cad', Ni" and CU is not 1:1:1. This has been verified for additional selected single crystals as

well, which had always different ElNi":Cu'r at i 06 s .

2.1.5.5. Identification of {[Me3sNH]Mn,Co,Cu,Cls-2H,0}, (Mn,CoyCutac)
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Figure 2.1- 12 Left: Single Crystal UV/vis spectra of Mntac, Cotac, Cutac & CaCutac. Right: UV/vis spectra of the mixed
compoundsn water solution. The blue line refers to an egiomalor mixture of Mntac, Cotac, Cutac, the red line refers to a
selected single crystal 8n,Co,Cutacin whichx, yandz have to be determined.

The spectrum of the selected single crystal of the propasedposition MRCo,Cutac
spectrum (Figure2.1-12 left) shows three different regions corresponding to the three
different metals content. The absorptions peaks at 276 (sh), and 790 nm kstifitestlby 2

nm observed in th®n,CoCutac spectrum has aldabeen observed in the Cutac spectrum,
with the latest corresponding to tFEeg( D )z'ﬁ"ég (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 valuesf 517, 546 and 616m 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 mixeMn,CoCutac spectrum and only a large band is observed in that

region. Their absence in the mixédn,Co,Cutac spectrum is not surprising due to their very
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low intensity in the Mntaspectrum. Thepectrum of the selected single crystal displays thus
the contentof Mntac, Cotac andCutac individual spectrum although the intetran between
the different metals ions allows some transitions to be very wdaWever, the successful

formation of single crystals of the composition J@o,Cutaccan be ruled out of it.

In order todetermine whether the ratio between the'Mad' andCu' ions of the selected
single crystal corresponds {fMe s3NH]Mng 334C 00 338C U0 33Cl3-:2H,0}, 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 teeeneasily from Figue 2.1-12 the molar ratio betweetime Mrl', Cd'

and CU is not1:1:1. This has been been verified for additional selected single crystals as

well, which had always different MoCo":Cu'r at i 06 s .

2.1.5.6. Identification of {[MesNH]Mn«Co,NiCls-2H,0}, (MnxCoyNitac)

— Mntac

—— Cotac

Nitac

0.8+ Mn Co Ni tac

1,0 -

0,6

0,4

0,24

Absorbance

0,0

-0,2
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Figure 2.1- 13 Left: Single Crystal UV/vis spectra of Mntac, Cotac, Nitac ad,CoNiztac. Right: UV/vis spectra of the mixed
compounds in water solution. The blue line refers to an eqiomaiaure of Mntac, Cotac, Nitac, the red line refers to a
selected single crystal Mn,CoNitacin whichx, yandzhave to be determined.

Thespectrum of the selected single crystal of the proposed compositigoMintac (Figure

2.1-13 left) show an aborptions peak at 274 nm similar to the one seenefgr,the Cotac
spectrum. The absorptions peaks at 351 and 367 nm observed for the Mntac spectrum did not
appeared in th&n,CoNitac, whereas a peak at 314 amd a large band between 2584

nm areobserved. In additio absorptions peaks observedbab, 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 thdntac andNitac individual spectrumThe spectrum of theselected

single crystal displays thus theontentof Mntac, Cotac andNitac individual spectrum
although the interaction between the different metals ions allows some transitions to be very
weak However, the successful formation of single crystals ottdmeposition MRCoNitac
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can be ruled out of iin this case, however, it is not shown that the single crystal were even
here of the ideal Compositic{[Me 3NH]Mno.33£Q).33§Ni0.333C|3'2H20}n.

2.1.5.7. Identification of {[Me3sNH]Mn xNiyCu,Clz-2H,0}, (Mn«NiyCu,tac)

As observed for the other heteratnetalic compounds, théin,Ni,Cutac 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 Motamspulid not
appeared in th&n,Niy,Cutac, whereas a peak at%nm and a large band betwez6-384

nm are observed. In addition absorption peak obsern/&@dlBatsh) have not been identified. It
could be thatthe absorptions peak observed at 527 nrivlimac arered-shifted heredue to

the interactions between Mrand NI' ions. The last absorption peak observed at 786 nm
could be identified as the as théEg( D )Z'Iﬁ'ég (D) observed for the Cutaghe spectrum of

the selected single crystal displays thus ¢batentof Mntac, Nitac andCutac 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

MnyNi,Cutaccan be ruled out of it.
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Figure 2.1- 14  SingleCrystal UV/vis spectra of Mntad\itac, Cutac andMn,NiyCujtac. Right: UV/vis spectra of the mixed compounds in
water solution. The blue line refers to an egiomalor mixture of MiNaag, Cutac, the red line refers to a selected single
crystal ofMn,NiyCutacin whichx, yandzhave to be determed.

In order todetermine whether the ratio between the'MXi" and CU ions of the selected
single crystal corresponds {Me sNH]Mng 33Nio 33 W 33L13-2H,0}, or not, Figure 2-14

right displays its UV/vis spectra with those obtained of an edammoixture of Mntac, Cotac

and Nitac. As it can be referred easily from FigBre14 the molar ratio betweehe Mrl',

Ni" and CU is not 1:1:1. This has been been verified for additional selected single crystals as

well, which had always different MiNi":Cu'r at i 06 s .
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2.1.5.8. Identification of {[Me3sNH]Mn,Co,Ni,Cu;Clz-2H>O}, (MnxCoyNi,Custac)

The spectrum of the selected single crystal of the proposed compositig@iofin,Cutac
(Figure 2.1-15 left) is not so easy to splihto individual contributions of # four different
homometallic Mtac compound# shows an absorptionpeak at 2T (sh) nm which could be
the peak observed for Cutac at 274 nm, but is slightly blue shiftesl.absorptions peaks
observedat299and422nm could be assigned to the peaksyiouslyobserved for the Mntac
(415 nm) and Nitac (294, 415 nrapectrumrespectively.The other three absorptions peaks
observed at B3, 544 and 6B nm whicharered/ blue shifted from the original values of 517,
546 and 61%mm respectively, are similato those observed in the Cotac spectrum
Furthermore, at around ca. 798 nm is observed a peak, which could be attributed to the
electronic transition$AyY >Toq (33) and °Ey (D)Y *Tog (D) presents in the Nitac and Cutac
spectrum respectively. It is not obvious to really affirm the presence of thénMine region

betweer266-384nm since those peaks did not appear here.

— Mntac
1,2 4 —— Cotac
— Cutac
1,0 —— Nitac

— Mn,Co Cu Nitac —— MnCoNiCutac
— Mn Co NiCutac
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Figure 2.1- 15 Single Single Crystal UV/vis spectra of Mnta€otac, Niac, Cutac andMn,CaNiCutac. Right: UV/vis spectra of the
mixed compounds in water solution. The blue line refers to an egiomalorrenottMntac,Cotac, Ntac, Cutac, the red
line refers to a selected single crystaMof,CoNi,Cutacin whichx, yandz have to be determined.

The spectrum of the selected single crystal displays can be thus considered only to contain
contributions ofthe Mntac, Cotac, Niac andCutac individual spectrumHowever, the
successful formation of single crystals of the compositmCo/Ni. Cutac should be ruled
out of it. For a precise final assignment of the metal content(s) a®E3and/or and AAS

study would be required.

In order todetermine whether the ratio between the'Méd', Ni"' and CU ions of the
selected single crystal corresponds{ftde sNH]Mng 25C0y 29Nip 26Clp 25Cl3-2H,O}, or not,
Figure2.1-15right displays its UV/vis spectra with thosbtained of an equimolar mixture of

Mntac, Cotac, Nitac and Cutac. As it can be referred easily from Figlisisls2he molar ratio
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betweerthe Mr', Cd', Ni"" and CUl is not 1:1:1:1. This has been verified for further selected

single crystals as well,vich had always different MnCo":Ni":Cu'r at i 06 s .

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 mateéal (single crystal) of heterobito tetrametallic Mtac compounds
reproduceable. It is thus of interest to investigate, whether individual single crystals do
possess the same molar ratiobs of respective
As the single crystals formed of the reaction of Nitac and Cutac of the general composition

{[Me sNH]Ni,CuCls-2H,O}, (X + y = 1) were extremely large and did exceed weights of 30

mg, one of them was isolated and cutted into two pieces (fieoel piece?). Both pieces

have been subjected to an KOES measurement to determine their individual atfid Cu

contents. As shown in Tabl2.1-3, the ratio between the Niand Cucontent deviates
significantly between pieckéand piece 2. That result underlines that ia$ only impossible

to obtain single crystals of heterelo i tetrametallic 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 crystalstained according to Scherfi€l-4 possess

an fiequal distributi ofionsef=MnhGs, Ni, @uthrougheut of r e
the crystal. The ICEDES measurements mentioned here to check the uniformity of the

{[Me sNHINi,CuCls-2H,O}, (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 arenifonrm as

reported fof[Me sNH]Ni,CuCls-2H,0}, (X +y = 1).

Table 2.1- 3 ICP-OES: Ni and Cecontent (mas$6) of a selected single crystal of the compositiofChjtac cutted into piece 1 and
piece 2
Piece 1 2
Ni Cu Ni Cu
5.020.65 18.360.65 2.25°1.02 2172°0.98

As a consequence, further characterization of obtained materials of heter@hiametallic
Mtac compounds have not been performed, as individual single crystals cannot be obtained

reproducible. Furttrmore, and this is astonishing to notice, all reports describing physical

®Ct. Appendix A, andCP-OES meandnductively 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 possibd®embinations transition metal ions of
heterobimetallic Mtac (M= Mn/Co, Mn/Ni, MnCu, Ca/Ni, Co/Cy) are accessible as well as

all possible combinations of heterotrimetallic Mtac compounds. The successful formation of
the heterotetrametallic compound wgthermore 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 crysta 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,@ Hnder the

given reactiorconditions. 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 Heintteal .

Finally, it was of interest to transfer memberstlod homometallic Mtac family series into

thin films on, e.g., Si wafers and for a potential study of the magmsical activity of such

thin films. For the fabrication of the thin films the sioating method was supposed to be
applied. This method redres to acknowledge certain different influencing parameters as, for
example, the weltonsidered choice of the solvent. As water, in which all members of the
homometallic Mtac family series are wshbluble, is less suited for spamating, 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 desdribed n

2.1.6. Recrystallization studies of Mtac coordination polymers (M = Mn, Co,
Ni, Cu)

As shown in Schem@.1-5, all previously described homometallic mieers of the Mtac
family (M" = Mn, Co, Ni, C) have been subjected to diffusion controlled recrystaitinat
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 haleattsolubility of all
studied Mtac compounds in EtOH.should be mentioned here that commercially available
EtOH has been used with an EtOH content of ca. 95%.0However, test tubes containing
all EtOH solutions of the individual Mtac compoundsvéndeen placed in Schlenk tubes

partially filled with EtO, allowing diffusion controlled recrystallization.
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solvent = MeOH
> {[MesNH]MCl3 2H,0},,
M'" =Mn, Co
{[MesNH]MCl3 2H,0}, + solvent solvent = MeOH
M!' = Mn, Co, Ni, Cu , —>  {[MeNH]5Cu,Cls},
recrystallized by slow
diffusion of Et,0 M!'=Cu
solvent = EtOH
— {[MesNH]MCl3 2H,0},,
solvent = MeOH " )
M" = Mn, Co, Ni, Cu
M = Ni

L

{{IM&NH]MCl3 2H,0},  {[MesNH]3[NiCI][NiCl3]}, {[MesNH][NiCl3]},
Nitac Nitacl Nitac2

Scheme 2.45 Recrystallization otatena{[Me sNH]MCIsPH,0}, (M" = Mn, Co, Ni, Cu) type complexes.

As shown inScheme 2.5, 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, eleental analysis and unit cell checks by single crystaly 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
reaystallization of Cutac the exclusive formation of light brown needles was observed; Cutac
forms green blocks when crystallized from water. The identity of the brewdles has been
checked to b§[Me 3NH]sCuw.Cl:}, by a unit cell check of a single crystétray diffraction

study and this revealed this compound to already describ@layyet af'®?. In case of the
recrystallization of Nitac an astonishing observation could be made, as three different types of
well shaped single crystalmvebeen formed, cf. Figur2.1-16. These three different types of
crystals have been identified to be{[MesNH]s{NiCl{NiCl 3}}, (Nitacl),

{[( MesNH|{NICI 3}} » (Nitac2) and{[Me sNH]NICl3-2H,0}, (Nitac), cf. Schem@.1-5.
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Figure 2.1- 16 Crystals of {[MeNH]{NIiCI/{NiCl 3}}, (green needles), {[(MAIHK{NIClg3}}, (brown rhomboedric) and
{[MesNH][NiCl3-2H,O]}» (yellow rhomboedric) obtained from recrystallization of {[MBIH][NiCl;-2H,O]}, in
methanolic solubn vs diethyl ether.

In the following the characterization of these three differeftdgntaining complexes is

discussed.
2.1.6.1. Single crystal X-ray diffraction studies of Nitacl and Nitac2

2.1.6.1.1. The solid state structure of{[ MesNH]{NiCl /{NiCl 3}},
(Nitacl)

Crystals ofNitacl, suitable for single crystal-Kay diffraction studies, have been obtained by
recrystallization of the Nitac compound accordingSttheme 2.b. The molecular structure
of a representative symmetry grown part of the asymmetric unit of Ngagtiown in Figure
2.1-17, Table 2.14 and 2.15 summarizes on selected bond lengths, bond angles. Crystal and
structural refiement data are given in Tabkl in annexs. Nitad crystallizes in the
hexagonal space group6(3)/mc The solid state structuref Nitacl consists of{NiCl 3},
coordination polymersomprising the atom Ni2, cf. Figur2.1-17, together with discrete
{[Me sNH]3[NiCl 4]} * setups which are displayed in Figurd-28. Thus, in the solid state of
Nitac1Ni" ions in both tetrahedral andtahedral coordinain environments are observed

the hexagonal lattice{NiCl 3}, 1D coordination polymershains of facesharing NiQs"
octahedra run parallel to tleeystallographic axescf. Figure 2.118.

A comparison of the intrachain bond distes and bond anglegthe {NiCl 3}, fragment of
Nitacl with thoseof compounds comprising related fragments likslesNH][MnCls]} 1%
(TMMC), {[MesNH]s[Mn,C1]} L°¥ (TsM,Cl;) and even Nitac as precursor of Nitaaid
Nitac2, cf, below,showsthem to bequite similar. In TMMC, the MnC{" octahedron is
distorted by a lengthening along the chain axis, as if the chain had beenIpiglederestng

to notice, that the solid state structure @MI}Cl; is almost related and even isomorphic

compared to that of Nitacl.
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Figure 2.1- 17 ORTEP diagram (5@ ellipsoid level) of a representative symmegrpwn asymmetric uh of [{(Me3sNH); (NiCls)
{NiCl 3}}] » (Nitac 1), displaying the principal composition of the solid state structukita¢l of {NiCl 3}, coordination
polymers together with {(M@&H)(NiCl,)}* setupsOf the {(MesNH)(NiCl,)} * setups only one hydrogen bondétetNH)"
cation to the (NiC)* cations is showrSy mme t r y ixe B,&y: +06 26, ziy+1,%i§2 +10Baiy+6Co6 x,
1, zZix+WiR6 + 1ix+y+1i&EHZ°

The dscrete {[MesNH]3[NIiCl4]}" setups, comprising the Nil andynsmetry related
equivalent atomsare located between tiRiCl 3}, chains cf. Figure 21-17 and 21-18. Data
of the N'H® CI hydrogen bond are given in la 2.15.

Figure 2.1- 18 Selected part of the crystal structureNifaclindicating the orientation of thi\iCl 3}, chains along the crystallographic
c-axes and of the discrefiMesNH][NiCl}*s et ups acti®ng as fAspacersbod

®ct. Appendix A
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Table 2.1- 4 Selected bontengths (A) and angles (°) of Nith&®

Bond lenghs Bond angles Bond angles

Cl1- Nil 2.2623(8) ClI1-Nil-CI3  95.51(7) Cl1- Nil- CI1A 111.56(3)
Cl2- Nil 2.2681(17) Cl2-Nil-CI3  84.43(7) Cl1- Nil1- CI2 107.29(3)
CI3- Ni2 2.4159(10) ClI2-Nil-CI3  96.23(6) CI3- Ni2- CI3D 84.76(4)

Ni2- CI3- Ni2A 77.83(19) CI3- Ni2- CI3A 179.96(5)
CI3- Ni2- CI3E 95.276(14)

Symmetry ixe2ig: +6 R ZzZix+y,itx/ 2. 1oxBag+1iaEDz.

Table 2.1: 5 Selectecbond lenghts (&) and angles (°) of intermolecular hydrogen bonds of Nitac 1
DiH"A DiH HA DA DH"A

N1i HIN-CI2 0.80(4) 2.61(4) 3.258(3) 139(3)

Table2.1:6  Comparison of selected crystallographic data and bond lenghts and angles of*ffIm.,CI;*”, Nitac, Nitacl and

Nitac2.

Compound TMMC TsM,Cl; Nitac 1 Nitac 2 Nitac
space group Pcmn P6(3)/mc P6(3)/mc Pnma Pnma
a(A) 8.937(7) 14509 (19) 14.243(5) 14.172(13) 16.677(5)
b (A) 6.474(8) 14509(19) 14.243(5) 6.1450(5) 7.169(2)
c(A) 14.396(8) 6.415(7) 6.073(2) 8.906(8) 8.103(2)
Mi Cli M (°) 77.93(8) 77.46(8) 77.83(19) 77.737)- 93.35(3)

79.74(8) 79.49(7) 95.84(3)
Mi Cl (A) 2.525(2) 2.369(3) 2.2623(8) 2.4338(18) 2.4145 (7

2.573(2) 2.559(3) 2.4159(10) 2.448%19) 2.4635(7)
MiM (A) 3.247 3.208 3.070 3.034 3.5843 (10)
Cli Mi CI (°) 83.7187) 85.20(9) 84.76 83.77(6) 84.29(3)

84.12(8) 95.00(9) 95.28 96.23(6)

2.1.6.1.2. The solid statestructure of {[(MesNH]{NIiCl 3}}» (Nitac2)

Crystals of Nita2, suitable for mgle crystal Xray diffraction studies, have been obtained by
recrystallization of Nitac according to Schen®l-5. The molecular staiure of a
representative symmetry grown part of the asymmetric unit of Nisashown in Figur@.1-

19, Table 21-7 sunmarizes on selected bond lengths @atd angles. Crystal and structural
refinement data areivgen in TableAl in annexes. Nitd crystallizes in the orthohrombic
space grougPnma The sold state structure of Nit&ccomprises {NiC{}n coordination
polymes together with hydrogen bonded [M&H]" cations.The prominent feature of this
structureare the infinite (NiCk), chains which run parallel to the axis as illustrated in

Figure 2.1-20. Each pair oiNi" atoms along the chain are bridgeglthree choride ions, the
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chloride ions being located on the mirror planes midway between adjdideatoms.Three

Ni- Cl bond distances ar2.433§18) and 2.448%19) A, respectively.Both of these are
considerablylargerthan the value 02.351 and2.405A reportel for similar bond lengthin
{[MesNH][NiCl3]} 8. The coordinatiomround theNi" atom corresponds to an elongation of

a normal octahedral arrangement along the direction of the chain coupled with a rhombic
distortion in thex direction. The four uniquéCl- Ni- Cl bond angles ar&3.77, 84.43,

95.57, and96.23. The N Cl distance are in the range normathnsidered to constituteiN

H---Cl hydrogen bondscf. Table 2.18, and also contributes to the stability of this type of
complex.

C1A C16 c1B

CH

Figure 2.1- 19 ORTEP diagram (5% ellipsoid level) ofa representativeymmetrygrown asymmetric unitof [{(MesNH)(NiCls)}n]
(Nitac2), displaying the principal composition of tselid state structure of Nitdcof {NiCls}, coordination polymesr
together with hydrogen bonded [MH]* cations. Of the [MgNH]*cationsonlyNny dr ogens are shown. Labl
refers to #'to the ' symmetry gearated asymmetric unit of Nitac

Table 2.1- 7 Selected bond lengttfd) and angles (°) of Nitac2

Bond lengths Bond angles Bond angles

Cl1- Nil1 2.4338(18) Cl1-Nil-CI3  95.51(7) CI3- Ni1- CI3B 180.0
Cl2-Ni1 2.4485(19) CI2-Ni1-CI3  84.43(7) CI2-Ni1- CI3B 180.0
CI3- Ni2 2.4027(19) CI2-Ni1-CI3  96.23(6) Cl1- Ni1- CI1B 180.0

Nil- CI2- NilA 77.72(7)
Ni1- CI3- NilA 79.49(7)
Nil- Cl1- NilC 78.28(7)
CI3- Nil- CI2B 84.49(7)
Cl1- Nil- CI2B 83.77(6)

"ct. Appendix A
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Figure 2.1- 20 Graphical illustration of a selected part of the crystal structure of Nitdih views along the crystallographie (above,
left), a- (above, right) and perpendicular to theaxes (below) to displayhe orientation of the {NiG}, coordination
polymersalong the crystallographizaxes and the interaction of the [M#H]+ cations to if.

Table 2.1- 8 Selected bond lengths (A) and angles (°) of intermolecular hydrogess bbhttac 2.
DiH"A ™ HA DA DiH"A

N1i HIN-CI2 0.91 2.36 3.258(13) 170

2.1.6.1.3. Comparative IR and UV/vis characterization of Nitac, Nitacl
and Nitac2

As described above, the three different types of single crystalline material, cf. Figpire, 2.
obtained by recrystallization of Nitac according to Sche@@-5 corresponds to

{{ MesNH]3[NICI4[NiCl3]}n (green, Nitacl) {[MesNHKNICI s}} , (brown, Nita@) and

{[Me sNH]NICl3-2H,O} , (yellow, Nitag. 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 aystallography. For comparison, elemental analysis, UV/vis and IR data of Nitac are
given in Table 2-9 together with those of Nitacl and Nitag&cording to IR and UV/vis
measurements of Nitac, Nitacl and Nitac2, cf. below, no completely differentaspese

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 Nitacl Nitac2 Nitac

Color green Brown yellow

EA (%) Calc. Exp. Calc. Exp. Calc. Exp.
C:18.61 C:18.26 C: 16.00 C:15.91 C:1379 C:13.49
H: 5.54 H:5.71 H: 4.48 H: 4.64 H: 5.40 H: 5.05
N: 7.07 N: 6.84 N: 6.22 N: 6.07 N: 5.36 N: 502

MeOH MeOH MeOH

UV/vis? I: 226(143) I: 229(138) I: 229(140)
I 294(1.93) l:  292(1.98) l:  292(1.98)
N:  415(7.6) N:  416(33) N:  416(30)
IV: 693(2.7) IV:  696(9.8) IV: 696(9.9)
V:  768(3.1) V:  768(14.2) V:  768(14.3)

IR? 3.{-N"(CHs)3): 3009, 3020, 380 3a{-N"(CHs)3): 3027, 3032 3.{-N"(CHs)3): 3030, 3033
s (-N*(CHy)3): 1448 Us (-N*(CH)s): 1448 tis (-N*(CHg)a): 1447
3(Ci N): 980 3(CiN): 978 3(Ci N): 980

1) Measurements were performed in methanolic solutidm, €). 2) IR (n cm).

2.1.6.1.4. IR characterization

The IR spectra dlitacl, Nitac2 and Nitaare shown irFigure2.1-21. The absorption bands
at 3138cm* for Nitacl, 3139cm™ for Nitac2 and 314@m™ for Nitac are very strong and
sharp and displays weak shoulders which correspond to the istgetithrationssNH™ of the
[MesNH]* cations.The NH wagging vibratiowNH is identified at733cm'* and 728&m'*
respectively for Nitacl, Nitac2 and NitaBuch observation have been notedsimilar
compounds, containing TMA and DMA idhS!. The band at 147&m'* (Nitacl), 1473cm'*
(Nitac2) and 147Em' * (Nitac) is assigned t@i(CHs) vibrations The 3.{(CHs) and34(CHs)
frequencies are observed at 2955 and Zr9Z; at 2965 and 2758m' ! and at 2966 and
2753cm * for Nitacl, Nitac2 and Nitacrespectively It is important to mention that it is also
difficult to distinguish betweeB,(CHs) and3g[HNMes]*) bands,asonly a large band with
low intensity in the region between 2940 and 2665" is observed The 3([HNMej]")
vibrationsfeature appears as a shoulder of weak intensity at@848and a very weak band
in 2959cm * for Nitacl. The degenerasad[HNMes]*) band splits into three peaks at 3009,
3020, and 3036m' * for Nitac1, while in the case of Nitac2 and Niiads only splitted into
two peaks at 3027, 3032 and 3030, 3688, respectively. This confirms that tfigNMes]*
stretching vibrations are slightly sensitive to different intermolecular interactiorshafe
andthis was already mentioned lrdadolnik et dt’”. The tis (HNMes]*) and3(Ci N) are
observed at 1448 and 9801 *; 1448 and 978m ', 1447 and 98@m * for Nitacl, Nitac2
and Nitac, respectively, which is in good agreement with the data in the litefaftfid!s3.
The nearly identical values observed fas([HNMes]") and 3(CiN) bands should be
associated with the similarity in the headgroup packihgdescription of the respective solid

State structures.
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Figure 2.1- 21 IR spectra of Nitacl (red line), Nitac2 (violate) and Nitaggreen line).

2.1.6.1.5. UV/vis Characterization

The electronic spectra tiie three Nii containing complexeblitacl, Nitac2 and Nitawere
recorced at 25 °C in MeOH (Figur2.1-22). The obtained data are summarized iblg&.19
and themaximum absorpon peaks of Nitacl, Nitac2 and Nitamd their corresponding
transition are given iifable 2.110 below.

The UV/vis spectraf all three compoundshow nearly identical absorptiqueaks cf. Table
2.1-9. Five absorptionsat 226, 294415, 693 and 768m for Nitacl as well as &29, 292
416, 696 and 768m for both Nitac2 and Nitac could be identified.

All the spectra showwo strong and broad absorptipraks around 24098n™ (415 nm) and
13020cm™ (768 nm), with one weak shoulder at ca. 1486 (696 nm). Two additional
absorptions peaks at ca. 444" (226 nm) and 34018m™ (294 nm) are observed, which
should be originated by the [MéH]" cations.The other absorptionsesemble to thosef

" Lo1][192][103][194]195] Tha spectra, in

other octahedral or nearly octahedral” Niompound
general, agree well with that reported Wfilett et al’®® for other existig Ni"i complexes

with [MeNH;]" cations
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Figure 2.1- 22 UV/vis spectra ofNitacl, Nitac2 andNitac recordel in MeOH at r.t[Nitacl]= 0.114 M, [Nita2]= 0.223 M and [Nital=

0.231M.
Table 2.2 10 Maximum absorption peaks of Nitacl, Nitac2 and N{&ex nm) and their possible transition.
Solvent | Compounds | *Ar *Tiy(P) | *Ax 'Eg *Aog *Tig(F)
Nitacl 415 693 768
MeOH Nitac2 416 696 768
Nitac3 416 696 768

filn an octahedral field the 3ctonfiguration hasA,y (F) as its ground sted'* . The
absorptions peaks (cf. Figure 2.4) at ca. 415, 693 andhm6&rresponding to the spin
allowed d d transitionsof Ay *T14 (P) B1), *Axg *Eq (32) andAxgY T (33) transitions
respectively(cf. Table 2.110) are in accordance with reped data for octahedral Ni
environmerit&I&e!,

There
Nitac2 andNitac with each other. That might indicate, that at least in MeOH solutions of

are no si gaavalies whemcomparingatime dJ¥/sis dataNifaas,
these three different complexes identical species are present and/offémahidspecies do
have nearly identical UV/vis absorption properties. Certainly, the different coordination
environments observed in the solid state structures for theohs of Nitacl, Nitac2 and of

Nitac3, cf. above, do not find expressions in the\il/spectra.

2.1.6.2. Magnetic characterization of Nitacl and Nitac2

2.1.6.2.1. Magnetic properties of Nitacl

fiStatic magnetic susceptibility was measured with a 7 T \&MIID magnetometer from

Quantum Design at a field of 1 T in a temperature rarigd@K.
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The temperatie dependence of thetatic magnetic susceptibility, = M/H of Nitacland the

corresponding inverse susceptibiligy * are presented iRigure2.1-23 (right).
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Figure 2.1- 23 Temperature dependence of the magnetic subdiptc =M/H and the inverse susceptibility1 for Nitacl. Symbols
represent the experimental results and solid lines correspondfittitigeresultg,

The temperature dependence of the magnetic suisiigptvas fitted to the CuriéVeiss bw.

By using this fit an effective magnetic momeruf the N{' ions in Nitacl of 3.32 nB is

observedwhich corresponds ta S = 1system, which isvery typical for NI'-comprising

complexesMoreover a Curie Weiss temperature 19K has been calculatedhich clearly

provesthe presence of ferromagneticémactions between the 'Nions in the {NiCk}, chains

of Nitacl.The saturation magnetization 4# ms/2Ni corresponds t&= 1 for eaclof the two

crystallographically differentNi" ions of Nitacl Furthermore, the shape of the field

dependence of the magnetization clearly proves the presence of two different spin systems

with S = 1, cf. Figure 21-23 (left). This data were analyzed by means of el ouin

function which describes the behavior of ateal paramagnet. THrillouin function should

describe the magnetization of the independenbéghain Ni ionsThus, dter subtracting the

Brillouin function forS = 1 from the experimental data, the resulting (rapidly saturating)

dependence correspantb the ferromagnetically coupled S #NiCl 5}, chain®®+.

It thus became clear, that the {NiG}, chains of Nitacl represents a novet{ontaining S =

1 spin chain, with thg[MesNH]3[NiCl4}" setupsbeing magnetically neinteracting. A

related dservation has been made faMR,CI*® which is structurally isomorphic to Nitacl

as discussed above. Its furthermore to be notited,the Curie Weiss temperature-09 K
of Nitacl exceeds those afsMn,Cl; (-8 K)®? as well as those of TMMG§ K)™%, which

indicates tle ferromagnetic exchange couplings of Nitacl as comparatively strong.

8 cf.

8 f.

Appendix A
Appendix A
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By comparing the Curie Weiss temperarures ¢fi,Cl/°® with those of TMMC™?, and

related complexes a nearly linear dependency between it and the crystallographically
determined MrCI-Mn angles has been deriV® Thereby it has been observed, that the
smaller the MRCI-Mn angle is, the higher is the Curie Weiss temper&tur€or Nitaclthe
corresponding NCI-Ni angle, cf. Table 21-6 exceeds the Mi€CI-Mn angle reported for
TsMn,Cl®%. That indicates that this depemty is not of general validity.

It needs to emphasized finally that it is very likely that Nitacl should be regarded as a single
chain magnet, cf. below, although the required magnetization measurements as, for example,

hysteresis measurements, have ma&rbperformed in the context of this work.
2.1.6.2.2. Magnetic properties of the Nitac2

fiStatic magnetic susceptibility was measured with a 7 T \A&MID magnetometer from
Quantum Design at a field of 1 T in a temperature rarigd@K.
The temperature dependerafethe static magnetic susceptibility, = M/H of Nitac2and the

corresponding inverse susceptibilgy'* are presented in Fige2.1-24.

fit: cI:C/(T+'q)+cO' ompH=1T

0,8 H -4 200

C = 1.4 ergK/G?*/mol

g= -6 K (FM)
S 06 c,=-0.00008 erg/G*/mol 150 5
£ E
o o
g 5
c 04 100 &
z "
=
o 02 {50

0,0
0 50 100 150 200 250 300
Temperature (K)

Figure 2.1- 24 Temperature dependence of the magnetic susceptibilityl/H and the inverse susptibility 6 1 for Nitac2. Symbols
represent the experimental results and solid lines correspondfittitigeresults (see the teXt)

The temperature dependence of the magnetic suisiigptvas fitted to the CuriéVeiss bw.

By using this fit an effective magnetic momenof the Ni' ions in Nitac2 of 2 nB is
observed, cf. Figure P-24, which corresponds ta S = 1system, which isvery typical for
Ni"-comprising complexedvioreover a Curie Weiss temperature 6 K has been calculated,
which clearly proveshe presence of ferromagnetictémactions between the 'Nions in the
{NiCl 5}, 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 teecansicghould

be attributed to impurities, cf. Figurel250 *. Indeed, it is difficult to separate the brown

coloured single crystal of Nitac2 from the green single crystals of Nitacl and the yellow
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coloured single crystals of Nitac, ¢figure2.1-16 (photo). Howeverthis very slight amount

of impurities does not affect any statements made so far as well as any following statements.

25
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Figure 2.1- 25 Determination of the saturation magnetizatiolNiac?.

It is suprising to notice, that the Curie Weiss temperature of Nita@X] is significantly

lower compared to the Curie Weiss temperature reported here for Nit&cK)( although in

both cases {NiGl}, chains are responsible for the ferrgnatic interactions. The observed
differences are attributed to differences in the crystal structures of Nitacl and Nitac2. In case
of Nitacl the {NiCk},chains appears fully neinteracting, cfFigure2.1-18, whereas in case

of Nitac2 the {NiCk}, chans interact with [MgNH]+ cations by means of formation of
hydrogen bonds. Due to these hydrogen bonds and thus these intermolecular interactions,
most probably, the NCI bond lengths of the {NiGl}, chains of Nitac2 are significantly
shorter comparedot those of Nitacl, cf. Table 26. Consequently, the ferromagnetic
interactions of the Niions of the {NiCk}, chains of Nitac2 could be even expected to be

lower compared to Nitacl.

AESR measuremesfsee Figure 2-:P6 below)at T = 4 Kat different requencies (166 GHz,
249 GHz and 332 GHzZ)ave been performed for NitacBErom a slop of blue resonance
branches a-factor of 2.36was found Additionally, the zerefield splitting of 69 GHz(= 2.3
cm?) from an offset of the first resonance brawehs obh a i 17 eTthed observation of the
zercfield splitting is a first prerequisite to assign Nitac2 as a siolgéen magnet, although it
needs to be emphasized thagnetization versus field hysteresis loopsasurements needs
to be performed in order to Ny whether Nitac2 possess aniaxial magnetoanisotrod <

0 as it has been described, for example, by A. Das"&f'al.

o Ct. Appendix A
% Cf. Appendix A
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Figure2.1-26 Fr equency 3 vVver sus Bi@depeadermenot the EBR lmas ésynibals) and represent&dR spectra of
Nitac2at T = 4 K. Solid lines are linear fits to the experimental data points. Inset: Comparison of the experimental and
modeled ESR spectra (see t&kt)

2.1.7. Brief Conclusion

From the aboveéescribed resulti is to notice thatthe choiceof 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 sNH][MCI3(H,0)]}», (M" = Mn, Ni, Co, C) gave rise to exciting new
coordination polymers when recystallizing Nitac from MeOH solutions. Two novel
complexes comprising {NiGl},, coordination chains have been obtained in form of

{[ MesNH]3[NiCI4[NiCl3]}n (Nitacl), {[MesNH]{NiCl 3}} » (Nitac2). Both new compounds
have been fully characterized and could be revealed, that thes{Ni€lordination chains of
Nitacl appears as nénteracting in the solid state whereas those of Nitac2 are involved in
further interactions. Most probably thsolated nature of the {NiG@}, chains of Nitacl
strengthen its NCI bonds and strengthen thus the ferromagnetic interaction compared to
Nitac2. There are already indications, that both Nitacl and Nitac2 could be regarded as
singlechain magnets, althgh specific measurements were not performed in the context of
this thesis. However, the exciting magnetic properties of Nitacl and Nitac2 together with the
exciting observation that Mtac compounds might undergo rearrangement reaction when

recrystallized dferent solventsnay open a new invegation pathways in the future

0¢ct, Appendix A
10 cf, Appendix A
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2.2. The synthesis and characterization of organic/ inorganic hybrid materials of the
composition [RNH][MCI 4] (M = Mn", Fé", Cd', R = Me, Et) andof hybrid
materials comprising aromatic N-donor ligands and/ortheir 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 thenigue parameters of solubility with magnetism and
(semjconductivity. As strongly observed and discussed in chapieof2this thesis, it is

possible to obtain organrinorganic hybrid with the same general formulae. This has been
completely mentioned witthe case otatena{[Me sNH]MCIsRPH,O]} » (M" = Mn, Fe, Co,

Ni, Cu), a family of compounds witlvell-known excitingmagnetic propertiedut however,

an insulating nature (cf. chaptd for more details).

Wi t h t he before menti oned resul ts of this
organic/inorganic hybrid materials which should comprise both magnetic as well as
semiconducting properties.

It is already mentioned in chaptet that hybrid materials as{[(BEDT-TTF)3
(MNnCls)2(EtOHY]} » by Naito et al®®, {[(BEDT-TTF)[Mn,Cls(EtOH)]}, by Miyasakaet

al. ! % and{[(BEDT-TTF),[Mn.Cls(HOH)s]} , by Leokadiyaet al**'¥ possess botmagnetic

and conductive properse These materials have been obtaibgdhe electrocrystallization

method Furthermore, it is already mentioned in this work ¢tfapter 1sectionl.2), that the

conductive properties of these materials are originateg-byeracting organic [BEDT

TTF]" radicals. The inorganipart of these hybrid materials, thus the inorganic coordination
polymers,ist hen Aresponsi bledo for the magnetic pr
contribute to the conductivity propes has been verified by conductivity studies repoiried

this thesigsn paragraph 2.1.4f the above chapter

Following the enormous work on hydrogen bonding framtonatedipyridinium cations to
perhalometallate anions by Orpen ét?411811% Brammer et aP°® and related work on

N*i H® [MCI,]™ interactions by othef82%% specific stress has been patthe utility of

such types of bonding. Furthermpreonsiderable interest in hydrogen bonding patterns
together withp - gtacking of protonated, cationic nitrogen heterocycles have been also
o3M204200208] A5 r eviewed in chapter fonorf this

compounds have been intensively used to obtalpnperic chains with potential properties

mentione

such as electrical conductivity, magnetis#i®. 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 geomiets. Among them, 4;Bipyridinium cations havebeen proved

to give 1D, 2D even 3D coordination polymers, cf. chapter 1 of this thesis. According to
Gillon et al®®, there is already a report on inorganiganic hybrid in whichprotonated

N, Niénor vereused toconstruct a 1D networksillon et al®® describes the synthesis of

e.g{ [ 4hipgtB][MnClJ]}, and reports the solid state structure. Thereby, M}t entities

forms a 1D coor di n a thipybLif" eptibes greroermectachtaleach oteer [ 4 , 4
by means ofp-interactions. No information with respect to a possiblagnetism or
conductivity of the namely compoumglgiven, althoughhis would be very interestingn the

foll owi tbg,i ddNi, N | i ganbdispys ud-bipyaediree v, 2466
phenantioline wer e used in thei rbipyw®9t ofAdpytEddandf or ms
[1,10-phenH]®* to form together with 3d transition metal salts hybrid materials.

The aim of these study was -bipyHg%y t[<@pyRfdow, wh
and [1,10phenH]?*, respectively, are arranged in the solid state by meapsnéractions,

which are supposed to give rise to semiconducting properties. These cationic fragments have
been chosen furthermore as they reserfBEDT-TTF]"" radicals at least so far that they
represent aromatic and flat organic cations. Of coursecta t i o n ibipyH,]*[ 4[-2p 2 6
bipyH,]** and [1,16phenH]?* fragments, respectively, do not possess radical character and
consequently potentially achievpestacks of them would not be as conductive as reported for

the p-stacks of[BEDT-TTF]" radicals. Howevercationic[ 4 -bigyl,]?",  [-EpytR]T

and [1,10phenH]** f r agment s, respecti vehliwet arcéeniiasvtar
approach with all advantages this approach do offepacagraph 1.3.2.4

On the other hand, the aim of thisdfuvas 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 chapteé?.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 obtaineterials.
2.2.1. Synthesis and characterization of organic/ inorganic hybrid solid ofthe
composition[RsNH][MCI ;] (M = Mn", Fé", Cd', R = Me, Et)
2.2.1.1. The reaction of anhydrous Fe(d with MesNHCI

According toScheme2.2-1, reacting anhydrouseCk with [Me3NH]CI in EtOHin the molar
ratio 2:3gave rise tdrowncrystal identified agMesNH]3[FeCL]Cl, (2), cf. below.
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EtOH
x[FeClg] + y[MesNH]CI > [(MesNH)3][FeCl4ICl;,

x=2;y=3 (Yield, ca. 39 %) (2)

Scheme 2.21 Thesynthesis of from FeCl; and[Me3;NH]CI by using the molar ratia:3.

2.2.1.2. Solid state structure of[Me3sNH]3[FeCl4Cl, (2)

Crystals of2, suitable for single crystal -¥ay diffraction studieshave been obtained by
Aputting 2ai rsotl ue Thio moledudphestructure @is shown in Figre2.2-1,
Table2.2-1 summarizes on selected bond lengthsnd angles and torsion angl€systaland

structuralrefinementdata are given in Tabll in annexes

C17 C19

Figure 2.21  ORTEP diagram (50 % ellipsoid level) asymmetric uniof [MesNH]3[FeCl4]Cl, (2). All C-bonded hydrogen atoms are
omitted for clarity. Dotted lines refer to intermolecular hydrogen bdnds

Compound[MesNH]3[FeCL]Cl, (2) crystallizedin the monoclinic space groug2(1) The
structure of thé2) consists of [FECI,]", CI anions and [Mg\NH]" cations The F&' atom in
the [FeCl]” anion is fourcoordinated in a distorted telredral geometry. The OFe Cl bond
angles are in the range of 107.25¢{9)113.06(7)°, whilehe Fé& Cl bonds lengths are in the
range of 2.1887(19)2.2045(18) and 2.1812(18)2.1988(18)A for atomsFel andFe2

1t Appendix A
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respectively. Those values are in agreement compared with those in similag] [FeCl

complexX?©71208]

As expected there are mv interactions. There are also rather few intermolecular distances

which donot give rise to a 1D to 3D network, [MdH]+ cations are all bonded exclusively

toClanions,Clani ons are then involved in
2.2-2.
HoA
‘\o\ \H1A
CI9A = QNSA che
po Q
/fﬂslx"‘{\
# N6A e e
PO et CISA < Cioa iz Nﬂ '><
---Sa’ ClE F;A\ /o om,
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CT;IMM\”C'B
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ch
Figure 2.2 2  Selected part of the crystal structur2oAlC-b onded hydrogen atoms ar
species of aito the 4' symmetry generated asymmetric uniedf
Table2.21  Selected bond letigs (A)andangles (°)of 2.9
Bond lengths bond angles bond angles
Feli Cl1 2.2045(18) ClliFeli CI2 112.42(7) CI5i Fe2 Cl6 107.81(7)
Fel CI2 2.1879(17) ClliFel CI3 108.49(9) CI5i Fea CI7 107.25(9)
Fel CI3 2.1928(18) ClliFeli Cl4 108.62(8) CI5i Fe2 CI8 109.61(7)
Fel Cl4 2.1887(19) Cl2i Feli CI3 109.21(7) Clei Fea CI7 113.06(7)
Fea CI5 2.1988(18) Cl2iFeli Cl4 107.90(8) Cl6i Fe2 CI8 109.63(8)
Fe2 Cl6 2.1932(18) CI3i Fel Cl4 110.20(7) Cl7i Fe2 CI8 109.41(8)
Fea CI7 2.1812(18)
Fea CI8 2.1885(19)
Table 2.2 2 Selected bond lenghts (A) and angles (°) of intermolecular hydrogen bo2ids of
DiH"A DiH HA DA DiH"A
N1i H1-CI9 0.91 2.23 3.133(9) 173
N2i H2 ~CI9 0.95(5) 2.11(5) 3.057(6) 175(5)
N3i H3CI10 0.90(5) 2.14(5) 3.037(5) 177(5)
N4i H4CI11 0.95(8) 2.19(9 3.078(5) 156(6)
N5i H5Cl11 0.91 2.39 3.294(8) 176
N6i H6Cl12 0.96(6) 2.11(5) 3.058(5) 172(4)

e

t wo ClI

omi tted
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2.2.1.3. The reaction of anhydrous MChL (M" = Mn, Co) with [EtsNH]CI in EtOH

According to Schem@.2-2, anhydrous NI, was treated withEts3NH]CI in dried EtOH Out
of these reactiongEtsNH][MCly] (3: M" = Mn, and4: M" = Co) in form of yellow and blue
singles, respectively, have been obtained.

EtOH
2[MCl,] + 3[EtgNH]CI »  [(EtsNH),J[MCly]

M = Mn', yieldca 47% (3)
M = Co', yieldca. 76 % (4)

Scheme 2.22 Thesynthesis o8 from MCl, and[Et;NH]CI by using the molar ratio 2:3

2.2.1.4. Solid state structure of[EtsNH][MnCl 4] (3)

Crystals of[EtsNH],[MnCl4] (3), suitable for single crystal Xay diffraction studieshave
been obtained bgllowing the reaction mixtures to stand inrefrigeratorfor 1 hourg cf.
experimental partThe molecular structure o8 is shown in Figre 22-3. Table 2.23
summarizes on selected bond lengtimd angles, while intermolecular hydrogen bonds are

given n Table 2.24. Crystaland structuratefinementdata are given in Tabkl in annexes

Figure 2.23  ORTEP diagram (50 % ellipsoid level) thfe molecular structure of [EtsNH],[MnCl,] (3). All C-bonded hydrogen atoms
areomitted for clarity. Dotted lines indicate intermolecular hydrogen bBénds

Compound 3 crystallized in the orthorhombic space group P2(1)2(1)2(1) In
[(EtsNH)-[MnCl,] (3), four Cl atoms coordinate tHdn" atom in a slightly distorted tetra
hedral geometryEachtetrahedra{MnCl 4}~ anionis surrounded biwo [EtsNH]" cations. The

2 ¢t Appendix A
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Mni Cl bonds is in the ranges 2.3474 (BB15 (10) and 2.3427 (9R.3897 (10A for
atomsMnl andMn2 respectively. Those values are agreementompared with those in
(EtsNH)2[MnCl4] complex reported by Clegg et@f. The Ci Mni Cl angles, in turn, are in
the range 107.14 (4)t14.72 (4).Table 2.6 shows intermolecular iINHCl hydrogen bond.
These interactions are significant with'/® between 3.164(7B.175(7)A and theDi H"A
bonds are between 1i6P70°. Beside intermolecular hydrogen bonds between the hydrogen
atoms of tle [E&NH]* cations and Cl atoms of the [Mnd& ions, no further intermolecular

interactions are observed.

Table 2.23  Selected bond lengths (A) and angles (%3.8F

Bond lengths Bond angles Bond angles

Mn1- Cl1 2.3474(10) Cl1-Mni1-Cl2  111.77(3) CI5-Mn2-Cl6  110.08(4)
Mn1- CI2 2.3482(8) Cl1-Mni1-CI3  108.92(4) CI5-Mn2-CI7  109.35(4)
Mn1- CI3 2.3815(10) Cl1-Mn1-Cl4 107.18(4) CI5-Mn2-CI8 106.13(4)
Mn1- Cl4 2.3840(10) Cl2-Mn1-CI3  109.05(4) Cl6-Mn2-Cl7  108.18(4)
Mn2- CI5 2.3763(10) Cl2-Mn1-Cl4 108.21(4) Cl6-Mn2- CI8  108.33(4)
Mn2- CI6 2.3897(10) CI3-Mnl1-Cl4 111.72(4) CI7-Co2CI8  114.72(4)
Mn2- CI7 2.3427(9)

Mn2- CI8 2.3495(10)

Table 2.2 4 Selected bond lenghts (A) and angles (°) of intermolecular hydrogen boids of

Di H"A DH HA DA Di HA
N1i HIN-CI6 0.85(4) 2.35(4) 3.168(3) 162(3)
N2i H2NCl4 0.84(3) 2.35(3) 3.178(3) 168(3)
N4i H3NCI3 0.88(3) 2.35(3) 3.225(3) 170(3)
N3i H4N-CIS"  0.84(3) 2.42(3) 3.222(3) 162(2)

Symmetry code (i) = 1/2+x,24y,-z. (i) = 1/2x,1-y,1/2+z.

2.2.1.5. Solid state structure of[EtsNH],[CoCl,] (4)

Crystals of[EtsNH];[CoCl,] (4), suitable for single crystal-Xay diffraction studiefiave been
obtained byallowing the reaction mixtures to stand & refrigerator for hours, cf.
experimental partThe molecular structure &f is shown inFigure 2.24. Table 2.2-5 and
Table 2.26 summarizes on selected bond lengths, bond anglesmtartholecular hydrogen
bonds.Crystaland structuratefinementdataare given in Tabl&2 in annexes.

Compound4 crystallizedalsoin the orthorhombicspace groug?2(1) In the title compound
[(EtsNH),[CoCl4] (4), four Cl atoms coordinate th@o' atom in a slightly distorted tetra
hedral geometryEachtetrahedra{ CoCls}~ anionis surrounded bywo [Et:NH]" cations. The
Coi Cl bonds is in the range®.2717(19) 2.2995(18)and 2.2662(19) 2.3023(16)A for

atomsCol andCo2 respectively Those values slightly shorter than the one observed for the
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[(EtsNH),[CoCls] analogue2.3474 (10) 2.815 (10) and 2.3427 (9R.3897 (10 for atoms

Mn1 andMn2 respectively

Figure 2.2- 4

Table 2.2 5

ORTEP diagram (50 % ellipsoid level) thfe molecular structure off [EtsNH],[CoCl,] (4). All C-bonded hydrogen atoms
are omitted for clarity. Dotted lines indicate intermolecular hydrogen Bands

Selected bond lengths (A) and angles (%3.8F°

Bond lengths

Col-Cl1
Col-CI2
Col-CI3
Col-Cl4
Co2CI5
Co2 Cl6
Co2 ClI7
Co2-CI8

Table 2.2 6

2.2912(16)
2.2995(18)
2.2630(18)
2.2717(19)
2.2662(19)
2.2903(19)
2.267(2)

2.3023(16)

Bond ang
Cl1- Col-CI2
Cl1- Col- CI3
Cl1- Col- Cl4
Cl2- Col-CI3
Cl2- Col-Cl4
CI3- Col- Cl4

les
111.3(7)
108.87(7)
109.27(7)
108.54(7)
107.59(7)
111.21(7)

Bond angl
CI5- Co2 CI6
CI5- Co2 CI7
CI5- Co2 CI8
Cl6- Co2 CI7
Cl6- Co2 CI8
Cl7- Co2 CI8

Selected bond lenghts (A) and ars(®) of intermolecular hydrogen bonds4df.

DiHA
N1i H1-CIg
N2i H2-CI2
N3i H3Cl1"
N4i H4"CI6

DiH
0.91

0.91

0.91
0.91

H"A
2.29
2.29
2.33
2.36

Symmetry code (i) = 1/,1-y,1/2+z. (i) = 1/2+x1/2-y,-z

BBt Appendix A

DA
3.160(5)
3.172(5)
3.230(6)
3.235(5)

es
109.67(8)
113.79(8)
108.03(7)
106.63(7)
110.02(7)
108.67(8)

DiH"A
159
163
172
161
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Those values arelose compared with those inElsNH][CoCls (4) comgdex recently
reported by Reza et &'. The CIiCoiCl angles, in turn, are in the range
106.63(7) 113.79(8). Table 2.2-6 shows intermolecular NHCl hydrogen bond. These
interactions are significant with 2\ betweern3.160(5) 3.235(5)A and theDi HA bonds are
betweenl59 172° which are slightly different from the value obtained for th& &wmbgue

162 170°. Beside intermolecular hydrogen bonds between the hydrogen atoms of the
[EtsNH]* cations and Cl atoms of th€§Cl;]* ions, no further intermolecular interactions
are observed.

2.2.1.6. Brief conclusion

The structural investigation dMesNH]3[FeCL]Cl, (2), [(EtsNH)2][MNnCl4] (3), [(EtsNH)2]

[CoCly] (4) revealed all three materials to possess [JiCragments 2: M = Fé' n=1:3:
M=Mn",n=2and3: M =Cd , n=2) only. The formation of coordination polymers has
thus not been observedtleugh under identical reaction conditions Map@hd RNHCI (R =

Me), cf. paragrapl2.1.3 of chapter2.1 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 andhbey

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 compoundsBtzNH],[MnCl,] (3) and EtzNH];[CoCly] (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. Zlang,3 are
isomorphic as observed for all Mtac compounds. Especially due to the isomorphic n&ure of
and3 no further experiments have been performed to synthesize their correspordamgNi

Cu' representatives.

2.2.2. Synthesis and characterization of orgaic/ inorganic hybrid materials
comprising aromatic N-donor ligands and/ortheir protonated forms

According to Schem@.2-3, solutions of the appropriate transition metal halide containing an
equimolar amount of the appropriate potassium salt in wateadded to solutions of the

selected aromatic amine in the respective aqueous axigag¢tording to Gilloff®.
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N\ VRN
N N+ MXpxH, O ——  [{MXg, mX{H2N N}
KX
in HX ; 7N\
In H20 M=Fe", N N =44-bpy,X=Br,n=3m=1, t=2(5)

M =Co", N/—\N =2,2"-bpy, X=Br,n=1, m=0, t=1(6)

M=Co', /7 \ =1,10-phen, X=Br,n=1, m=0, t=1(7)
N N

Scheme 2.23  Synthesiof the organienorganic hybrid of the composition fNH],[M xXv]m.

After stirring, the shutions are allowed to evaporate slowly inftanehood, whereby the
compounds formed in crystalline state are characterizedark-brown [ { 4, 46
bpyH}{FeBratsBr]  (5), gr e en -bipyHR][C@B&] (6), purple [CoCi(1,10
phen)][CoCI(1,16phen)(HO)]CI-6H,O which has been reported recently by Preminger et
al? dark green [1,19phenH][CoBry (7) and geen [Co"Cly][Co" (phen}][H-PhenCl]

(8). All of these compounds have been characterized by elemental analysis andrystgle

X-ray diffraction studies. Aabove reported examples consists, however, of discrete][MX
anions with the protonated aromatic amines acting only as spacers without the formation of
mutualp-contacts.

Further products which have been achieved by an analogous approach as described in Scheme
2.2-3in crystalline state are described here in addition.

2221.Sd i d state s tbpyudgfFeBr,eBrjds [ { 4, 40

Crystals of5, suitable for single cryal X-ray diffraction studieshave been obtained as
described in the experimental pafthe molecular structure & is shown in Figre 2.2-5,
Table 2.2-7 summarizes on selected bond lengths, bond angles and torsion. angles
Intermolecular hydrogen bondseagiven inTable 2.28. Crystal and structurakefinement
data are given in Tabl&2 in annexe.

5 crystallizedin the noncentrosymmetriorthorhombic spacgroup P2(,. In the solidstate

[ { 4hipgH}{FeBry}sBr] (5) is formed by threerystallographiclly independentiscrete
{Fe""Br,}~ anions double protonated4,4-bipy moleculesin the formof { 4 ;bipyd,}>*
cations and Biions, cf.Figure 22-6. The norp | a n a +bipyH.¥*", cdtions, cf. Figur@.2-6
and Figure 2-7; and the Brions interact wth each other in the solid state by formation of
3D network due to intermolecular hydrogen borigiach Br ion is surrounded by four NH
donorso f four d ibipyH£*F aations fofmihg @ distortedetrahedralgeometry.
The N Bri N angles are theby in the range from 121.1° @Brli N4) to 97.5° (N3ABrli
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N4). The Fe Br bonds is in the ranges 2.3312 (12)3532 (12),2.3173 (13) 2.3438 (11)
and 2.3273 (12) 2.3463 (11 for atoms Fel, Fe2, and Fe&spectively. The ReriFe
angles, in turn, are ithe rangel08.12 (5) 111.42 (5),107.06 (5) 113.84 (5) andL05.60
(4)-112.91 (5) respectively.

S :B=39.12° ¥ K:B=37.002)

Figure 2.225  Graphical representation (ORTEP diagram witt#%@llipsoid probability) of the composition of thesgmmetic unit of
[ { 4hipgHs} {FeBra}sBr] (5). Interplanar angles of connectegNCGaromatic rings are indicated by the sigh.

H1AB
N1B
H4AA
H3
~ N4A
N2B N4§:§
H2AB H4A \
! Bri: .--~7 N3A
/ N2 &
H4AB | -7 H3A
N4B ----@.\‘f”A ¥ !
BriA | H2A \
! N1 1
H3C HIAR b 1A
N3C
N3B
H3B N4C
H4AC L
N2A
H2AA

Figure2.26 Gr aphi cal representation of a sel dipyHp dcatipna antd Bramibns ofthre 3D net w
the solid state, displaying thietrahedrajeometries aroundtheBgni ons. Labl e 06A6 to 6C0 refers
to the third symmetry generated asymmetric ung'af

1t Appendix A
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Table 2.28 shows intermoleculadi HBr hydrogen bondThese interactions are significant
with DA between 3.195(68.302(6)A and theDi HA angles between 14056°.

No further intermolecular interactions in the solid state structuséhaf’e beembserved, as

forexamplep-i nt er act i o n-kipyHp)é tcatiensamd/of idterattidns including the
{Fe""Br,} anions.

Figure 2.2- 7

Table 2.2 7

Graphical representation of a selected part of the 3D netwdrk t h-lsipyH,]Zcatibrts and Branionsof 5 with views
along the crystallographi, b- andc- axes. Carbon bonded hydrogen atoms are omitted for &arity

Selected bond lengths (A), angles (°) and torsion anglg¥.of

Bond lengths

Feli Br5
Fel Br4
Feli Br3
Fel Br2
Fe2 Br9
Fe2i Br8
Fe2 Br7
Fe2 Br6
Fe3d Brl2
Fe3 Brll
Fe3 Br10
Fe3 Brl3
C3iCs8
C13'C18

2.3318(12)
2.3319(12)
2.3357(12)
2.3532(12)
2.3173(13)
2.3390(10)
2.3402(12)
2.3438(11)
2.3273(12)
2.3323(11)
2.3352(12)
2.3463(11)
1.461(8)
1.488(8)

Bond angles

Br5i Fel Br4
Br5i Fel Br3
Br4i Fel Br3
Br5i Fel Br2
Br4i Fel Br2
Br3i Fel Br2
Broi Fed Br8
Broi Fed Br7
Br8i Fed Br7
Broi Fed Br6
Br8i Fed Br6
Br7i Fed Br6
Brl2i Fe3 Brll
Brl12i Fe3 Brl10
Br11i Fed Br10
Br12i Fe3 Brl3
Brl1li Fe3 Br13
Bri10-Fe3Bri13

108.12(5)
111.42(5)
108.24(4)
108.27(5)
110.93(5)
109.85(5)
107.06(5)
106.99(4)
110.59(4)
113.84(5)
108.12(4)
110.21(5)
112.91(5)
109.62(4)
109.29(4)
105.60(4)
108.94(4)
110.43(5)

Torsion angles

C4iC3iC8i C7
C4iC3iC8iC9
C2iC3iC8i C7
C2iC3iC8i C9
Cl1z' C13 C18 C17
C12C13 C18C19
Cl4iC13 C18 C17
@1C13 C18 C19

39.4(9)
1141.3(6)
1140.0(6)

39.3(9)
136.0(10)

142.5(6)
143.1(6)
138.4(9)
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Table 2.2 8 Selected both lengths (A) and angles (°) of the intermolecular hydrogen bortsfs. of

Di H-A Di H HA DA DHA
N1iHIA“Brl 0.86 2.39  3.195(6) 156
N2i H2A"Brl  0.86 2.59 3.302(6) 141
N3iH3'Brl  0.86 2.42  3.203(6) 153
N4i H4ABrl  0.86 2.56 3.270(5) 140

2.2.2.2. Solid state structure of [2,2bpyH5][COBr 4] (6)

Crystals of{2,2-bpyH;][CoBr,4] (6), suitable for single crystal-xay diffraction studieshawe
been obtained by slow evaporation of the resulting solution left at room temperature (cf.
experimental part)The molecular structure & is shown in Figre 2.2-8. Table 2.2-9 and
Table 2.210 summarizeon selected bond lengths, bond anglession andes and
intermolecular hydrogen bondsryStal and structuratefinementdata are given in Tabl&2

in annexe

: T X =36.92)°

Figure 2.28  ORTEP diagram (58 ellipsoidlevel) of the molecular structure of [2pyH,][CoBr] ™ (6)

Table2.2-9 Selected bond lengths (A), angles (°) and torsion anglés of

Bond lengths Bond angles Torsion angles
ColiBrl 2.3917(7) BrliColiBr2 108.15(3) N2i C6i C5iC4 36.2(6)
ColiBr2 2.44528) BrliColiBr3 112.13(3) N2i C6i C5 N1 7145.9(4)
ColiBr3 2.4295(7) Brli ColiBr4 114.00(3) C7iC6i C5i C4 1139.6(5)
ColiBr4 2.3991(8) Br2i ColiBr3  99.84(3) C7iC6iC5iN1  38.3(6)
C5i C6 1.477(6) BiZoliBr4 106.73(3)

Br3iColiBr4 114.64(3)

5t Appendix A
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The [CoBg]* anionsof 6 do not posses3y symmetry, especially as the two -Bo bond
lengths ColBr2 and ColBr3 with 2.4452(8 A and 2.4295(7Q, respectively, are
substantially larger compared to the bond lengthsi 8l and ColBr4 with 2.3917(7)A

and 2.3991(8A, respectively. Interestingly, the two elongatedi Bo bonds are those, of
which the Br atoms are involved into intermolecular hydrogen bonds to th&rgte]**
cations. That observation underlines the importance and possible influemcesrablecular
hydrogen bondscf. Table 2.210, 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 -fhgH:]?* cations or not. Obviously, the
interplanar angle between the aromatic rings of the-jpyd,]** 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. Figui2e-9).

Table 2.2 10  Selected bond lenghts (A) and angles (°) of intermolecular hydrogen boéids of

Di H"A DiH H-A DA DiH"A
N1i HIN"Br3 0.72(5) 2.62(5) 3.292(4) 156(5)
N2i H2NBr2 0.97(8) 2.33(7) 3.209(4) 151(5)

N2B

Br2B H2NB
Br3B HINB

Figure 2.2 9  Selected part of th one selected 1D chain formed Byin the solid state along the crystallograpbi@xes due to
intermolecular hydrogen bonds between the-ffhgH,]>* cations and the [CoB# anions. All Gbonded hydrogen atoms
are omitted for crefersto afigst.andlaadoand syndmktdy generated asframetric 6Hit of
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2.2.2.3. Solid state structure of [1,16phenH,][CoBr 4] (7)

Crystals of7, suitable for single crystal -¥ay diffraction studieshave been obtained have
been obtained as described in theezkpental partThe molecular structure afis shown in
Figure 2.2.10 Table2.2.11 summarizes on selected bond lengths, bond angles and torsion
angleswhile the aystaland structuratefinementdata are given in Tablk3 in annexe

7 crystallizedin the monoclinicspace groufP2y/c. In the solidstate[1,10-phenk][CoBr,]

(7) is formed bytwo crystallographicallyindependentdiscrete [CoBry]” anions double
protonatedl,106-phenmoleculesin the formof [ 1 ,-ghénB)** cations, cf. Figre 2.2-11.

The planar[ 1 ,-ghénBb]?* cations, cf. Figure€.2-11, interact with each other in the solid
state by formation of 3D network due to intermolecular hydrogen bonds as wpH as
interactions betweep 1 ,-ghénBb]?* cations cf. Figure 2-11. Eachtetrahedral[CoBry]
anionis surrounded bpne[ 1 ,-pghénB]?* cation TheCoi Br bonds is in the ranges 2.3957
(10)-2.4340 (11) an@.3919 (11) 2.4394 (114 for atomsCol andCa2 respectively. The

Cai Bri Co angles, in turn, are in the ran§@6.21 (4) 113.03 (4) andl05.92 (4) 112.22

(4)° respectively.These values are in accordance with corresponding values in similar
complexe¥*233 Table 2.212 shows intermolecular NHBr hydrogen bond.These
interactions aresignificant with DA between 3.64(7)i 3.1757) A and theDi HA angles
between 52 158°. No further intermolecular beractions in the solid state structurerdfave

been observed, as for examplp-i nt er act i on s-bipyre}t vwatiens andl/dr, 1 0 6

interactions including theJoBr,]” anions.

Figure 2.2 10 ORTEP diagam (50% ellipsoidlevel) of the molecular structure of [1phenH][CoBr.] *° (7).

18 cf. Appendix A
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Table 2.2 11  Selected bond lenghts (&), angles (°) and torsion angl&¥.of

Bond lenghts Bond angles Torsionemngl|

ColiBrl 2.3957(10) Brli ColiBr2 110.00(4) N1i C5i C9i N2 10.3(10)
ColiBr2 2.4032(10) Brli ColiBr3 107.31(4) N1i C5i C4i C6 179.9(6)
ColiBr3 2.4002(11) Brli ColiBr4 111.44(4) N3i C17 C21i N4 1.2(10)
Coli Br4 2.434q11) Br2i ColiBr3 113.03(4) N3iC17 C16/C18 1179.2(5)
Co2 Br5 2.4070(10) Br2i ColiBr4 108.82(4)

Co2 Br6 2.3919(11) Br3i Coli Br4 106.21(4)

Co2 Br7 2.4107(10) Br5i Co2 Br6 112.03(4)

Co2 Br8 2.4391(11) Br5i Co2 Br7 112.22(4)

Br5i Co2 Br8 107.19(4)
Br6i Co2 Br7 107.56(4)
Bréi Co2 Br8 105.92(4)
Br7i Co2 Br8 111.79(4)

Table 2.2 12  Selected bamlenghts (A) and angles (°) of intermolecular hydrogen bonds of

DiH"A DiH H"A DA DiH"A
N2i H2ABr8 0.86 2.35 3.164(7) 158
N3i H3ABr4 0.86 2.39 3.175(7) 152

\BM

Br5

Br2 ! C3A
N2A Nijo

1

C12A HoAA T Yo
1 Br8
|

c24C | Nac
C138 N4C . L
® H3AB  BrdA ,
@ ColB
o \‘;Br3B
[
3

Figure 2.2-11 Selected part of the 3D network formedipn the solid state due to intermolecutginteractions between [1,46henH]*
cations, indicated by | ong dosthe&dymmétrn geserated chemica speciB@ t o 6 C6
bond distances: CTT24A = 3.494A, C13 C12A = 3.541A, C224 C6C = 3.477A, C3A° C19C = 3.445A, C2B° C15A
= 3.603A and symmetry related bond distances. Intermolecular interactions due to hydrogen bonds between [1,10
phenH]?* cations and [CoB}* anions are indicated by short dashed fihes

2.2.2.4. Solid state structure of[Co" Cl4]J[Co" (phen)][{PhenH,}Cl] (8)

Crystals of8, suitable for single crystal-¥ay diffraction studies, have been obtained by slow
evaporation ohydrochloric solutiorcontaining 1,1€phenand CoC4-6H,0 in the molar ratio

(1:1). The molecular structure 8fis shown in Figure.2-12. Table 2.2-13 summarizes on
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selected bond lengthbpnd angles and torsion angles, while intermolecular hydrogen bonds

are given in Table 2:24. Crystal and structural refinement data are giveA3rannexes.

Figure 2.2 12 ORTEP diagram (50 %llipsoidlevel) ofthe molecular structure diCo(phen)][CoCl.].[{phenH.}Cl] (x1), displaying its
composition in the solid state structure of [Co(pHéh)cations, [CoCJ]> anions as well as adducts of the type
[{phenH}CI] *. All C-bonded hydrogen atoms are omitted for clafity

[Co(phen)][CoCl4];[{phenH;]CI] (8) crystallizedin the monoclinicspace groui2/c. In the

solid stateB is formed by [Co(pher)®*" cations, [CoCj|* anions as well as adducts of double
protonatedL,1056phenmoleculesin the formof [ 1 ,-pghénB)** cations, and Chnions, cf.
Figure2.2-12. The central Co (lll) ion is hexacoordinated with distorted octahedral geometry
with four nitrogen donors of the phenamline ligand The Co(ll) ion is tetreoordinated by

four nitrogen chloride aniondhe Ca Cl bonds is in the ranges 2.300(32.290(3)A for
atomsCoZ2 CI2 andCo3 CI6 respectively.

The Ca Cli Co angles, in turn, are in the range 103.94 (12)2.93 (12)These values are in

the expected ramgvalue observed in Co(ll) complexes. For the Co(lll) ions, theNCmnd
length is in the ranges 1.936(8)1.959(8A for atomsColi N2 and Coli N1 respectively,
which is i n the nor mal range observet],in Co(
[Co(bpy)Cls]*, [Co(phendionelCl;]?*¥, [trans Co(en)Cl,]"?*). In this complex, there are

p - ipteractions.

e Appendix A
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Table 2.2 13  Selectecbondlengths (&) and angles (°) 8"’
Bond lengths Bond angles Bond angles
Col- N1 1.959(8) N1- Col- N2 84.6(3) Cl1-Co2Cl2 111.53(12)
Col- N2 1.936(8) N1- Col- N3 93.3(3) Cl1- Co2 CI3  109.98(14)
Col-N3 1.950(9) N1- Col- N4 176.3(4) Cl1- Co2Cl4 109.56(14)
Col- N4 1.954(9) N1- Col- N5 93.5(3) Cl2- Co2 CI3  103.94(12)
Col- N5 1.958(8) N1- Col- N6 90.4(3) Cl2-Co2Cl4 112.93(12)
Col- N6 1.946(9) N2- Col- N3 90.0(3) CI3-Co2Cl4 108.72(14)
Co2-Cl1 2.277(3) N2- Col- N4 92.2(3) CI5-Co3 Cl6  110.16(13)
Co2-CI2 2.300(3) N2- Col- N5 175.7(3) CI5-Co3 Cl7 112.17(13)
Co2-CI3 2.275(3) N2- Col- N6 91.6(3) CI5-Co3 CI8 110.57(12)
Co2-Cl4 2.275(3) N3- Col- N4 84.7(4) Cl6- Co3 Cl7  109.52(14)
Co3-CI5 2.274(3) N3- Col- N5 94.0(3) Cl6- Co3 CI8 104.48(12)
Co3-Cl6 2.290(3) N3- Col- N6 176.0(3) CI7-Co3 CI8 109.65(12)
Co3-CI7 2.266(3) N4- Col- N6 91.6(4)
Co3-CI8 2.2793) N5- Col- N6 84.5(4)
N4- Col- N5 89.9(4)
Table 2.2 14  Selectechondlenghts (A) and angles (°) of intermolecular hydrogen bon@'of

DiH"A DiH H~A DA DiH"A

N7iH7-CI9 0.86 2.25 3.108(8) 173

N8I H8ACI9 0.86 2.16 3.011(9) 171

2.2.2.5. Solid state structure of[ { 4 , 4 §2AkEi,Qd{y3} (9)

Crystals of 9, suitable for single crystal -Xay diffraction studies,have been obtained
unexpectedly in an unsuccessful attempt to prepare Cu(ll) i@dichgplex, cf. experimental

part. The molecular structure & is shown in Figre 2.2-13. Table 2.215 summarizes on

selected bond lengths, bond angles amsida anglesyhile intermolecular hydrogen bonds

are given in Table 2.216. Crystal and structuralrefinementdata are given ifmable A3

annexes Compound [ { 4, 4 §2E60¥I\s}E (9) consists of two 4 anions, 4,4
bipyridinium dications and diethylethenoleculesThebond angle between thg lanionsare

17 7 1382316 andIdi I51)4, respedtively.7 8 . 6 2 5

Surprisingly, there are no further intermolecular interactions observed in the solid state.

slightly different,

Table 2.2 15  Selected bond lenghts (&), angles (°) and torsion angl@®.of

Bond lenghts bond angles Torsion angles

C5iC10 1.485(7) 13i 12i 11 177.836(15) C3iC5iC10C8  25.2(6)
12§ 12 2.9398(4) 16i 15i 14 178.625(15) C3iC5C10'C9 i 154.1(5)
12113 2.9061(4) C4iC5/C10iC8 i 154.4(5)
14i15  2.9218(4) C4iC5iC10IC9  26.3(6)
I5i16  2.9196(4)
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S =25603)

Figure 2.2 13 ORTEP diagram (50 % ellipsoid level) of the molecudtaructure of [ { 4 , 4 S2BEHOHIy}H (9). Of the disordered

atoms C15 and C16 only one atomic position is shown, respectively. The sigfers tothe interplanar angle of
connected aromatiGN rings'.

Table 2.2 16  Selected bond lenghts (A) and angles (°) of intermolecular hydrogen bo®ids of

Di H-A Di H H-A DA DH-A
N1iHIN-O1  0.80(5) 1.88(5) 2.646(6) 161(6)
N2i H2N-02  1.03(7) 1.61(7) 2.636(5) 177(6)

2.2.2.6. Solid state structure of[1,10phenH,]Br(IBrl) (10)

Crystals of 10, suitable for single crystal -¥ay diffraction studieshave been obtained
unexpectedly in an unsuccessful attempt to preparedidel adduct, cf. experimental part.
The molecular structure df0 is shown in Figre 2.2-14. Table2.2-17 and 2.218 summarize

on selected bond lengths, bond angtession anglesand intermolecular hydrogen bonds.

Crystaland structuratefinementdat are given imable A4in annexes

Table 2.2 17  Selected bond lenghts (Angles(®) and torsion angles 4.

Bond lenghts bond angles torsion angles
Br2ill 2.7036(6) Br2i 11i Br4 177.09(2) N1i C5/CIiN2 11.2(7)
11V Br4 2.7409(6) N1i C5/ C9i C8 1179.2(4)

8 ct. Appendix A
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Br4 \ /

Br2

Figure 2.2 14 ORTEPdiagram (50 % ellipsoid level) of throlecular structure dfi,10-phenH]Br(IBrl) (10)*°

Table 2.2 18  Selected bond lenghts (A) and angles (°) of intermolecular hydrogen bom6¥ of

DiH"A DiH H"A DA DiH"A
N1iHIN“Brl 0.86 2.31 3.164(4) 176
N2iH2N“Brl  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 stae structure of [MnCl 5(1,10phen)(dmso)] (1)

In an attempt to obtain a Mncomplex, [MnCl,(1,10-phen)(dmso)] 11) was unexpectly
obtained.According to Scheme2.2-4, hydrochloric acidsolution of 1,10 phenanthroline
monohydratevas added to a hydrochloric solutioh potassium permanganate the molar
ration (1: 4)according taGoodwin et df*¢4(226v]

1) HCI

2) Product + DMSO
and recrystallized by
sow diffusionof THF ~ C!

Mn

(11)

Scheme 2.24  Synthesi®f the[MnCl;(1,10phen)(dmso)]11)

19 cf. Appendix A
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Crystals of11, suitable for single crystal -xay diffraction studieshave been obtagd by
recrystallization of the black crystals as described in the experimentalTpartmolecular
structure ofL1is shown in Figre2.2-15. Table2.2-19 summarizes on selected bond lengths,
bond angles and torsion angl€systaland structuratefinemen data are given in Tablé4

in annexes

In [MNnClx(1,10-phen)(dmso)] 11) complex Mn" atom is pentaoordinated by two N atos
from a chelating 1,2phenantroline ligand, one O atom from a dimethyl sulfoxide ligand
and two CI atomsThe 1,108phenanthrohe ligand shows a very small degree of distortion
(the N CiCiN torsion angle is 173 The Mn- N1, Cu N2 distances are of 2.2503(15) and
2.2614(17) respectivelyrthe Mn1 Cl bridging bond lengths are slightly different, 2.4146 (6)
and 2. 3685 &n8(l2, rkkspectivélybhelD CHaifh formed byl 1in the solid state
due to intermoleculap-interactions between the 1;pbenanthrolindigands is shown in
Figure 2.216.

C14

C13

Figure 2.2 15 ORTEP diagram (50 % ellipsoid levet) the molecular structure of [Mng1,10-phen)(dmso){° (11).

Table 2.2 19  Selected bond lenghts (A), angles (°) and torsion angles’bf

Bond lenghts bond angles  torsion angles

Mn1i N1 2.2503(15) N1iMnliN2  73.13(6) C9 N2iMnliN1 2.58(12)
Mn1i N2 2.2614(17) O1iMnliN1  135.33(5) C1Z'N2iMnliN1 i 178.84(17)
Mn1i CI1 2.4146(6) O1liMnliN2  83.27(6) NIC5i C9i N2 1.3(2)
Mn1i ClI2 2.3685(5) OliMnliCl2 102.54(4)

Mnli O1 2.1135(14) N1iMnliCl2  117.23(4)

S1i01 1.5311(14) N2iMnliCI2  96.73(4)

OILiMnliCll 95.15(4)
N1i Mnli CI1  92.83(4)
N2i Mn1i CI1  157.03(4)
CI2iMnliCl1l  105.94(2)
SIi0LiMnl  120.11(8)

2 cf. Appendix A
82



2 Result and Discussie@haper2.2

Figure 2.2- 16 Selected part of the one selected 1D chain formetilhy the solid state due to intermolecufainteractions between the
1,10phen ligands.The interplanar angle between differently colored aromatic fragments amounts to 0 ° with averaged
distance between blue and brown colored fragments of 3.45 A and between brown and black colored fragB@@eS.of 3.

Finally, as withthd i ne ar b i-doeonnb polymerid\chalh® were obtained, a recent
report byZgolli et al®*”!, with 4-aminopyridine showthat polymeric chains with Mhions
could be obtained. Based on this report, trials with other 3d transitetalsndid started.
According to Schem@.2-5 , equimolar amount solutions of the appropriate transition metal

halide are added to hydrochloric solutions @mMinopyridine.

p-NH-py + MCl>xH0 = [{p-NH2-pyH}»{M Cl i, }{H,0}]

in HCI M'=Cu,x=2,m=4,t=1 (12

M'"'=Ni,x=6,m=3,t=5 (13)

Scheme 2.25  Synttesis of theof [{ p-NHz-pyH} ACUCI}(H :0)] (12) and [{p-NHz-pyHKNICI o(H,0)H(Cl(H :0)] (13)
After stirring, the solutions are allowed to evaporate in the fumehood. Single cofdigts
NHz-pyH}{CuCla}(H20)] (12) and [{p-NH2-pyHKNICl 2(H20).}(Cl)(H20)] (13) are
obtained by slow diffusion of THF or £2 into the respective methanolic solutions.
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2.2.2.8. Solid state structure of[{ p-NH2-pyH} {CuCl 2}(H0)] (12)

Crystals of12, suitable for single crystal -Xay diffraction studieshave been obtained by
slow evaporadn of anaqueoushydrochloric solutioncontaining stoichiometric amounts of
CsHsN2 andCuCh-2H,0. The molecular structure a2 is shown in Figre2.2-17. Table2.2-
20 summarizes on selected bond lengtiend angles and torsion angl@sble 2.221 gives
intermolecular hydrogen bondsryStaland structuratefinementdata are given in Tabla4

in annexes

Figure 2.2-17 ORTEP diagram (50 % ellipsoid level) of the symmetopbled asymmetric unit of pENH,-pyH}{CoCl}(H 20)], (12).
Symmet ry ig-oldyeiz+16A 6

Table 2.2 20  Selected bond lenghts (A), angles (°) and torsion angle&bf

Bond lenghts bond angles torsion angles

CuliCll 2.2389(5) CIli Culi CI2 135.06(2) N1iC3iC2ZiCl 70.5(3)
CuliCI2 2.2589(5) CILiCuliCIlA  97.67(3) N1iC4iC5/C1 0.5(3)
CI1iN2 1.329(3) CILli CuliCI2A  98.70(2) N2iC1iC2iC3  179.98(18)

CI2iCuliCIIA  98.70(2) N2i C1i C5/C4 1179.97(18)
CI2iCuliCI2A  9854(3)
CI1Ai CuliCI2A  135.06(2)

12 crystallized in the monoclinic space groupP2uyc. In the solid [{ p-NH>-pyH},
{CuCl4}(H»0)]» is made up of discrete [Cuffd anions, with the copper atom situated on a
crystallographic twefold axis, 4aminopyridiniun cations and water of crystallization
molecules. An extensive network of hydrogen bonds links these units, most of them being
represented by broken lines in Figu?e>-18 The [CuCk]* anion shows a tetrahedral
geometry. The GuClI(2) bond (2.2589 A) islightly longer than the GeCl(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 CI(2) is hydrogen bonded to

the water molecule and tloeganic cation, whereas CI(1) only participates in a hydrogen bond

2 cf. AppendixA
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to the cation. The GICu--Cl bond angles vary within the range 98.5413p.063)°, showing
that the geometry is intermediate between square planar (D4h) and regular teti@@gdral

These values are in accordance with corresponding values in similar confjfdxes

Table 2.2 21  Selected bond lenghts (&) and angles (°) of intermolecular hydrogen boh#fS.of

DiH"A Di H H-A DA Di H"A
N2i H3N"CI2  0.83(2) 2.55(2) 3.3372(19)  161(2)
N1iHIN'O1  0.78@Q) 2.03(2) 2.807(2) 173(3)
O1iH1O0'Cl2  0.825(18) 2.382(19) 3.1735(13)  161(2)
N2i H2N"CI1L  0.87(3) 2.48(3) 3.3295(19)  167(2)

cns
ci2c CulA

ci2B

cnc

! T~_HIO
/
cI2 oy
¥ H10A
\ N1B
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’
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O \oF %;’MG

/
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H2ND [ H3NE
CIK
. NIE
NID N2D N2E

Figure 2.2- 18 Selected part of the 3D network structure formedLByn the solid state indicating the intermolecular hydrogen bonds
responsible for its formation. All ®onded hydrogen atoms a®livas p-interactions betweem{NH,-pyH]* cations are
omitted for clarity. Lab dbymheirpgenemtedabymmetriedindaf's t o a fi r st

BB -ore-302 |

Figure 2.2- 19 Graphic illustration of the-interactionbetween |p-NH,-pyH]™ cations in the solid state structure I in two different
perspective views. AlC-bonded hydrogen atoms are omitted for clarity. Lables refer to lables givéguire2. The sign
refers tothe interplanar angles betweereracting [p-NH,-pyH]" cations andl refers to the distance of the Nfjratoms

to the geometrical centroid of the adjacent aromatic ring. The distance between the N(pyH) atoms and the C3 atoms of the
adjacent p-NH,-pyH]" cation amounts to 3.415°A
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2.2.2.9. Solid statestructure of [{ p-NH2-pyHXNICI 2(H,0)4}(CI)(H 20)] (13)

Crystals of13, suitable for single crystal -Xay diffraction studieshave been obtained by
slow evaporation ohydrochloric solutiorcontaining stoichiometric amounts GgHgN, and
NiCl,-6H,0. The mokcular structure 0f3is shown in Figur@.2-20. Table2.2-22 and 2.2
23 summarizeon selected bond lengthepnd angles andhtermolecular hydrogen bonds

Crystaland structuratefinementdata are given iffable A5 inannexes

o H31
H3O/é 03

H1

31A P H30A
| \@/OBA
1

H31A
A \\

01A /
é Y He

Figure 2.2 20 ORTEP diagram (50 % ellipsoid level) of the symmatopbled asymmetric unit of PENH,-
pyHHNICI 5(H,0)}CH(H-0)]» (13.Sy mmet r y i blfig iz +&Ab

13 crystallizedin themonoclinicspace groufP2y/c. In the solid sta, structure is built up of
infinite chains of edgsharing [NiCh(H.O)4 octahedral, which are separated by the 4
aminopyridinium ions and discrete chloride iofidhe organic cations occupy the empty
space around each inorganic cli&f! . Structural ohesion is organized throught..Cl
and OH...Cl hydrogen bonds, which build up a thi@ienensional network as shown in
Figure 2.221.

22 cf, Appendix A
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The organignorganic cohesion is ensured by hydrogen bonding that involves interactions eg.
N1d H1A---Cl1 and NB H1B---CI2 bonds between the organic cation and the chloride and
016 H11---CI2 and O& H20---CI2 between the water molecule and the Cl anion (cf. Table
2.2-23). All the hydrogen bond distances ofi @...0 and intermolecular hydrogen bonds, cf.
Table 2.2-23, are as xpected. The total result of thistermolecularbonding gives rise to
threedimensional infinitearrangementcf. Figure 2.221 and 22-22. However, thedistances
betweenaminopyridinium molecules areloser, ranging from 3.348 A to 3.592 Avhich
indicates p - pnteractions The distances and angles throughout the structure are in good

agreement with those encountered in similar reported compbtihds

N2

g2 .~
x|/
» / CHE
4 ClTA
N\

~ > a
RNIE R
<
\/

02A, .-~

Figure 2.2-21 Selected part of the 3D network structure formedLByin the solid sate indicating the intermolecular hydrogen bonds
responsible for its formation in view on top of the crystallogragkéxes. AllC-bonded hydrogen atoms as well @s
interactions betweerpfNHpyH]'c at i ons are omitted f oto adibtdortiet!Ysymmetry b e | 6Ab
generated asymmetric unit 8.
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Table 2.2 22  Selectecbond lenghs (A)andangles (°)of 137

Bond lenghs bond angles bond angles

Nili Cl1 2.3702(11) OI1iNi1i O1A 180.0 CI1iNili 01 89.00(10)
Nili 01 2.071(3) OTiNi1i 02 92.36(13) CI1i Nili 02 90.46(11)
Nili 02 2.089(3) O2i Nili O2A 180.0 O1AI Nili 02 87.64(13)
N1iC1l 1.299(6) CILiNiliCI1A  180.0 O1AINili Cl1 91.00(10)

O2AI Nili Cl1 89.54(11)

a) Symmetry igoldigiz+d A0

Table 2.2 23 Selected bond lenghts (A) and angles (°) of intermolecular hydrogen boh&?3.of

DiH"A Di H H~A DA DiH"A
N1i H1ACI2 0.86 2.54 3.361(5) 161
N1i H1B~O2 0.86 2.34 3.138(6) 155
N2i H2ACI1 0.86 2.75 3.224(3) 116
N2i H2ACI2 0.86 247 3.133(4) 134
O1iH10°03 0.82(6) 2.00(7) 2.786(5) 160(6)
Ol H11-CI2 0.81(5) 2.38(5) 3.152(3) 161(5)
02i H20-CI2 0.82(6) 2.38(6) 3.177(4) 165(5)
02i H21-03 0.86(7) 1.93(7) 2.772(5) 1687)
03i H30CI1 0.79(10) 2.38(10) 3.141(4) 162(8)
03i H31-CI2 0.86(6) 2.28(7) 3.133(4) 175(7)
N1H ’Z&ma f
N an e
0 v |P
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Figure 2.2- 22 Selected part of the 3D network structure formedlByn the solid state indicatinthe intermolecular hydrogen bonds
responsible for its formation in view on top of the crystallograpghéxes. AllC-bonded hydrogen atoms as well@s
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interactions betweerpNH-pyH]'c at i ons are omitted for cl @thée i8ysymmetrgb el 6Ab
generated asymmetric unit b8,

Figure 2.2-23  Graphic illustration of the-interaction betweenpfNH,-pyH]" cations in the solid state structure 1§ in two different

perspective views. AlC-bondel hydroge atoms are omitted for clarityThe sign, refers to the interpfear angles
between interactingp-NHz-pyH]" cations. Distances between pi interacting atoms of less than 3.60 A are indicated,
ranging from 3.348 A (open bond, 092B) to 3.592 A (dshed open bond, NiBI1)*.

2.2.3. Summary and conclusion

It is clear from ouelevennew reported complexes of protonated arylammonium salt that the
building-block for the construction of extended arrays by using coordinative, hydrogen
bonding andp - mteractims 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 detaififferences in the chemical composition of the
organic bridging ligands as well as the inorganic components of thedbyteve a strong
influence on the crystal structure of the inorgamiganic 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 @rggroup 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 compondfit®. In the case of, 6 and 7 based on 474
bipyridinium, 1,18phenanphrolinium, n@- p overlap of the organic system was observed.
fAsymmetry and variation in diameter of the organic system destabilizgs shimteraction

and increases the ovaph®*®”. On the basis of this study, we expect that inorganignic
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hybrids based on pgine, which is much smaller could have befpeip overlap than the
bipyridinium derivatives based hybrid3ue 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 innter of magnetic exchange interactions.
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2.3. Organic/inorganic hybrid of the composition [{M(L)} »(ptc)] (M" = Cu, Co, Ni;L

= tmeda, pmdta, bpy, phen): gnthesis and characterization

2.3.1. The synthesis and characterization of binuclear transition metal
complexes b perylene-3,4,9,D-tetracarboxylate (ptc) of the formula
[{M(L )}»(ptc)] (M" = Cu, Co, Ni; L = tmeda, pmdta, bpy, phen)

2.3.1.1. Introduction

One of the most frequently studied organic molecules, is the so caBet]9,10
perylengetracarboxylicdianhydride (PTCDA14) cf. Scheme2.3-1.

Owo
-0
©) O

Scheme 2.31 The chemical structure a#.

PTCDA (14) is planar andull p-conjugated14 is known to crystallize in two polymorphic
forms, a and 6, depending on thspecifc growth conditions, though th&ructureof both
polymorphsare very similar; both crystallizing in the monoclif®:/c space group'® cf.
Figure2.3-1.

. 17.34 A° .

Figure 2.3 1  The unit cell ofa-14 along two perpendicular projections. The unit cell is monoclinic, with tbeest intermolecular
separation alonthe (102) directioff?%.

Particularlyl4 is regarded asnearchitecture type molecular semiconductor because itsform
closelyspacedhighly ordered planari ~ stacls, cf.Figure2.3-1. The interstack distance is
just 3.21A%° and thus14 is well known as an organic semiconductor (chapterl,

paragraph 1.3.3%?Y, 14 is furthermore widely used in the development of organic
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semiconducting microelectronic devité8, for organic solar celf® as a photocatalyst and
evenas a red pigment particularly in automotive applicatfé#é>!.

Aromatic multicarboxylates have been successfeityloyed in the preparation of various
carboxylatecontaining coordination complexes with useful properties. For exargpat
interest has been devoted to complexes and/or coordination polymers of tetracarblikglate
benzenel,2,4,5tetracarboxylate (btc) or naphthalenel,4,5,8tetracarboxylate (ntc), cf.
Scheme2.3-2, due to their potential uses as functional material for photolumine&cé&hce
magnetisit?”, catalysi€®, gas storad®®, conductivity**?, nonlinear optic&®, ion
exchangB®Y, optoelectronic effecd®s? and spirtransition behavid™®. The related
multicarboxylate ligandderived from14, namely3,4,9,10perylenetetracardxylate (ptc), cf.
Scheme2.3-2, has beensignificantly less investigated to dat€hat is presumably due to the
poor solubility of 14 in conventional solvents in the course of constructing coordination

complexes.

o] o OO

COO cCoo

o o
0ocC COO
Ii ©
COO

o
00C CO0 COO €00  coo

e e = =

bte nte ptc

Scheme -2 Thechemicalstructure of btc, ntc, arutc.

According toScheme2.3-3, perylenebased multicarboxylasewere alreadyprepared using
Bronstedbase such asethylenediamingen) andtriethylamine (TEA) for the treatment fo
3,4,9,10perylenetetracarboxylic acit?3.

Using TEA results in the formation of the perylehased dicarboxylat¢HNEts],[ptcH,]***,

cf. Scheme2.3-3. In ptcH,, two carbon acisland two carboxylate units are observed. As the
use of such a material might givese to undesirable side effects, it was not considered
furthermore in the context of this workhe salts obtained according &theme2.3-3 are
furthermore reported to be insoluble in most organic solvent, such as MeOH, acetone and
DMF. That property maynake it complicated to work withtc andptcH,. However, there is a
very recent repo[F?S] in which polymeric chains of{[Zn y(ptc)phen}](H20)10} o,

{[Zn 5(ptcXOH)x(phen}](H20)s} o, {IMn (ptc) s(phen)(HO),] (H2O).5t and
{[Co(ptch.s(phen)(HO),](H.0).5}p have been synthesised by hydrothermal methods by
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using the transition metal salts Zn(§)&H,O, Mn(CHCOOYAH,O or Co(NQ).AH,O
respectivelyl4, theN , Mlgelating moleculeand NaOH as base.

€] €]
COO CoOo

‘ 2[H3N(CH),NH3]%*
H,N(CH),NH, (en)
COOH COOH

inH,0,25°C

COOH COOH (CH3CH)3N (TEA)

) inH;0,25°C ‘ 2[(CH3CH)3NH]*

COOH COO
©
ptcH;

Scheme 2.33 Reaction process for the synthesistaf perylenébased ptc andHptc starting from 3,4,9,1:perylenetetracarboxyliacid
15[234].

The authors mentionetthat it was impossible to obtain these complexes or any material in
crystalline form without including th&l , Mhelating molecules into the reaction system as
co-ligands. All these four complexes form 3D neti®structures in the solid state, dueto
interactions between ptc ligands and intermolecular hydrogen BShdsnfortunately, no
conductive and/or magnetic studies are reported, but all four complexes are reported to have
strong solidstate luminesence emission at room temperaftiré

On the other hand, there is a report which describes the synthesis of
{[Cua(ptcXenk](EtOH)(H-0)e]} 2%, That dinuclear complex has been synthesized by the
reaction of Cu(CHCOO) with ptcH, and en/HO mi xt ur es i n sekl uti on
chemistrp a p p Noyeeld ik given, indicating problems of reproducibility and/or ot

access to that complex. In the solid statg+ieteractions between (ptc) ligands are observed.

But due to the presence of coordinatefDHas well as kDO andEtOH as packing solvent; a

2D hydrogerbridged network is formed. The isolated materiaihaf complex was pressed to
pellets and the conductivity measurement gave a valus ©f4.6x10°S A &, nthus a
semiconductor. An anionic mechanism has been proposed to be responsible for the
conductivity (for more explanation cthapterl). Furthermorethere is another report of a
closely related compleX[Cux(ptc)dienh(H.0)]} **", in which the magnetic measurements
indicate weak antiferromagnetic exchange with-0.6 cm*. Thus, binucleatransition metal

complexes optc can be regart as potentidly (semi) onducting and magnetid¢t would be
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thus of interest, toransferl4 into a wellhandable derivate, allowing complexation reaction
with transition metal complexes fragments.
According toScheme2.3-4, treatment ofL4 with four equivagnt of ['Bus;N]JOH shouldgive

rise to the formation ahe perylenetetracarboxylatet¢) in form of its["BusN] " sallt.

(€] €]
COO coo

H,0/ "BuNOH OO
P
1 ["BusN"]4
&)\ _MeOH/ "Bu,NOH O‘

COO COO0
] €]
ptc

Scheme 2.34 Reaction process for the synthesiptf starting from14: (A) the reaction medium is water and (B) the reaction medium is
MeOH.

The ["BusN]" salt of ptc, cf.Scheme2.3-4, is expected to be soluble in both@® andor
organic solvents. If so, that compound would be a very promising precursor for the synthesis
of e. g. binucl ewatchanistngp | aepxperso abcyh t he A

A recent reporis describing the synthesis ofj[iitc] and [DOAB][ptc]/[DHAB] 4[ptc] with
[DOAB] = Dimethyldioctadecydmmonium  bromide and [DHAB] =
Dihexadecyldimethgmmonium bromide should be nmtioned?*®. The authors report here

on the synthesis of wedoluble salts of ptc, even in nqolar solvents like e.g. toluene,
which is impressive. Large crystals could be grown of these ptc salts, however, their solid
structures anthus their identities were not verified by singig/stal Xray diffraction studies.
Compound [DOAB] 4ptc] and [DHABL[ptc] have been synthesized by the addition of
[DOABI]Br/ [DHAB]Br solutions to those of K[ptc] in water. The alkylammonium salts are
repated to precipitate; the filtrated precipitates were washed for purification, althmugh
elemental analysis indicatéle isolated materials to be pure and/or free of e.g. KBr. For that
reasons, and because the more convenient tetralkylammonium satt Bbauded, the focus

was put to the application of§usN]* salts.In the following, the synthesis @ftc saltsand

their use in the context of formation of transition metal complexes will be discussed.

2.3.2. Synthesis and characterization of [BusN]" salts 0f3,4,9,10perylene-
tetracarboxylate

According toScheme 2.5, the ptc saltd6i 18 have been obtained by treatmentldfwith
four equivalents of"BusN]JOH in H,O (16), in MeOH (17) or usinga mixture of [Bus;N]JOH

and KOH (3:1) in MeOH/KD to givel8. Thereaction mixtures were heated for some time in
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order to obtain clear solutions, which indicate that the reaction (Scherbg\Reht to the end
(Scheme 2.3).

1) 4["BuyNOH] in H,0
2) 70° C, 90 min
3) Filtration

H,0

["BusN]4[ptd]-14.5 H,0O

(16)

1) 4["Bu,NOH] in MeOH
2) 50 °C, 90 min
MeOH

["BugN]4[ptc]-14.5 H,0

(17)

1) 3["Bu,NOH] in H,0

2) 1KOH

3) 50°C, 90 min
MeOH/ H,0

{["BuaNI3[K (ptc)(H20)4]-3H20],

(19)
Scheme 2.35 Synthesis of the,3,9,10perylenetetracarboxylate salt§, 17, 18 respectively.

Reaction with four moles dfBusN]JOH carried in an aqgueous medium did never result in the
formation of a clear solutigneven after prolongetieating. The obtained cloudy reaction
mixtures wee finally filtrated. The solid material removed after filtration has been cheéck
by IR measurements to be unreaciédwith ca.5 % of the 14 initially used It should be
emphasized, that the use of five and/or more equivalent8afNJOH according tacScheme
2.3-5 does always result in the formation of clear solutions, indicating that aléttiel react.
Such solution containsoweverexcess of OH which would influence further complexation
reaction.The clear filtrates were allowed to evaporate.tatgiving rise to the formation of at
least microcrystals 016. The microcrystals were isolated by filtration and dried on air. In
case ofl7 and 18, clear solutions have been obtained already by base treatmbht Tiey
were allowed to evaporate sliywgiving rise to the formation of at least microcrystalsl @f
and18. The yields ofl6 to 18 are in the range of 755 %. The identities ofl6 to 18 have
been established by IR, UV/vis afid NMR spectroscopy as well as elemental analysis, cf.
Table2.3-1.

It is to noticethat 17 cf. Table2.3-1, obtained from the treatment d# with ["BusN]JOH in
MeOH, is without any MeOH. A possible explanation whg has been obtained without
MeOH is the fact that the final resulting MeOH solution accordingdbeme2.3-5 was
allowed to evaporate on air, which allows the condensation of air humidig) (idto the
solution. Unfortunately, the microcrystals formed b7 were not suitable for Xay
crystallographic studies. For that reasdd, was then treated with theeequivalents of
["BusNJOH and one equivalent of KOH in MeOH medium. Evaporation of the MeOH
solution on air afford48in form of large single crystals. According to its IR, UV/vis ahkid

95



Result and Discussie@hapter2.3

NMR spectra, there is no indication, that the singlgstals of18 containany MeOH, as
additionally confirmed by Xay crystallographic studies (see below). Otherwise, dat8 of
are very similar to those reported fil@and17 as well, cf. Tabl@.3-1.

Table 2.3 1 ElementalAnalysis *H NMR, UV/vis and IR data af6, 17 and18.

Ptc['BusN] 16 17 18
salts
EA (%) Calc. Exp. Calc. Exp.
Calc. Exp.
C:64.67 C:64.58
C: 64.84 C: 64.59 C: 64.84 C: 64.14 H:9.95 H: 1091
N: 3.19 N: 3.54
H: 11.02 H:11.70 H: 11.02 H: 11.07
N: 3.361 N: 3.38 N: 3.50
N: 3.38
HuH)?Y H. (U= 7.96, d, 4H) H. (U= 7.99, d, 4H H.(U= 8.06, d, 4H)
H, (FF 7.45, d, 4H) H, (i 7.45, d, 4H) H, (F 7.41, d, 4H)
H, (U= 3.13, t, 32H) H, (U= 3.14, t, 32H) H, (U= 3.13, t, 24H)
H, (U= 1.54, g, 32H) H, (U= 1.55, g, 32H) H, (= 1.60, g, 24H)
Hs (U= 1.28, sex, 32H) Hs (U= 1.28, sex32H) Hs (U= 1.34, sex, 24H)
H, (U= 0.92, t, 48H) H, (U= 0.93, t, 48H). H, (= 0.93, t, 36H
MeOH DMSO MeOH DMSO MeOH DMSO
UV/ivis? I:  223(28667) | 1:266 (27973) | I: 220 30982 1: 266 (L9047 I 226 Q122) | 1:265 (21216)
Il: 248 (15846)| 2: 350 (1830) I: 248 (12873 2: 349 087) Il: 248 (15207 | 2:350 (830)
Nl: 261@958) | 3:399 6307) l: 262 (15633 3:399 @585 Nl: 26117984 | 3:399 B709)
IV: 288 (3797) | 4:426 (14954) | IV: 288 @177 4: 426 (12929 IV: 288 (4029) | 4:426 (11157)
V: 345(1642) | 5:451(28470) | V: 339 (1833 5:451 Q2324 | V: 349 (1641 5:451 (2152)
VI: 392 (3256) | 6:480 (2992) | VI: 392 (3856 6:480 Q0669 | VI: 392 (3669 6: 480 (21869)
VII: 416 (10071 VII: 416 (7920 VII: 416 Q766
VIII: 439 (20293) VIII: 440 (15557 VIII: 440 (18603
IX: 468 (24562) IX: 468 (18929 IX: 468 21043
IRY 3.{CO): 1613 3.{CO): 1615 3.{CO): 1614
5(CO)(COO) 1377, 1344, 1201 ss(cc_%) _)/1u5(g700) 1379, 1345, 1197 35(8%) _)12(5%(20): 1378, 1345, 1201
3(C=C)ooy: 1557 3(C=C): 3(C=C):
o (=C-H): 580, 837 9(=C-H) 0, 881, 837 9 (=C-H) 00p: 880, 837
U(C-C): 738 U(C-C): 738 G(C-C): 738

1) U ppm DMSO-[dg], 2) & nm( tdm¥mol*cm?), 3) IR (in cm’).

2.3.2.1. NMR characterization

The'H NMR spectra ofL6, 17 and 18 are shown irFigure 2.3-2 together with the labeling
Scheme.

For the identificatn of thel6, 17 and18 salt a good indication of the presence of the product
was provided by t he apmpm@rthe proten (Fdf thepeylehel et at
ring, the second doublet appeardiat7.45ppm for the second proton ¢ of the perylene
ring. In addition, looking at th&H NMR spectra in the alkyl region, the peaks due tg CH
protons of the tetrabutyl groupf the ["BusN]" cationsappeared as tiplet at U= 0.92ppm
(Hs), as well as a simpl&iplet, quintuplet, sextetepresentatie of the CH protonsof the
alky appear respectively around 3.14 ppm (H;), and the other CHprotons appears at

154 ppm (Hy), U= 128 ppm (Hs). Furthermore, the ratio of the intensities of fABusN]* to

the [ptc] protons fits to the expectationg, Table2.3-1.
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The expected doublets of the two different kinds of aromatic proton do always appear well
isolated (cfFigure2.3-2).

DMSO

T OO

SN,
b b P4 . ‘
1

bb . b [NCH~CH~CH~CH,)]- ) i _i
2 2 1 1 3 4 —_—— B
J . \
CO0 OO P-3 ;_I . o |
—_— - | i Ly
1 g 3
8.5 7.5 6.5 I T
o/ ppm 65 25 15 05

Figure 2.3-2  'H NMR spectraof 16 (red line), 17 (greenline) and 18 (blue line) reorded (in DMSQD¢]): S represents the proton
chemical shift of HO and i is an impurity from the DMS{D¢].

Not surprisindy, the chemical shifts of these protons are only marginal different when
comparingl6, 17 and 18, as the spectra were recorded @usion. A comparison of théH
NMR data of the obtained wedbluble salt of 3,4,9,1Perylene tetracarboxylate with those of
the 3,4,9,1(perylene tetracarboxylic dianhydridel4) could be possibleBut, there is no
report giving'H NMR data of14 in soltion. Because trials to determine any NMR
resonances of DMS{ul¢] solution of14 failed at r.t., this should be due to the poor solubility
of 14. However, the observation of two different doublets has been madb@#B] 4[ptc]
and [DHAB][ptc] as welf*. Here the doublets of the perylene appear at 7.89 angpra9
for [DOAB] 4[ptc] and 7.87 and 8.2%m for [DHAB]4[ptc] compared to 7.96 and 7.45 f8;
7.99 and 7.4%pm for17; 8.06 and 7.4ppm for 18. The slight difference of thehemical
shift is most probable due to the use of DMfig) in the case ofl6 to 18 compared to
MeOH-[d4] for [DOAB] 4[ptc] and [DHAB][ptc].

2.3.2.2. IR characterization

The IR spect 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@,{CO) band at 1618m” for 16, at
1615cm™* for 17 and 1615m™* for 18. The band at 137am™ (16), 1379cm* (17), 1379cm’*

(18) is assigned ta®{(CO). That assignments correspond approximately to data given in
textbook&3%¥ (3.{CO): 16051555),34CO): 14251393) and in the literatdfé®. For ptcH

the 3,{CO) is observed at 163> far away from values reported here fbg- 18,
However, for [HTEA][ptcH] (cf. Scheme2.3-3, paragrapl2.3.2.2), the 3,{CO) appearsat
1547 or 154m™ for the hydrated odehydrated compound respectively.
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Figure 2.3 3 IR spectra of the ptsalts 15 (red line); 16 (green line) and7 (violet line)

The comparatively low wavenumbers in these reparteses are attributed to the presence of

unprotonated COQO groups of the ptc, although in these castsrmolecular hydrogen bonds

of [TEAH]" proton to ptc are obsenil. The OH broad stretching bamg{O-H) is shown

between 350@800cm* as predicted by the literatld&? with the maximum aB420cm™* for

16, at 3395cm™ for 17 and at 340¢mi* for 18. The bands at 2953 and 2889™ for 16 and

at 2960 and 2876m™ for 17 and 2958 and 287@n™ for 18 have ben assignedo be

3ass(CHs, CH,) of the tetrabutylammonium cationi& general, the owbf-planed (=C-H)o.0.p

vibrations of aromatic compounds are expected to be seen in the range between ca. 870

690cm % For 14, the IR spectrum displays in those region vibrations at 865, 860, 805,

790, 755, 73@m’, cf. Table2.3-7, paragrapl?.3.2.2 The ones at 865, 755, 7801 have

been assigned to be the(=C-H),,, vibrationd**™. In case of16- 18, the IR spectra, cf.

Figure 2.3-3 displaythree vibrations in the concerning region8a8®, 797,738cm™ for 16,

835, M7, 738cm* for 17, 832, 797 738cm* for 18 which are assigned accordingly to be the

9 (=C-H)o.0.p The highest oubf-planevibration 3 (C=C), ., has been identified by the bands

at 1557cm* for 16 and17 while for 18it is at155 cm™. In the case ofl6 and18, cf. below,

crystallographic studies reveal intermolecular hydrogen bonds betwgemidlecules and

the 1COO groups of ptc which have been identified in the IR spectra by the bands at

1377cm’™* for 16 and at 137@m™ for 17 and18; these values are approximately in the range
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already observed (142B393cm™)?*%d To which extenthese bonds are responsible for the
shft of the 3,{CO) vibration to comparative high wavenumbers remains unclear. It is
furthermore surprising to notice that, the CO vibration&&#re not significantly different to
those ofL6 and17, respectively, although a coordination of theiéh to thei COO groups of

ptc is observed {cbelow). That should indicathat the K O(COOQO) bonds ofl8 are weak.

2.3.2.3. UV/vis characterization

The electronic spectra df6, 17 and 18 were recorded at 2% in MeOH and in DMSQ
respectively(Figure2.3-4). The obtained dataave beersummarized inrable2.3-1, and the
maximum absorption peaks @6, 17, 18 and theircorresponding transitiom both solvents
are given inTable2.3-2. The UV/vis measuremerghows nearly identical absorptions for all
the compoundd46 to 18 (cf. Table 2.3-1). All three compouds dissolved in MeOH or in
DMSO have anoriginal bright greenuminescentcolor. The shape of the absorption spectra
of 16 to 18 is very commonand similar to those of other perylene derivatives already
reporte*. The UV/vis absorption spectrum df6 to 18 in MeOH showsfor all the three
compounds ninabsorptionsdentified at 223, 248, 261, 288, 345, 392, 416, d39%and 468
for 16; 220, 248, 262, 392, 339, 392, 416, 440 andt6&or 17, and 226, 248, 261, 288,
349, 392, 416, 440 and 46& for18. The UV spectra of these compounds in DM&@re
2.3-4 right) are not similar to thosdbtained from MeOH solutiorF{gure 23-4 Ieft).

2500 ~
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& 1000
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500 4

\
T T T )
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Figure 2.3-4  UV/vis spectra ofl6- 18 in MeOH (left) and in DMSO (right)Concentration in MeOH: 7.26 fomo |A65.29 10°
mo |I"ATand 1.07 1d mo |I""A& Corncentration in DMS03.82 10° mo | 4oL 16 and 3.15 10 mo I*AT, 3.34 1¢°
mo | 4oL18.

In DMSO solution, the three absorption peaks at ca. 222, 24&r8&served in MeOH
disappear fol6- 18. Thus, in DMSO six absorptiorseaksare observed hich 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, tblafradight be

well explainable. For a large number of organic compoundssdhetochromism effect is

well understood and investigatéd and this is why compounds change their color when
dissolved in different solvest due to the difference in solvent polarity. A positive
solvatochromism is referred tas a shift of absorption in to higher wavelength (red shift,
batochromic effet) as observed fi8- 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 oneds which can be assigned in compar
summarized in Tiale 2.3-2 again andfor completeness corresponding values from DMSO
measurements are given.

The pronouncedabsorptionsat ca. 27nm (for 16: 223nm for 17. 220nm and for18:
226nm) can be attributed to the,, transition of the phenyl ringfthe one @ ca260 nm (for

16 and18: 261nm, for17: 262nm) is originated from the transition along the short axis of
ptc anions. Tese values are not far from the reported values ofi2i@nd 260nm according

to the literaturé*?, cf. Table2.3-2.

Table 2.3 2 Maximumabsorption peaks df6, 17, 18 (amax (M) and their possible transition in different solvents

Proposed transitions
Comp. | ‘Ew S & S S S S S S S S
transition
16 223 248 261 288 345 392 416 439 468
MeOH
17 220 248 262 288 339 392 416 440 468
18 226 248 261 288 345 392 416 440 468
Solvent | DMSO | 16 - - 266 - 350 399 426 451 480
17 - - 266 - 349 399 426 451 480
18 - - 265 - 350 399 426 451 480
Ref 217P7F | 24P | 26077F 34577 | 3o [ 41670 | 4437 | 47|
4 4 4502442 478244
43812428 46612428
4507814 | 470>

L(in EtOH);%(in MeOH);3(in H,0); *(in CH.CL,)

Theabsorptions at c248nm and 345n1m (for 16: 248 and 345 nm, fal7: 248 and 339m
and forl8: 248 and 349 nmghouldcorrespond to transitions the short axis of the perylene
chromophore,as this is mentioned for some perylederivative§*’. The pronounced
absorptions peaks and/or shoulders obsefoed6- 18 at ca. 468440, 416 and 391nm are
very close to reported vall&¥ of 471, 443, 416, 391 and showdrrespond to th&i Sy,
Sl S, Soi S, and i S electronic transitionsespectively cf. Table2.3-2. In the case 0ol8,

the rephcement of ond'BusN]* cation by K does not really affect the two observed intense
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peak at 226, 348m for 18 compared to 223, 34%m for 16 which indicates again thieond

between K and O from the carboxylate group as weak.
2.3.2.4. The structure of ['BusN]4[ptc]x14.5 HO (16)

Crystals of16, suitable for single crystal -Xay diffraction studieshave been obtained by
slow evaporation at r.t. of the resulting solution,S¥heme2.3-5. The molecular structure of
16 is shown inFigure2.3-5. Table2.3-3 summarzeson selected bond lengths, bond angles
and torsion anglesyhile selected bond lengtltg intermolecular hydrogen bonds are in Table

2.3-4. Crystal and refinement data are given in Table A5 in annexes.

0SwC 01wWC
O7VDoswc, K7 p o]

Q\I = ;,w\g)zwc\

05WA  OIWA
o- o—®
04vB J';07"“*03\,/;-‘« St

1
C128\ 048 _-- Hr /02WA
! \osws/s g 4 03 L pOIA

oB szew' N,,
OB ¥ *1 3wg7ws 04VACQA ;

Figure 2.3 5 ORTEPdiagram 15 % ellipsoid level) of themolecular structure of a selected part of the 1D chain formelblry the
solid state. All [BusN]* cationsare omitted for clarity. The partially occupated water molecule with the oxygen atom O8
and its symmetryenerated equivalents is not shown. Dotted lines indicate intramolecular hydrogen bonds between oxygen
at oms . Labl e 6%odhe 8 symmefpgeneratédeasymmetrio unid6f’.1

16 crystallizes in thenonoclinicspace grouf2(1)/n Theasymmetric unit ofL6 comprises

two ["BusN]" cations, 7.25 KD molecules andalf 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. FiguBe3-5. The presence of fully deprotonated COgdoup of

the ptcis further confirmed by the almost equivalert @ bondlengths of carboxyl groups:

3 cf. Appendix A
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C1- 01 = 1265(4), C102 = 1.256(3 C12- 03 = 1.250(3 and A2- 04 =1.261(4)A (also
see Tabl@.3-3). Two carboxyl grouparebeing slightlybendedout of the perylene plane, up
and down in the asymmetric unit, and tbesion angle of e.g01- C1- C2- C3is -41.2(4°.

The angle between the two carboxyl group3; O1- Olis 126.2(3)°,and thosevith perylene

plane are41.2(4)° and-39.44)°, respectively.
As shown inFigure 23-6, 16 forms in the solid state 1D chajrdueto the hydrogen bonds
between [ptc] and water molecules. It is surprising that these 1D chains are separated from

each other, as illustrated fhigure 23-6; as no hydrogen bonds and po mteraction

between 1Dchainsare observed. This is most probalolye to the presence ofBusN]*

Figure 2.3- 6

Table 2.3 3

whi ch act

as

fi

i nsul atingbo

Sspacer s.

Graphicalillustration of the orientation of the 1D chains formed1&f in the solid state, their orientation along the

crystallograhic b-axes and their isolated nature without any further interchain inter&ction

Selectecbondlengths (A), angles (°) and torsion angled6f

Bonds length

C1i02
Crio1l
C12i03
C12i04
C13iN1
C17iN1
C217N1
C257N1
C2971N2
C37N2
C41IN2

1.256(4)
1.265(4)
1.250(4)
1.261(4)
1.519(6)
1.512(6)
1.526(5)
1.517(5)
1.522(5)
1.516(11)
1.529(6)

Bond angles

02iCliOo1
0O2iCliC2
OliClic2
0O2iCliOo1
OliClic2
C2iC3iC4
C2iC3iH3A
C4i C3iH3A
N1i C13 C14
N1i C13 H13A

26.2(3)
117.2(3)
116.3(3)
126.2(3)
116.3(3)
123.2(3)
118.4
118.4
116.4(3)
108.2

Torsion angles

OZ2iClLiCcziC3
OliCliCziC3
OZiClicziCl1
OliClicziCl1
0O4i C12 031 0O8W
C10'C12 O3 08w
C12 O3i O8Wi O6W
ClIiC2iC3iC4
CliC2iC3iC4
C2iC3iC4iC5

C3i C4iC5i C6

C4i C5/ C6i C7

132.9(3)
-41.2(4)
-39.4(4)

146.4(3)
18.6(5)
-153.6(3)
82.2(3)
4.5(5)
-168.3(3)

1.1(5)
-3.3(5)
-179.5(3)
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Table 2.3 4 Selectecbond lengths (A) and angles (°) aftermolecular hydrogen bonds b6,

DiH"A B HA DA DHA
O1Wi H1"O5W 0.95(5) 1.81(4) 2.763(5) 174(5)
O1Wi H2"02W 0.96(5) 1.87(6) 2.768(5) 155(5)
O2Wi H3"02 0.95(3) 1.76(3) 2.705(4) 170(6)
O2Wi H403W 0.93(3) 1.96(3) 2.828(5) 154(3)
O3Wi H5 " 07W 0.96(3) 1.93(4) 2.767(6) 144(4)
O3Wi H6"04 0.95(6) 1.83(6) 2.720(4) 156(5)
O5Wi H703 0.98(4) 1.88(5) 2.808(5) 157(4)
O4Wi H9 04 0.96@) 1.78(4) 2.717(5) 163(3)
O4Wi H1006W 1.09(2) 2.05(2) 2.786(7) 122.1(18)
O6Wi H1104W 1.11(8) 1.71(7) 2.786(7) 160(14)
O7Wi H13°03W 0.95(4) 1.83(4) 2.767(6) 171(4)

2.3.2.5. The structure of {["BusN]s[K(ptc)(H 20)4]-3H20}, (18)

Crystals of18, suitable for single crystal Xay diffraction studies, have been obtained by
slow evaporation of an aqueous MeOH solution of14 in KOH and [Bu;NOH] at room
temperature, cf. experimental pafihe molecular structure df8 is shown inFigure 23-7.
Table2.3-6 summarizes on selected bond lengths, bond angles and torsion @able.35
shows intermolecular hydrogen bon@systal and refinement data are given in Table A5 in
annexes.

18 crystallizes in the monoclinispace grou2(1)/n The asymmetric units df8 consist of
three [Bu;N]*, one K cation and one [ptc] anion and sevepOHmolecules overallThe
carboxylate groups are torsioned from the perylene ring systems, cf. data oR Behlé\s
shown inFigure 23-7, the K ion is coordinated by the carboxylate O atoms OB of one
[ptc] and O1A and O4A of the second [ptc]. Furthermore, eddiorKis coordinated by four
H,O molecules (O donor atoms: O1WA4W, cf. Figure 23-7) and thus the coordination
number of the Kions is nine. The coordination polyhedra is irreguléth O- K- O bond
angles between 10.5(3) to 128.4 (7). TheOKk,O bond distances arbetween3.105(2}
3.314(3)A much longer compared to the Rcoppone ds bet waiB33)A2Thé 8 8 ( 3)
deviations of the planes of the carboxylate groups with respect tméhe plane of the
perylene core are similar to those in potassium naphthaldr® 8tetracarboxylaté*. The

C- O bond lengths of the carboxylate groups range from 1.238(B262(3)A (Table2.3-5).
The two shorter €O bonds involve the O atoms closestlie perylene ring syster®1 and
08, and the two longer-© bonds involve the O atoms farthest from the aromatic ring
system, O5 and O4The O C-O bond angles are widened to 126.1(3) d&¥.3(3)°,

respectively (Tabl.3-6). All carboxylate groups areirécted outward. This feature can be
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explained by a comparison of the correspondinr@CC- O (- COQO) torsion angles e.g.
C3-C2-C1-01is 35.6(4C7- C2- C1- O2 is 31.9(4)°, cf. Table 2-8.

Figure 2.3 7 ORTEP diagram 25 % ellipsoid level) of themolecular structure of a selected part of the 1D chain formed by the
{[K(ptc)(H ,0),]*} fragmentsof 18 in the solid state. AlC-bonded hydrogen atoms and rawordinated HO molecules
are omitted for cl apafirsyandalsecond symmefydgenerated asyBnietric Edt'ot r  t

 He 3H14

HS oaw Hz OV

Figure 2.3 8 ORTEP diagram (1% ellipsoid level) of the molecular structure of symmetigubled asymmetric unit dfg, illustrating
the formation of 1D leains of18in the solid state. AIC-bonded hydrogen atoms are omitted for clatity

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) per@Agh®,10tetracaboxylate
octahydraté>¥. Four alternating O atoms arifsem water molecule involved as solvent in the
structure Their interactiorwith the 1D chain ofL8, which was already shown in Figure 2.3

is illustrated in Figure 2:8. As observed and discussed I@rand as shown in Figure 28
between the 1D chains d8 no interactions are observe@urthermore, in the-D chain,

water isthe packing solvent but it is also connected to the potassium .cation

Figure 2.3 9  Graphical illustration of the orientation of the 1D chains formed18fin the solid state, their orientation quasi
perpendicular to the gstallographicb-axes and their isolated nature without any further interchain interactiorC-All
bonded hydrogen atoms are omitted for cl&tity

Table 2.3 5 Selectecbondlengths(A) and angles (°) ahtermolecular hydrogebonds oft 8.

DiHA DH HA DA DiHA
O1Wi H1"O5W 0.85(2) 2.08(2) 2.891(3) 160(2)
O2Wi H3 " 06W 0.86(4) 2.02(3) 2.814(4) 153(4)
O2Wi H4-08 0.85(3) 1.86(3) 2.655(3) 156(3)
O3Wi H5 03 0.83(3) 1.89(2) 2.698(3) 165(3)
O3Wi H6"04W 0.85(2) 2.05(2) 2.840(4) 153(3)
O4Wi H7-01 0.91(3) 2.59(5) 2.895(3) 100(3)
O5Wi H9"02W 0.84(3) 1.93(3) 2.736(4) 162(4)
O5Wi H10°02 0.85(2) 1.86(2) 2.701(3) 170(2)
O6WiH11'O1W  0.86(3) 1.97(3) 2.793(3) 160(3)
O6Wi H12°06 0.84(2) 1.886(19) 2.724(3) 173(3)
O7WiH13'03W  0.88(3) 1.93(3) 2.800(4) 176(4)
O7Wi H1405 0.89(3) 1.87(3) 2.758(3) 172(4)
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Table 2.3 6 Selectecbondlengths(A) and angles (°) afhtermolecular hydrogen bonds b8

Bond lenghts Bond angles Torsion angles

Clio1l 1.243(3) OliCli02 126.1(3) OlLiClLiCcziC3 35.6(4)
C1i02 1.255(3) OoliCclic2 116.7(3) O2iClLiCZiC3 -139.7(3)
C1706  1.254(4) 03iC8 04 126.1(2) OliCclicziCcy -152.9(3)
C170O5  1.264(3) 0O4i C8i C9 117.2(2) Oz C1iCZiC7 31.9(4)
C24i08 1.239(3 06i C17 05 126.3(3) 03I C8iCY9iC10 -128.6(3)
C24i07  1.260(3) 0O6i C17 C16 116.8(2) O4i C8i C9iC10 45.6(4)
C17K1  3.100(3) O5i C17 C16 116.8(3) O6i C17 K1i O7 93.17(17)
C24iK1  3.413(3) 0O6i C17 K1 82.22(16) O5i C17 K1i O7 -127.60(19)
C25N1  1.527(4) O5i C17 K1 61.09(14) C16/ C17 K11 O7 -28.2(3)
C29N1  1.507(4) C16/ C17 K1 136.81(18) 06i C17i K1i 04 -110.61(16)
C33 N1  1.517(4) ciacaicy 119.2(3) O5i C17 K1i 04 28.62(19)
C37 N1  1.522(4) 08i C24 07 127.3(3) O4i C8i C9i C7 -144.5(3)
C41LiN2  1.506(4) 08i C24i C23 116.3(2) C15 C16i C17 O6 129.1(3)
C45 N2 1.510(4) O7i C24i C23 11@(3) C18 C16/ C17 O6 -42.2(4)
C53 N2  1.535(4) 08 C24i K1 95.86(18) C15 C16/ C17 O5 -47.1(4)
C57IN3  1.523(4) O7i C24i K1 45.64(14) C15Cl6/C17 K1 -122.4(3)
C6LIN3  1.527(4) C23 C24iK1 136.39(19) C18 Cl6/C17 K1 66.3(4)
K1i 07 2.688(2) C26/ C25 N1 114.2(3) K1i C8i C9i C10 103.6§3
K1i 04 2.699(2) 03 C8i C9i C7 41.3(4)
K1i 02 2.715(2) K1i C8i C9i C7 -86.4(3)
K1i O5 2.724(2) N2i C41i C421 C43 176.3(3)
K1i O1W 3.105(2) C62 C61i N3i C69 58.0(4)

K1iO2W 3.113(3)
K1io6  3.183(2)
K1i O4W 3.247(3)
K1iO3W 3.314(3)

2.3.2.6. Brief Conclusion

This facile oneport synthesi®f ["BusN]* salts of [ptc]is particularly interesting as it cdre
completed within 90 min ik,0, H,O/MeOHor pure MeOH.

The new perylene derivativelss- 18 could be obtained with high yieldhe synthesis athe
ptc saltshas the following advantagesioderatetempeature, shortreaction time 90 min,
yield (ca. 70%), simple treatment proces3he formation of the chargstoichiometric
compundswas at irst evidenced byH NMR spectroscopy. Clearlytc dissolve in many
organic solvents, such as MeOH, CKIGI DMSO. As the formation of the psalts16 and
17 is verified without doultin the following solutions ofl4 with four equivalents of
["BusNJOH in MeOH or HO according tdScheme 3-5 are regarded as containing solely
["BusN]4[ptc]. In case of KO as a reaction solvent, it is however required to filtrate, which
reduces the amount dfgusN]4[ptc] to 95%, due to the elimination of unreactéd. In the
following, the addition of transition metal complex fragmentstesitu prepared solutions of

["BusN]4[ptc] is described.
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2.4. Synthesis and characterization of binuclear transition metal complexes of

3,4,9,10perylene tetracarboxylate.

According toSchene 23-6, in situ prepared BusN]4[ptc] has been treated with different
transition metal complex fragments to obtain the binuclear compléxes?6.

M(Ln)(Hz0)n
O/

XS

. [M(Ln)X2]
["BuaN]4[ptc]
inH,0or MeOH X =NOg, Cl', BF4
_4"Bu,NJX

O~ M(Ly)(H0),

M = Cu'", Ly = pmdta, n=1, x=6, S= MeOH (19, ca. 70 %)

M = Cu'", Ly = pmdta, n =1, x = 11, S= H,0 (20, ca 60 %)

M =Cu", Ly =tmeda, n=2, x=6, S=H,0 (21, ca. 50 %)

proposed { Cu(bpy)} »(ptc)} - (x+n)H,O (x+n=4), S=H,0 (22, ca 80 %)
proposed { Cu(phen)} »(ptc)} - (x+n)H,O (x+n= 8), S= H,0 (23, ca. 80 %)
proposed Ni(pmdta)} 5(ptc)} - (x+n)H,O (x+n=11), S=H,0 (24, ca 50 %)
proposed Ni(pmdta)} ,(ptc)} - (x+n)H,O (x+n= 10), S=H,0 (25, ca. 50 %)
proposed Co(pmdta)} 5(ptc)} - (x+n)H,O (x+n= 11), S= H,0 (26, ca. 50 %)

Scheme 2.36 Synthesis obinucleartransition metg(ll) complexes of ptc and obtained yields.

By using bpy or phen terminated transition metal complex fragments, the reaction products,
which are identified to bbinuclear transition metal complex28 and23; precipitate directly

from the reatton 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 soiNarg.

the solid state structures @€, 20 and 21 could be obtained. The results obtained there of
sheet valuable light into the characterization of all other complexes sho8chame2.3-6.

For a better comparison, the synthesis and characterizatior &fthcontaining complexes

19to 23 should be discussed first.

2.4.1. Synthesis and characterizatiorof the binuclear Cu" complexes:19to 23

Treatment ofin situ prepared TBusN]4[ptc] with two equivalents of [Cu@)]®* fragments
affords, by slow evaporation of the reaction solvent, clystaof
{Cuy(ptc)(pmdtay(H.0),] A 6 Me IO,Hsolvent: MeOH); {Cu(ptc)(pmdta.(H.0)] A LA H
(20, solvent: HO) and {Cu(ptc)(tmedy(H.O);] AMH21, solvent: HO). In contrast, an
identical treatment with fragments of [Cu(bgy)land [Cu(pheni] results inimmediate
precipitation of brown powders of {Cu(bpy} p t x+h)H.A (x+n = 4)(22, solvent: HO)
and {Cu(phen)h(ptc) ¥xA)H,O (x+n = 8) (23, solvent: HO) respectively. All complexes
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were isolated by filtration, washed as described in the experimeatabrs of the thesis and
finally dried on air. Complexed9 to 21 are wellsoluble in e.g. KO, alcohols and even
CH.Cl,, allowing recrystallization. Complexe®2 and 23 are however insoluble or only
slightly soluble in most common organic solvents. In BM&d DMF, respectivel22 and

23 are somewhat soluble, all tridts grow single crystals failed however.
2.4.1.1. IR characterization of 19to 23

FT-IR spectroscopy confirmthe presence of [ptc] in all of the complexes and also show
features attributable to elm component of the compleXd®®. The IR data ofl9 to 23
together with those d?-1 and16 for comparisorare summarized in Tab®3-7.

The IR pectrum of16 (Figure2.3-3) did showthe 3,{ CO) antisymmetric stretching band at
1613cm*. Upon coordination with Cly this frequency shifts to lower wavenumbers of
1592cm™* for 19, 1581cmi* for 20, 1583cm™ for 21, 1588cmi* for 22 and1589cm™* for 23.

This is indicative for a coordination of the 'Cion by the [ptc] anions. Th&(CO) symmetric
stretching vibration, which is at 13w for 16 is shift tohigher wavenumbes of 1386cm'™

for 19, 1386cmi* for 20, 1413cm* for 21, and 1415cm™ for 22, 1407cm™ for 23. For
19to0 21 the 3,{CO) and 3{(CO) vibration values agree with already reportetbrations of
other tetracarboxylate complexes, namely of thé?$tcadducts of which thes(CO)
vibrations were observed d@5641532 and 1479374cm™ respectively | n t he Afr e
["BusN]4[ptc] 16, the 3,{CO)and3{CO) appear at 1613 and 13am™ respectively. In the
complexesl9 to 23, the3,{CO)and34CO) stretching shift tdower andhigher frequencies,
respectively (1592 and 1386n™ for 19; 1581 and 1386m™ for 20; 1583 and 1418m™ for

21; 1588 and 1416m™ for 22 1589 and 140¢m™ for 23) which is indicative ofan
unidentate coordinatiomode of thecarboxylate ligands to thmetal (M O- C(R)=0)?*",
which has been also proved by thea¥y structure ofl9to 21, cf. paragrapt2.4.1.7 to 2.4.1.9
The difference of those frequency shifts as proved for compdifis21l, is not only due to

the coordination of the metal ion to the carboxylate group, but also, as revealed by the single
crystal Xray diffraction stidies, tointermolecular hydrogen bonds betweesOHnolecules
and thei COO groups of ptc.The OH broad stretching bang(O-H) of H,O, expected
between 350@800cm ™% shows amaximum at3408cm™ for 19; at 3391cnt for 20; at
3456cm™ for 21; at 3339cm’* for 22 and at3339cm™ for 23, which clearly indicates the
presence ofcoordinatedl water molecules imaseof 19 to 21%*°. The bands at 3108, 3102
ard 2921cm® for 19 and at 31073103 and 291@m™ for 20 and 3011, 3007 which were
absent inl6, shows thes,s(CHs, CH,) of the pmdta and the tmeda ligands coordinated to the
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metal. The outof-planevibrations3(C=C), ., Wwhich was identified by the bands at 1557
! for 16, is nearly identical for all the complexe4569cm™ for 19, 1559cm* for 20,
155 cmi* for 21, 1562cm’* for 22, 1564cm™ for 23).

Table 2.3 7 IR frequenciegin cm®) betweerb00 and 350@m™ observed forl4, 16, 19, 20, 21, 22 and23 complexes, togetherwith
probable assignments.

14 16 19 20 21 22 23 Probable
assignment
3446 br 3420 br 3408br 3391 br 3456 br 3339 br 3399 br 3(O-H)
3108 vw 3107 vw 3011 vw, sr| 3113 vw, sr 3207 sr
3102 vw 3103 vw 3007 vw 3078 vw, sr 3068 s, sr
3055 vw, sr
2962 w, sr | 2958 m 2921sr 2919 vw, sr 2957 vw, sr| 2919 vw, sr 2957 w, sr 3 (C-H)
2872 vw, 2864 w 2849 vw, sr| 2849 vw, sr
sr 2662 vw
1770 s 1613 s 1591 vs 1581 vs 1583 vs 1602 vs 1687 vs 3.{CO)
1755 s
1740 s
1730 s
1610 § 1557 m 1559 m 1559 vs 1559 vs 1588 vs 1639 vw 3(C=Cl.op
1590 s 1484 s 1474 w 1472 w 1458 w 1562 vs 1586 vs
1575 s 1466 m 1410 w 1410 m 1413 m 1473 w 1564 vs
1502 m 1446 m 1520 m
1402 s 1415 m 1432 s
1300 s
1260 w 1377 w 1386 vs 1386 vs 1377 vs 1385 vs 1407 m 34CO)
1230 s 1345 vw 1345 vs 1345 vs 1350 vs 1345 vs 1358 vs +
1150 m 1152 w 1282 s 1282 vw 1245 vw 1324 vw 1297 m G(COO0)
1130 m 1107 vw 1212 m 1212 m 1203 m 1252 vw 1277 s +
1120 s 1057 w 1143 vw 1143 vw 1121 vw 1208 w 1201 m U(C-C-H)°
1104 vw 1104 vw 1118 w 1106 vw 1176 m
1114 w
1020 s 1027 w 1050 w 1050 w 1048 w 1031 w 1029 vw
1015 s 1023 vw 1023 vw 1018 m 1018 m 1013 vw
1008 m 1011 sh
970 w 998 m 999 w 960 vw 939 vw
935 m 880 s 967 m 967 m 948 vw 858 vw 854 s
865 m 837 m 939 w 939 w 863 m 812 m 806 m 9 (=C-H) .0p
860 m 738 m 851 m 854 m 809 m 767 s 753 s
805 m 687 m 779 m 811 m 777 m 730 m 722 vs
790 m 764 m 779 m 760 m
755 m 734 vw 764 m 683 w
730 m 760 s

Assignment of the iplane GC and GH modes are based on the normal coattiranalysis for perylene lybal et al. >332
PRelative intensitiedyr= broad,s= strong,vs= very strongm= medium, w weak,sr= shoulder0.0.p= out of plan
“Urepresents a deformation mode.

In general, the oudf-planed (=C-H), 0 Vibrations of aromatic compounds are expected to be
seen in the range between ca.-880cm™?° |n these rangefor 16, three vibrations at ca.
832, 797,738cm™* are observedvhereasfor 19 to 23 four were noticedcf. Table2.3-7, (at
ca.851, 779 764 and 73&m* for 19; at ca.854, 779,764 and 76@m™ for 20; 863, 809, 777

and 760cm* for 21; at ca.858, 812, 767 and 736m” for 22; at ca.854, 806, 753 and 722
cm*for 23).

For tetrasubstitut ed(=CHpy2vibratiens would e expertedt o
depending on the substitution pattern. Thus éxpectation made here may fit to the
prevision Thes,d{CO) for the anhydride group band at 1770, 1755, 1740, &730n 14 did
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not longer exist inl6 and in any of the obtained complexes. This indicdf@snd the

complexesl9to 23to be free ofl3.
2.4.1.2. UVis characterization of 19to 23

The electronic spectra afl the binuclear complexegere recorded at 25 in MeOH for 19,
20, 21 (Figure 2.3-10) and in DMSOfor 22 and 23 (Figure 23-11). For comparison, the
starting precursat6 was measured in botolvents.The obtainedlata are given in Tabl2 3

8, and possible assignmemt®indicated in Tabl®.3-9 in comparison witH.6.
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Figure 2.3 10 UV/vis spectra ofl6, 19, 20, 21 recordedn MeOH with a lower concentration (left) and a higher concentration (right).

Complexesl9 to 21 possess intensive absorption in MeOH, whiedicate the presence of
ptc, cf. Table 2.3. For examplen the case ofil6, UV/vis peaks appeart 223, 288, 416
(shoulder), 439, and 468n (shoulder?*®12%2 whereas fol9 related absorption are observed
at 221, 289, 420 (shoulder), 45, and #2 nm For 21 the transitios Sy Sz and S- S, are
missing, which is probably dwmly to the concentration effect
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Figure 2.3 11 UV/vis spectra ofl6, 22 and 23 recorded inDMSO at r.t with a lower concentration (left) and a higher concentration
(right).
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For the same reason, absorptions observedl®in DMSO at 350 and 399m are not
observed for22 and 23. However, for22 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
2.310 (above left) and Tab3-8.

Table 2.3 8 UVlvis dataof 19- 23 measured &5 °C.

Solvent Complexes Aborption & nm @ dm mol “cm )
221 (44643 351 (2653) 420 (12487) 687(383)
189 250 20954 398 (4444) 445 (24373)
263 £7368) 472 (27971)
289 (14376)
220(42943 351 (2168) 421 (11755) 687(280)
MeOH 19 248 (18623 398 (4354) 446 (21790)
263 4509) 472 (25955)
289 (12203)
211(39109 445 (L7179
207 220 @3779) 475 (19851
264 02133 496 (1308)
266(18865) 426 (5567) 858 (170)
DMSO 219 288 (16814) 314(10639) 450 (10226)
478(12216)
271(29651) 333 (3447) 426 (7497) 569 (243)
22 298 (13051) 451 (12576) 658 (155)
479 (14065) 775 (105)

I[6.142 10° mol.L'Y, 2[5.8 10° mol.L'Y], 9[1.0075 1 mol.L 7}, #[9.66 10° mol.LY], ¥[9.53 10° mol.L'Y]}.

These aborptions are not originated from pand thus they are attributed to UV/vis
absorptions ofCu(bpy)F* and [Cu(phenf] fragments. An identical observation is made for
22 and23, measured in DMSO and compared with cf. Table 2.38. Thus, all absorptian
observed forl6 are faced fol9to 23as wel | There are, ®f cour
values when comparing data I with those ofl9 to 23 cf. Table 2.38. Furthermore it is to

notice that the intensities of all comparable UV/vis absorptioh9ab 21 are significantly

higher comparedb those ofl6, whereas in contradiction f@&2 and23 lower intensities are

faced.In the context of this work, the discussed chargesninand U val ues ar e
investigatedyide infra However, they do indicate a different electronic natungofvhich is

counted as a proof for the coordination of transition metal complex fragnidrgsvalues

obtained forl9to 23 at ca. 420, 445,72 correspondurthermoreto reported values of 422,

443 and 48%m obtained forthe similar complex {[Cu(ptc)en)](EtOH),(H20)s]} #*°. The

UV/vis spectra ofl9 to 23 should furthermore indicate or show absorptions due-tb d
transition (s) of the Clions. This is discussed nextthe detailed electronic behaviour @f

Cu' ionis determined by its stereochemicabrdinationenvironment.
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Table 2.3 9 Possible assignments of the UV/vis transisiof the Cli complexesl9to 23in comparison with6.

Solvent | Compounds B S S S S S S S S d- d
transition
16 223 468 439 416 288 _
19 221 472 445 420 289 687
MeOH
20 220 472 446 421 289 687
21 220 475 445 398 - 496
16 266 480 451 426 399 _
22 266 478 450 426 288 858
DMSO
23 271 479 451 426 298 569
658
775
Ref 21778 47170 44371 416711 391K
4782442 4502442
46612428 4382428
4 7d243]4 4 5d243]4

(in EtOH);%(in MeOH); 3(in H,0); *(in CH,Cl)

The divalent Cliion has electronic configuration 3dnd ground state for octahedral''Cu
complex is charactered as’Eg. For a simple Clion in an octahedral field, a spectrum
corresponding to single transitiég g ¥, i expected. Octahedral tcomplexes are found
to exhibit a dd band in the range of 833 to 666 mwhich can be assigned f& g T
transitior®*®.. However,JahnTeller effect may remove the degeneracy of d orbital and, the
resulting tetragonal distortion ¢B) leads to further splitting of the eg angllevels into Bg,
Aigand By, E levels, respectivel§?™.

Therefore three bands might be observed corresponditiiet®B;Y *A1g, *BigY “Bog and
zBng ’Eg transitions in weakly dforted complexes, respectivelfFor majority of
tetragonally distorted Cicomplexes, the-d transitions are expt in the region of 769 to
400nm. Squareplanar Cll complexes, otherwise exhibitmoad band in the region of 769 to
555nm and a charge transfer band in the region of 476 to 482°Am

In complexesl9-23, the Cu" ion is pen&-coordinatedcf. paragrapt2.4.1.7% 2.4.1.9 Data on
UV/vis spectoscopic characterization of €uons in the coordination number dre less

§oU320253] | evef®®@ mentioned for the trigonal bipyramidal Cy&lion in

reporte
Co(NHs)sZuCk two absoption bands at 980 and 128fh. In addition the UV/vis spectrum
of the[Cu(Megtren) Cl]* cation with CU' in trigonal bipyramidaknvironmentjs very similar
to that of CUCK™ but s shifted to higher energies because of the highet figength of the

N-donor ligandsConcerning Cli carboxylate complexes, as mentioned by L&V8r three
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absorptions bands in the region 8d7 nm, 385370nm and 263250nm are observed
respectively. Furthermore, for some'@arboxylate complexes, a fourth band near 999s
observed. The band between Z80nm U 20*10* cm*M™) is the most intensand should

be originated by charge transf@ Y Cu). The absorption region betwe@al-667nm (U =
100cm*M™) and the one betweeB85370nm are always observed as shoulder. As
mentioned before, the UV/vis absorptldton of
21in MeOH. Most probablythis is due to a chargeansfer of MLCT type. For example, for
16 at 250 nm, an intensity & 22000 is observed, which is at 250 (20954) and 248 (18623)
in case ofl19 and 20. As corresponding UV/vis absorption 22 and 23 appears at lower
intensity wh@ compared witil6 in DMSO (eg. 266(27973)for 16, 266 (18865) fo22 and

271 (29651) fo23). This is indicative for an LMCTProbably, the dl transitions which are
mostly in the regiorv41-667nm (& 100cm M ™1)%4 are observed at 687 (383) nm, 687
(280)nm for 19 and20respectively, 858 (170) f@2 and 658 (155), 777 (108 for23. As
noticed forl9 and20, d-d transitiors are observedt the same wavelengtfhis is due to the
fact that both complexes have the samdddor ligandgpmdta). The reghift observed for

22 and 23 is probably due to the differences in nature of thaldhor (bpy for22 and phen

for 23). However, a more precisesignment to a certain coordination type of the' @n

seems to be responsible.
2.4.1.3. Thermal analysis 0of19, 22 and 23

Thermal analysis of compoundk9, 22 and 23 were thus performed by heating the
corresponding complexes from 40 to 5@ with a heating rateof 5°C-min’ under a
nitrogen atmosphere (STARBW 10.00) Figure 23-12). Thermogravimetric (TG) curves of

19 and22 and23 show three steps weight loss under the chosen experimental conditions (cf.
Table2.3-10).

The aim of the thermalnalysis of selged complexesf 19, 22 and23, is to sheet some more
light in the identities of binuclear transition metal complexes of ptc in general. From the IR
and UV/is spectroscopyide supra it could be concluded thdt9 to 23 do contain the
expected transitio 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 compositiod®fo 21. In case o022 and23, however,

no crystals could be obtained. The elemental analysis indicate®2fahe presence of
additional four HO molecules and fa23, eight HO molecules. The thermal analysis should

thus agree with the results of elemental analysis and is regardedsaraadditional tool of
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the characterization. For comparisd9,weresubjectedo a thermal analysis as well, as here

the composition is fully explored.

Table 2.3 10  Thermogravimetri¢TG) analysis data fat9, 22 and23.

Themogravimetric (TG) analysis data b9, 22, 23
Complexes | Compound/| Decomp. | TsardTend Meyp 8Mcalc Proposed
Mass (mg) | steps RS In mg n% In mg n% decomposition
process
26.9630 1 50-150 -4.71 -17.45 -4.70 -17.42 | -2H,0, - 5MeOH
19 22.2292 2 150210 -8.85 -32.83 8.30 -30.77 | -2pmdta
9.1730 1 50-95 -0.66 -7.26 -0.70 -7.70 -4H,0O
22 8.4709 2 95175 -0.94 -10.21 -0.88 -9.62 -5H,0
7.3030 3 175245 -3.05 -33.30 3.06 -33.37 | -2 bpy
12.1069 1 65-150 -1.56 -12.89 -1.65 -13.64 | -8H,0
23 8.7974 2 150225 -1.58 -13.09
56802 3 225210 3.07 -4.65 5539 -38.48 | -5.78 -34.13 | -2phen

The TGA of 19 shows the first weight loss of 17.46in the range 060-150°C (peaking at

89, 108 and 134C) which indicates the loss of 5 moles of MeOH, and 2 molesOf (dalc.:
17.42%) (cf. Table 2.310). The remaining substance is stable up to °X70with further
weight losses occurring at peaking at 206 The weight loss of 32.8% is close to the
calculated value of 30.7% corresponding to loss of the two pmdta ligands. Compl@x
undergoes further weight loss steps, which were not investigatedrendetail.

The loss of two KO and five MeOH molecules in the first step agrees very well with the
description of19 as {Cuw(ptc)(pmdtd(H20),] A 6 MeThéte is of course one MeOH
missing in the first weight loss step 1. However, as MeOH acts here as packing solvent or
weakly hydrogen bonded molecule, cf. paragraphl.7 it is reasonable to assume that the
isolated crystals 019 lost oneMeOH molecule during storage (ca. two weeks). Furthermore
in step Il, cf.Figure 2.312 and Table 2.310, the remaining material lost its two pmdta
molecules, which could be already expected as the next reasonable weight loss step. The
expected and obsemyeveight loss agrees also here very well with each other.

With regard to comple®2 (Figure 2.312), the TGA profile exhibits a weight loss of 7.2

in the temperature range between1®BD°C (peaking at 78C) which indicates the loss of
four H,O moleales (calc.: (7.706). Another weight loss of 10.2% occursbetween 110
170°C (peaking at 140, 16%C) indicating the loss of further 5 moles of wateolecules,
which is not far from the calculated value (calc.: 962
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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?) of {{Cu(ptc)(pmdta)(H.0),] A6 Me OHY, of proposed {Cu(bpy)f pt c.P #0232, and of proposed
{Cu(phen){p t c LOA@ 28>

Complex22 undergoes between 1-200°C (peaking at 200C) another step of weight loss
of (33.30%) which is due to the release of ttveo bipyridine ligands (calc33.37%). The

first two weight loss steps 22 are thus attributedotthe loss of water molecules. The
temperature range of these two steps agrees with those obser¥8ddbfirst. Secondly, the
two steps are very significant as they indicate the presence of two different type® of H

molecules. In step B2 loss fourH,O molecules, most probably theseHmolecules act as

% Cf. Appendix A
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packing solvent. In step IR2 losesfive further HO molecules. Most probably, they are
coordinated to the Cuions of22. In case of the tmeda terminated compéxhe presence of

two coordinatd H,O molecules at each Ewas observed, cf. paragragh4.1.9 thus 21
exhibits four coordinated 0 molecules. As bpy d22 is a bidentate ligand as tmeda2if

one might expect fa22 to possess four coordinated®molecules as well. The origin dfe

fifth lost H,O molecule remains here, howeyvenresolved. The elemental analysis 2
indicates the presence of foup® molecules. In the light of the thermal analysi2dit is,
however, better to formula? as {Cw(ptc)(bpyy} A fOHIn this context, the result of the
elemental analysis &2 is regarded as wrong. That could be due to the fact that the isolated
material 0f22 stands for ca. 3 weeks and might have |ogd Ifholecules before the elemental
analysis was measured.rfhermore 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.
Figure2.3-12, but is observed at ca. the same temperature as the loss of the pmdtaigands
case ofl9. The TGA of23 shows the first weight loss of 12.88 in the range 065-150°C
(peaking at 112C), which indicates the loss of the eight moles eDHnolecules (calc.:
13.64%) (Table2.3-10). The second and the third weight losfs 13.09% and 25.39%,
respectively, occur betwedrb0-410°C (peaking at 141C and 155 and 227C). The whole
weight loss of 38.486 is due to the release diie two phenanthroline ligands (calc.:
34.13%). Thus, incontrast to22, for 23 the loss of eight KD molecules in ca. one thermal
decomposition step is observed. It is assumed, that each AWanidlecules were originally
coordinated to one Cuon of 23 and that the remaining four,8 act as packing solvents.
Here it is noticed, that the result of theretmtal analysis and those of the thermal analysis
agree with each other. In that case, the time between the isolatid28 @nd its
characterization by elemental and thermal analysis has been shortened to one day. The loss of
the phen ligands &3 occursin two or more less resolved steps, as it was already indicated in
case of22 by losing its bpy ligandsAlso in case o023, observed and cal@ated weight loss

amounts agreeery well with each other.
2.4.1.4. Fluorescence spectroscopy studies @b, 21, 22 and 23

In the present workthe fluorescence properties of compleXds 21, 22 and 23 were
investigated in aqueous solution at room temperature, as depi¢ignire 23-13.

As expected, the perylene derivative and the f6ut complexes exhibitedluorescece
associated to theepylenetetracarboxylatdragment. Intense fluorescence emission bands

with peaks were observed at 478 ra, 509nm for 16, 479 nm,a= 509nm for 21, 47 nm,
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&= 509nmfor 22, 4 nm, 2= 509nm for 23, respectivelyBy comparingthe locations of the
emission peak of the complex2g, 23 with those of the fre§"BusN]4[ptc] 16 molecule,we
can presume thathe auxiliary of the pmdta, bpy and phen liganmdake almost no

contribution to the fluorescent emissions.

16

22

12000000 21

9000000

6000000

Intensity / CPS

3000000

v

T T T T T 1
460 480 500 520 540 560

Wavelength / nm ———=

Figure 2.3 13  Fluorescencepectrum of1, 22 and23 (recorded irH,0) in comparison with6: [cond = 1x10° M.

The emission peak in the range of 8@89nm for all the four complexes shoulsk originatel
from the intraligandpi p* transitions mainly through theepylene ring of thgptc), namely
ligandtto-ligand charge transfé?®. In comparison with th¢"BusN]4[ptc] 16 molecule the
enhancement and thxue shifts observed at ca. 448n for 21 to 23 are gerhaps a result of
the coordination of the relevant [ptc] to the'Guetal center, as was already mentioned in

similar perylene complex&&.,
2.4.1.5. Photoluminescencespectroscopy studiesf 16, 19, 20, 21, 22and 23

fiThe photoluminescence measurement was performed with RAMb800 HR Raman
spectrometer from Horiba Jobin Yvon with a 600 lines/mm single grating and an attached
Peltiercooled multichannel charge coupled device. The spectrometer was calibrated using a
calibrated tungsten white light lamp with a known spectrafatteristic. The samples were
excited by a H&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
objectivey”".

16 has a good photoluminescenm®perty, so it is important tobservehow this propertys

influenced bythe nature of the complexThe normalized PL spectra @b and 19 to 23

ZG*Cf. Appendix A
e AppendixA
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