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SUMMARY

This work focuses on coordination chem istry approaches for the preparation o f novel 

nanoscopic Mn coordination clusters with unique molecular magnetic properties. The project 

involves the synthesis and structural characterisation o f novel Mn-oxo clusters and novel Mn 

ID  and 2D polymers stabilised by either organo-phosphonate, -arsonate, dipicolinate, 

phosphonate-picolinate, phosphonate-dipicolinate or arsonate-dipicolinate ligands. The 

physicochemical properties o f the novel synthesised compounds have also been investigated.

The first chapter o f this thesis introduces the reader to the area o f the project, underlines the 

state o f the art and highlights the main focus o f the project.

The second chapter, “Polynuclear manganese complexes stabilised by organo- 

phosphonate/arsonate ligands”, details the synthesis and characterisation o f four novel 

polynuclear Mn coordination clusters and a new 2D Mn polymer stabilised by organo-arsonate 

or -phosphonate ligands: [K2(H20)2Mn"(C6H.<iP03H2)4(C6H5P03H)4]oo (1), [M n"'i2(/^3-

0 )6(CH3 0 H)2(H2 0 )4(C6H5P0 3 H)9(C6H5P0 3 )6](C5H4N 0 )Cl2 18 H2O (2 ), [M n"'i2(//3-0 )6

(H2 0 )6(CH3P0 3 H)7(CH3P0 3 )8]C1 9 H2O (3), [M n"M n"'i2(//4-0 )8Cu4-Cl)6(C6H5As0 3 )8] (4) and 

|M n"3M n‘"l2(//3-O)2CU4-O)6(//2-CH3O)4(CH3OH)2(‘BuPO3H2)2(’BuPO3)l0(//4-Cl)2](C5H6N2)2 

8 H2O (5). In the chapter, the responsiveness of the reaction systems to minor modifications 

in the reaction conditions has been demonstrated. The applied synthetic method utilizes halide 

ions to modify the assembly and symmetry o f the Mn clusters. This helped us to obtain two 

structurally-related Mn cluster cores, 4 and 5 in which 5 was obtained by lowering the Cl" 

content in 4. The reduced halide content in 5 allowed the fine-tuning o f its magnetic properties 

due to the re-orientation o f the individual Jahn-Teller axes resulting in an ising-type magnetic 

specie in 5 which corroborates single molecule magnet behaviour. Compound 4 is the largest 

structurally characterized Mn-arsonate cluster reported to date.

The third chapter, “Polynuclear manganese compounds stabilised by dipicolinate ligands”,

presents the synthesis and characterisation o f three novel manganese complexes exclusively

stabilised by dipicolinate ligands: [Mn‘"Cl(dipicolinate)(H2 0 )2] (6 ), {K2(H20)2

[Mn"’6(dipicolinate)2(dipicolinateH)4]C li2}{K2(H2 0 )2[Mn‘"6(dipicolinate)4(dipicolinateH)2]

C li2[Mn"(H2 0 )2(CH3CN)2]}oo l 4 H2 0 -6 CH3CN (7) and [Mn"2(H2 0 )9Ce'^2(dipicolinate)6]

•4 H2O (8 ). It has been established that dipicolinate ligands can essentially occupy m erid ional

sites in an octahedral coordination env ironm ent to create large well designed Mn cluster
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with unique topology. It was discovered that ions can actually instigate the formation o f  

large Mn clusters. Indeed, the introduction o f  ions in the reaction system  o f  7 results in the 

formation o f  co-crystallising tri- and heptanuclear com plexes in 7 w'hich appears to be the 

highest nuclearity M n-dipicolinate com plex ever reported.

Chapter 4, “Polynuclear Mn coordination clusters stabilised by organo-phosphonate and 

picolinate ligands” provides the description o f  three new  Mn coordination clusters stabilised  

by phosphonate and picolinate ligands: [M n’"3(C H 3P0 3 )2(p icolinate)3(H 2 0 )3Cl2]

CH3 0 H -8 H2 0  (9), [{M n"(H 2 0 )4C l}{M n"'3(|a3-0 )(n 2-C l)3(p icolinate)3(CH3P0 3 )] nH2 0  (10)  

and [H3 0 ][Mn"'7(BenzylP0 3 H)4(BenzylP0 3 )4(picolinate)4(j«3-0 )2Cl2(H2 0 )2] ca. I6 H2O (11). It has 

been found that the applied reaction conditions specifically  result in com plexes com prising o f  

triangular arrangements o f  the Mn ions which could lead to m agnetically attractive materials. 

The applied synthetic approach further results in com plexes in which chloride ions have the 

susceptibility o f  residing in the Jahn-Teller sites. This trend has also been observed in 

correlated reaction system s in chapter 2 although herein, the chloride ligands perform as fx i-  

bridging ligands which stabilize the triangular Mn arrangements.

Chapter 5, “Polynuclear Mn clusters stabilised by organo-phosphonate/arsonate and 

dipicolinate Ligands” describes the synthesis and characterisation o f  four new  polynuclear Mn 

coordination clusters and a new 1D Mn polym er stabilised by organo-phosphonate/arsonate 

plus dipicolinate ligands: {(H 3 0 )[M n'"(C6H 5P0 3 )(dip icolinate)]-5 (H 2 0 )}oo (12), [Mn'" (C H 3 

C6H5As03H2)2(dipicolinate)Cl]-6H20 (13), [Mn"'3Cl2(C6H5As03H)4(dipicolinateH) 

(dipicolinate)] •5H20-3CH3CN (14), K (H 2 0 )2[M n‘"8(//2-0 H )2(C H 3 0 H )2(C 6H 5A s03)4

(C 6H5A s0 3 H )6(dipicolinate)4]C M 8 H2 0 -4 CH 3 0 H (15) and {K2(H20)2[Mn'^Mn"'2oC«3-0)4 

(//2-OH)4(//2-CH3O)4(H2O)8(C6H5PO3)20(dipicolinate)i2][Mn"(H2O)6]}-36H2O (16). It has 

been demonstrated that bent structures result from com bining (arsonate + dipicolinate) or 

(phosphonate + dipicolinate) ligands. In these system s, it w as found that ions can arrange 

the consequent building units into ring and w heel structures. The ion is deem ed the template 

that initiates the formation o f  the high-nuclearity clusters. A  canted antiferromagnetic (A F) 

order w as detected in com pound 12 and dominant AF interactions prevail in com pounds 15 

and 16.

Chapter 6 describes the experim ental m ethods em ployed for the characterisation and the 

experim ental details for the synthesis o f  all the com pounds reported.
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C h a pt e r  1

In t r o d u c t i o n



1.1 MANGANESE-GENERAL ASPECTS

Manganese is an important element found in moderately large amounts in both plant and 

animal matter.' The element is present in a very small amount in human tissue and found 

mainly in the bones, liver, kidney and pancreas.' Mn is very important for photosynthesis.^ 

As an element o f the antioxidant enzyme manganese superoxide dismutase (MnSOD), it 

prevents some o f the hazards caused by free radicals present in the body. In the metallurgical 

industries, manganese is used for the production o f stainless steel as it increases steel’s 

resistance to oxidation.'-^ It is also employed in some alloying processes to facilitate 

advanced durability o f s t e e l . M n  is often used in electrical instruments as its electrical 

resistance is virtually unaffected by temperature. ^

In the periodic table o f elements, manganese (Mn) occupies the 25*'’ position and has the 

electronic configuration li-̂ 2.s-̂ 2p̂ 3i'̂ 3/>̂ 3c/̂ 4.v̂ . The element exists in various oxidation states 

between +11 and + VII.'-'' The +11 oxidation state (cf) is the most stable and most common 

oxidation state.' The Mn(ll) ion exists as an hexa-aqua ion, Mn(H20)6 '̂  ̂ in acidic or neutral 

aqueous solutions and precipitates as Mn(II) hydroxide in basic solution.' It also exists as 

manganese(II) oxide, MnO which is insoluble in water and exhibits anti ferromagnetic 

behaviour at low temperature.' Generally, Mn(II) compounds and complexes are high spin 

with five unpaired electrons and their magnetic properties have been broadly investigated.' 

Mn(II) ion has no ligand field stabilisation energy and so the equilibrium constants for the 

formation o f Mn(II) complexes are fairly low."* Nevertheless, complexes with chelating 

ligands like ethylenediaminetetraacetic acid (EDTA), [Mn(EDTA)]^~ are generally highly 

stable and can be obtained in the solid form.^ Manganese(II) salts are usually water soluble."*

Mn(III) ((f) is strongly oxidising in aqueous solution.^ It has a strong propensity to hydrolyse 

and disproportionate into Mn(IV) and Mn(Il), Equation 1.̂  Mn(lII) complexes are generally 

stable in aqueous solution.^ Almost all Mn(III) complexes adopt octahedral coordination 

environments and are high spin with four unpaired electrons.^ Mn(IIl) complexes usually 

experience Jahn- Teller distortions characteristic o f </* ions. -̂  ̂ The Jahn-Teller theorem 

foretells a slight distortion o f the shape since in the electronic structure, (/2g)̂  (^g)', the eg 

level is unsymmetrically filled and degenerate.

2Mn^  ̂+ 2 H2O ^  Mn^+ + Mn02 + 4H Equation 1



M n(IV) is the highest oxidation state in which M n can form  coordination complexes.^ 

M n(IV) com pounds are relatively rare, exam ples include K 2[M nCl6], K2[M n(I0 3 )6], 

K2 [M np6], K 2[M n(CN)6] and Mn02.^ M n02 is the m ost com m on M n(lV ) com pound and is 

com m ercially important.^ It is not the m ost stable oxide in the group, as it acts as an 

oxidising agent."* M n02 is used for the preparation o f  potassium  permanganate.^ It is inert to 

m ost acids at room  tem perature.

M n(V) ( c f )  is not com m on as it is unstable and tends to disproportionate. Equation 2 }  It is 

found in potassium  hypom anganate, K3M n0 4 .̂  M n(VI) (c/') is found in the m anganate(V I) 

ion, Mn04^'.^ The M n0 4 ^' ion is only stable in strongly basic solution but disproportionates 

in fairly basic, acidic and neutral solutions. Equations 3 and 4.'*

2M n04^' + 2 H2O —>• M n02 + M n04"'+  4 0 H  Equation 2

3M n04^‘ + 4H^ —>■ M n02 + 2 M n 0 4 '+  2 H 2O Equation 3

2 M n0 4 ^‘ + 2 H2O —> M n02 + M n0 4 ‘ + 4 0 H ' Equation 4

M n(VII) has a (d**) configuration and is popularly known in the salts o f  the perm anganate ion, 

M n04'.^ The potassium  salt, KM n0 4  is frequently utilised in analytical and synthetic 

chem istry as an oxidising agent and its oxidising power depends on the pH o f the solution.'-^ 

Perm anganate ions are usually strong oxidants in basic solution as shown in Equation 5, but 

in the presence o f  a strong base and excess M n04 ', M n0 4 ^’ is produced instead, (see Equation 

6). Perm anganate is reduced to M n(II) in acidic solution with an excess o f  the reducing agent, 

(Equation 7). In neutral or weakly acidic solution containing excess perm anganate, M n(II) is 

oxidised to M n(IV) oxide (Equation 8).'

M n04' + 2 II2O + 3 e ' M n 0 2  + 4 0 H ' Equation 5

M n0 4 ' + e ' —>• M n0 4 ^' Equation 6

M n04‘ + 8H^ + 5e' —» Mn^"  ̂+ 4 H2O Equation 7

2M n04' + SMn^"^ + 2 H2O —»• 5M n02 + 4H^ Equation 8

W e are particularly interested in the design o f  experim ental strategies for the synthesis o f  

polynuclear coordination clusters o f  param agnetic M n ions by em ploying various O donor 

organic ligands such as organo-phosphonate/arsonate and chelating picolinate/dipicolinate



ligands to control hydrolytic condensations that occur under redox conditions. Such 

coordination clusters in which the metal ions are bridged through donor atoms (usually 

paramagnetic) could exhibit antiferromagnetic or ferromagnetic interactions between the Mn 

centres whereby uncompensated magnetic moments can give rise to properties o f single 

molecule magnets (SMMs). The present interest in paramagnetic coordination clusters o f 

transition metal ions emanates from their intriguing physical properties and fascinating 

structural motifs.^ Apart from the unusual magnetic behaviour that is influenced by the 

various Mn oxidation states, oxo-bridged Mn clusters have also been found to be relevant in 

bioinorganic chemistry.^ It has been established that a tetranuclear manganese oxo cluster is 

present in the active site o f Photosystem II (PSIl) in green plants and cyanobacteria to 

catalyse the light-driven water oxidation reaction which produces 0 2 .̂  Indeed, the synthesis 

and structural characterization o f Mn-oxo clusters have provided a means o f modelling the 

photosynthetic water oxidation center (WOC).^ The following section gives a brief account 

on the structural m otif and coordination environment o f the polynuclear Mn-oxo cluster in 

PSII.

1.2 POLYNUCLEAR MANGANESE-OXO CLUSTER IN PSII

The photosynthetic water oxidation is catalysed within PSII (present in the thylakoid 

membranes o f oxygenic photosynthetic organisms) by a {Mn4Ca0 5 } cluster species with Mn 

centres in their high oxidation states (between +3 and +4). In the {Mn4Ca0 5 } cluster, three 

manganese, one calcium and four oxygen atoms form an asymmetric {Mn 3Ca0 4 } cubane-like 

m otif in which the comers are occupied by all eight a t o m s . T h e  basic structure o f the 

complex is depicted in Figure 1.1. In the structure, Mn4 is positioned at the outside-edge o f 

the {Mn3Ca0 4 } cubane and links to M n l and Mn3 inside the cubane through 05 and 04, 

respectively. 05 forms a jU4-oxo bridge between Mn4, M n l, Mn3 and Ca while 04 forms jui- 

0X0 bridge between Mn4 and Mn3. Each two neighbouring Mn atoms are linked by two-|i- 

0X0 bridges: M nl and Mn2 through two-//3 -oxo bridges formed by 01 and 03, Mn2 and Mn3 

through two-//3-oxo bridges formed by 02 and 03 and Mn3 and Mn4 through a jU2-oxo and 

JU4- 0 X0  bridges formed by 04 and 05, respectively. Likewise, oxo bridges link the four Mn 

atoms to Ca: M nl through a //3-oxo and //4-oxo bridges formed by 01 and 05, respectively, 

Mn2 through two-//3-oxo bridges formed by 01 and 02, Mn3 through a //3-oxo and /74-oxo
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bridges form ed by 0 2  and 0 5 ,  respectively and M n4 through a jU4-oxo  bridge formed by 0 5 ,

Figure 1.1- a) View o f  the {M nX aO s} cluster and its ligand environment, b) Core o f  the {Mn4CaOs} 
cluster showing the distances (in A) between metal atoms.*

On the w hole, the entire {Mn4C a0 5 } cluster looks like a distorted chair in which the 

asym m etric cubane occup ies the seat position and the isolated Mn4 and 0 4  occupy the back 

o f  the chair. B esides the five oxygen  atoms, four water m olecules (W1 - W 4) are also linked  

to the {M n4Ca0 5 } cluster. W1 and W 2 are linked to M n4 w h ile  W 3 and W 4 are linked to the 

calcium . The rem aining three Mn atom s are not linked to any water m olecule. O verall, the 

0X0 bridges and water m olecules create a saturated environm ent for the {Mn4Ca0 5 } cluster 

whereby the coordination environm ent o f  each Mn atom is occupied by six ligands and that 

o f  the calcium  atom by seven ligands.

In the oxygen  ev o lv in g  com plex (O EC), water is split and oxidized  in a five-stage cycle . So. 

S i, S2, S3, S4 know n as the Kok cycle ." - The subscript in each cycle corresponds to the 

number o f  oxidative equivalents accrued in the OEC by the reaction centre o f  PSII. During 

these transitions: So —>■ S i, Si S2, S2 —♦ S3 and S3 —*• S4, light (hv) ox id ises the P680  

chlorophyll m olecu le , w hich  then ox id izes the OEC through a redox-active tyrosine. "■ The 

tyrosine residue w ithdraw s electrons from the {M n4Ca0 5 } cluster present in the inorganic 

core o f  the OEC w hich  sequentially draws electrons from water. This event leads to the 

Equation:

b)

D1-D170

03

2 H2O ^ 0 2  + 4H" + 4e- Equation 9
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1.3 SINGLE MOLECULE MAGNETS (SMMs)

Single molecule magnets are molecules that display super-paramagnetic behaviour on a 

molecular l e v e l . T h e y  can be magnetised in a magnetic field and can retain the 

magnetisation in the absence o f the magnetic field. For this type o f behaviour, interaction 

between the molecules is not required as the property stems from the molecule itse lf'^  This 

property actually differentiates SMMs from traditional bulk magnets. Single molecule 

magnets have several advantages over traditional bulk magnets. They can be soluble in 

organic solvents due to the peripheral ligands, whereas magnetic particles are normally 

insoluble.’̂  The changeable shell o f the organic ligands assists in solubilising the cluster 

entities. The organic ligands further ensure that the magnetic cores o f the molecules are not in 

contact with neighbouring molecules. In contrast to magnetic particles, SMMs have 

consistent sizes. Many synthetic manipulations which are not feasible with traditional 

magnets can be carried out using SMMs.'^

SMM behaviour occurs in compounds with a large spin ground state. S, and a substantial, 

negative axial zero-field splitting (D) o f that state.*' A combination o f these two properties 

produces a sufficient energy barrier to reversal o f the magnetization vector, causing the 

molecules to function as molecular nanomagnets at low adequate temperatures. The energy 

barrier Ueff, has an upper limit represented hy S'\D\ for integer S  values and (S'-1/4)\D\ for 

non-integer S  v a l u e s . T h e  Ueff value controls the temperature at which hysteresis is 

observed. Complexes with large S  values are usually needed to attain higher energy barriers 

{ U e f f )  and accordingly, higher blocking temperatures. Nevertheless, it is difficult to clearly 

understand the relationship between S  and D, as some reports show that larger S  values can 

give rise to smaller D  values.^-

The majority o f known SMMs are Mn clusters which usually employ carboxylate ligands as 

the peripheral ligands. These ligands shield the magnetic centres and help in the formation o f 

unique cores with interesting magnetic properties. Such systems are usually classified as 

zero-dimensional units. Nevertheless, super-paramagnetic behaviour has also been observed 

in one-dimensional systems (ID).'^- Such ID systems are named similarly to SMMs as 

Single Chain Magnets (SCMs). Mn based SMMs are normally prepared by any o f these 

methods: a) conversion o f the core structure o f {Mni2} to a new structural core with chelating 

ligands, b) use o f a simple starting material such as Mn(02CMe)2.4H20 plus a suitable
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ligands and c) ligand exchange o f some or all o f the outer ligands in preformed {Mni2 } 

compounds while retaining the fundamental core structure. Some o f these {Mni2 } SMMs 

are subsequently presented.

1.4  POLYNUCLEAR {Mniz} SMMs

The interest in Mn-oxo clusters from a material science perspective has been inspired by the 

discovery that a JMnnCHsCOO} cluster, [Mni2 0 i2 (0 2 CM e)i6 (H2 0 )4 ]-2 MeC 0 2 H-4 H2 0 , 

(Figure 1.2) reported by Lis et can function as a single molecule magnet at low 

temperatures.'^^ The {Mni2CH 3COO} cluster was the first example o f a single molecule 

magnet and has been investigated widely since its discovery.'*^'^'’- The cluster was 

prepared by heating Mn(CH 3C 0 0 )2 -4 H2 0  in (60%) CH 3COOH until dissolution before 

adding KMn0 4  as a reductant dropwise to the cooled solution followed by heating. The 

cluster possesses a large spin ground state which arises from anti ferromagnetic interactions 

between the spins o f the four M n’̂ ' ions {S = 3/2) and the spins o f  the eight M n’" ions {S = 2) 

to give a total spin o f 5  = [(4 x 3/2) -  ( 8  x 2)J = 10. Measurements such as high-field. high- 

frequency and EPR spectra indicate that the axial zero-field splitting parameter \D\ -  -0.5 cm' 

The energy barriers for an integral and half-integral spin states are given by U = .9̂ 101 and 

U = (S^ - 1/4)|D|, respectively.^' Using the first formula, the intrinsic spin reversal barrier o f 

the {Mni2 } cluster, U = 10^|-0.5 cm‘'| = 50 cm"'. However, evaluation o f the effective energy 

barrier. Uef/from Arrhenius relationship, t = toe’ gave lower Ueffva\ue o f 42 cm"' due to 

the impacts o f the quantum tunnelling o f the magnetization exhibited by the {Mni2 } cluster. 

Its magnetisation relaxation half-life is m^ore than two months at 2 K. Nevertheless, the 

relaxation time o f the magnetisation reduces significantly when the temperature increases 

leading to no hysteresis effects above 4 K.
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F igure 1.2 -  The crystal structure o f  [M n i20 i2 (C H 3C 00)i6(H 20)4]-2C H 3C 00H 4H 20 and its magnetisation 
hysteresis loops measured at low  temperature between magnetic fields o f  5 T and -5 T/^

A part from  the {M ni2Ac} cluster, ano ther  structurally  m odified  {M nn} S M M  with true axial 

sym m etry , [M n i2 0 i2(0 2 C C H 2‘B u ) i6(C H 3 0 H )4] M e0 H { M n i2’B u C H 3C 0 0 } has also been  

synthesised  by the rep lacem ent o f  the carboxylate  ligand in 

[M ni2 0 i2 (0 2 C M e)i6 (H 2 0 )4 ]-2 M eC 0 2 H -4 H 2 0  with B u ‘CH2C02H.''®- The cluster show s 

som e interesting m agnetic  properties  such as quan tum  tunnelling  o f  m agnetiza tion , S M M  

behav iour  w ith  spin g round  state =  10 and D  = - 0 .4 2  cm"'.

J Mn2T
osJ'lpe 07

011
0104 Mn3

,012Mnl
03

08

F igure 1.3 - T h e  crystal structure o f  the {M nu'BuA c}.'’ -̂̂ -
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1 .5  SYNTHETIC APPROACHES TO POLYNUCLEAR MANGANESE- 
CARBOXYLATE COMPLEXES

Various researchers have continued to search for new synthetic methods to new structural 

types o f high-nuclearity Mn-carboxylate clusters that could have attractive magnetic 

properties. Among these researchers is the group o f G. Christou. Christou and co-workers 

reported a (Mni6}-carboxylate cluster, [Mni60i6(0Me)6(02CCH2Ph)i6(Me0H)6] prepared by 

the reaction o f phenylacetic acid, chloroacetic acid, bromoacetic acid and N"Bu4Mn04 in 

MeOH.^*^ The [Mni6}-carboxylate cluster (Figure 1.4) is comprised o f  six Mn''^ and ten M n’" 

ions bridged by fourteen //3- bridging 0^“ oxo-ligands, two //- bridging 0^“ oxo-ligands, six 

//-bridging MeO ligands and sixteen //- bridging PhCH2C02' groups. The structure can be 

simply described as a small piece o f a Mn oxide mineral enclosed in a non-planar ring o f 

Mn'" ions. It has a spin ground state o f 2 and single-crystal magnetization versus dc field 

scans down to 0.04 K show hysteresis loops at <1 K, corroborating SMM behaviour.

Figure 1.4 - The structure o f  [M ni60 i6 (0M c)6(02C C H 2Ph)i6(M c0H )6j cluster. H -atom s have been om itted  for 
c larity . C olour code: Mn'^' green, M n"’ purple, O  red, C grey

A preformed {Mni2 } cluster, [Mni20i2(02CCH2Bu‘)i6(H20)4]{Mni2ButAc} has also been 

employed by the same group to synthesise a {Mnaoj-carboxylate cluster, 

[Mn30O24(OH)8(O2CCH2Bu’)32(H2O)2(MeNO2)4]. The cluster was prepared by the 

recrystallization o f {Mni2ButAc} with a combination o f CH2Cl2/MeN02.^^ The structure 

consists o f a central {Mn406} backbone with two [Mni309(0H)4] units linked on both sides 

o f the backbone. Altogether thirty two ButCH2C02', two H2O and four MeN02 groups are 

positioned at the periphery o f the resulting [Mn30O24(OH)8] core and the molecule has

/
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crystallographically imposed Ci symmetry. Figure 1.5 . The cluster has a spin ground state of 

5 and shows properties of a single molecule magnet as well as quantum tunnelling of 

magnetisation.

M n l3 .

Figure 1.5 - Structure o f  the [Mn30O24(OH)g(O2CCH2Bu')32(H2O)2(MeNO2)4] cluster.^^

Similarly, the methanolysis of the same known {MmaButAc} by the group of G. Christou has 

resulted in the isolation of another high nuclearity mixed-valent (Mnii }-carboxylate cluster, 

[Mn"'i2Mn''^9O24(OMe)8(O2CCH2But)i6(H2O)i0].^̂  The {Mn2i} cluster was prepared by the 

treatment of {Mni2ButAc} in CH2CI2 with an equal volume of CH3OH. The resulting 

solution was concentrated by slow evaporation of the solvent to produce the {Mn2i}- 

carboxylate cluster. The structure consists of a near-planar ‘'brucite’ Mn core containing 

sixteen |i-02CCH2/Bu groups and ten H2O molecules (Figure 1.6). Studies of the magnetic 

properties of the complex indicate prevailing anti ferromagnetic interactions between the spin 

centres and a spin ground state S  = 13/2 .
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Figure 1.6 - Structure o f  the {Mn2i}-carboxylate cluster. Colour code: Mn''^ red, M n'" green, O-' yellow, 
other types o f  O atom off-white, C black.

With the same {Mni2ButAc} cluster, the Christou group generated a {MngButAc} cluster that 

forms upon the reaction o f {Mni2 ButAc} with a reducing agent followed by recrystallization 

from CH2Ch/MeN02.^^ The core o f this complex can be viewed as a tetrahedron with 

additional Mn centres attached to each vertex. M n (l), Mn(2), Mn(7) and Mn(8) constitute the 

terminal metal ions while Mn(3), Mn(4), Mn(5) and Mn(6) form the tetrahedron. Figure 1.7. 

The magnetic properties o f the complex are characterised by dominant antiferromagnetic 

interactions between the Mn'" centres and non-zero spin ground state.



Figure 1.7 - Structure o f  the {Mns} carboxylate  c luster.”

T he h ighest nuclearity  M n-carboxy la te  cluster, [M ri84072(02CM e)78(0M e)24 

(M e0H )i2 (H 20)42(0H )6] w as repo rted  by C hristou  et al.^^ T he c ircu lar {M n84} to rus w as 

p repared  by the reaction  o f  the  w ell-know n  {M ni2A c}‘*̂  in M eO H  and  (N "B u4 )(M n 0 4 ) in 

M eO H /acetic  acid so lu tion  fo llow ed  by filtration  and  layering  o f  the filtra te  w ith  ch lo roform . 

T he c luster has a ground  state  sp in  o f  6 and show s slow  re laxation  o f  the m ag n etisa tio n  as 

w ell as quantum  tu nnelling  o f  m agnetisa tion . T his c lu ster rem ains the largest M n c lu ste r to 

date. It should  also  be no ted  tha t a w heel-shaped  {Pd84} structure has been reported  by 

C ron in  et al.^^
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Figure 1.8 - a )  The structure o f  the {Mn84} torus cluster. The rectangle show s the repeating {M nu} unit, b) 
structure o f  the [Pd84042-(P04)42(CH3C02)2s]™“ w heel cluster. Colour code for a); Mn blue, O red, C grey, for 
b) Pd blue, P yellow , O red, C grey.^'*-^’

1 .6  SYNTHETIC APPROACHES TO POLYNUCLEAR MANGANESE 
CARBOXYLATE COMPLEXES INCORPORATING DIFFERENT ORGANIC 
LIGANDS

Apart from  M n clusters stabilised by carboxylate and other ligands such as OM e, m any Mn 

carboxylate clusters further stabilised by different organic ligands have also been reported. A 

high oxidation state {Mn'"^''^n} carboxylate com plex has been prepared and used as a starting 

m aterial w ith M esSiNs to prepare a M n " ^ " ‘25 carboxylate-azide cluster^^ The {Mn'"^''^n}- 

carboxylate cluster, [M nn0i2(02C Ph)i5] PhC 02H -2M eN 02 (Figure 1.9a) was prepared by 

the reaction o f  M n(02CPh)2, NBu"4M n0 4 , (NEt4)MnCls and PhC 02H  in hot CH 3N O 2 . 

Reaction o f  a dark brow n solution o f  the { M n n }-carboxylate cluster w ith two equivalents o f 

M e3 SiN 3 produced a dark red solution. W hen this dark red solution was filtered and layered 

with E t2 0 , a {Mn2s}-carboxylate-azide cluster, [Mn2502o(N3)6(02CPh)26(MeCN)2]-4MeCN 

formed after several days (Figure 1.9b). The cluster is exclusively stabilised by carboxylate



and azide ligands with no polydentate chelating ligands. It has a spin ground state, S  = 3/2 

with very low -lying excited states.

Figure 1.9 - S tructures o f  a) {M nu} , b) {M n25}-carboxylate-azide clusters. C o lour code: M n '"  b lue. M n ''' 
o live, O  red, C grey.^*

Christou et al. reported a {M niel-carboxylate cluster com bining di-2 -pyridylk.etone (dpkd), 

[Mn2608(0H)4(N3)i2(02CMe)6(dpkd)i2(dmf)4] which consists o f  two sym m etry-related 

{Mni3} m oieties linked by two //':// ' Na' ions to give a dum bbell-shaped {Mn26}structure. 

Figure l.lOb.^^ At the sam e tim e, they reported a saddle-shaped {Mn24}-carboxylate cluster 

com bining the same ligand. [M n2 40 io(N3)8(0 2 CCM e3) i6(dpkd)i4(dm f)4], Figure 1.1 Oa.^^ The 

latter can be described as consisting o f  two {Mni2} m olecular chains linked by two //': //': //': 

dpkd^' groups across the M nl ■• •M n l2 separations. The {Mn24} cluster was prepared by 

the reaction o f  M n(C104)2-6H20, N a0 2 CC M e3. dpkd, NEt3, and NaNs in a m ixture o f  

CH3CN/DMF. The form ation o f  the {Mn26} cluster utilised sim ilar reaction conditions but 

em ployed M eC02 instead o f  NaM e3CC02. Both clusters are SM M s with spin ground states 

o f  7 and 8 respectively for the {Mn24} and {Mn26} clusters.
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F igure 1. 10- Structures o f  a) {Mri24} and b) {Mn26}-carboxylate-dpkd clusters. Colour code: M n" 
yellow , M n'" blue, O  red, N green, C grey.^’

A (M ni2 }-carboxylate cluster incorporating m ethyidiethanolam ine (m da), [M ni2(02CM e)i4 

(m ethyldiethanolam ine)8] M eCN has been reported and which was prepared by the reaction 

o f  M n(02CM e)2-4H 20, m ethyidiethanolam ine and N E t3 in C H 3CN, Figure 1.1 la.^* A {Mn4}- 

carboxylate-m ethyldiethanolam ine cluster was form ed when the sam e reaction was carried 

out in the presence o f  bulkier benzoate ligands and using M n(02CPh)2-4H 20 as starting
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material. The {Mni2} and (Mn4} species have 7 and 9 spin ground-states, respectively and 

function as single m olecule magnets.

Figure 1.11 - Structures o f  a) {Mni2} and b) {Mn4}-carboxylate-mda clusters.^®

The reaction o f  a known {Mmz} analogue, [M ni20i2(02CCH2tBu)i6(H20)4] with 

triethanolam ine ligand (teaHs) in M eCN produces a m ixed ligand {M ng}-carboxylate cluster, 

[M n"4M n''’4(02CCH2tBu)i2(Htea)4] '2CH2Cl2.'^^ The centrosym m etric structure consists o f  an 

unusual near rectangular {Mng} core that lies on a C2 rotation axis w hich passes through M nl 

and M n5, Figure 1. 12a. Using the same tea ligand, the same group prepared a m ixed-valence 

(M n'"g/M n"g)-carboxylate com plex, [M ni6(0 2 C M e)i6(teaH )i2] - 16M eCN sim ilar to 

[M n"4M n’"4(02CCH2tBu)i2(teaH)4]-2CH2Cl2. Figure 1. 12b. It was prepared by the reaction 

o f  M n(02C M e)2 '4H 20, teaH3 and NEta in CH3CN. The structure com prises a {Mnie} loop o f 

alternating M n" and M n"’ ions which adopts a saddle-shaped conform ation. Figure 1. 12b. 

The S = 10 {Mni6} cluster was confirm ed to be a SM M  as dem onstrated by m agnetization 

versus dc field scans using single crystals and m icro-SQ U ID  set-up.
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F ig u re  1.12 - S tructures o f  a) {Mng} and b) {M ni5}-carboxylate-tea  c lusters . C o lour code; M n'" purple, 
M n" yellow , O red, N blue, C grey.^’
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Another reported {M nia} carboxylate-cluster, [M ni6O2(O M e)i2(O2C M e)i0( l , l , l - t r is  

hydroxym ethyl) propane)8] 3Et20 w as prepared by the reaction o f  a trinuclear m anganese 

carboxylate precursor, [M n3 0 (0 2 C M e)6(H hn)3](0 2 CM e) in the presence o f  1,1,1- 

tris(hydroxym ethyl)propane (tmp) and MeOH.^° The core structure contains a central near- 

planar {Mn'"io} single-stranded loop to which six more Mn ions are attached. The {Mnio} 

plane contains three Mn ions above and below  its opposite sides, Figure 1.13. It has a spin 

ground state, ■,9=14 and show s slow  m agnetisation relaxation displayed by SM M s.

Mn3
Mnl

.01
Mn7Mn2’

Mn4 Mn6

Mn8

Figure 1.13 - C ore  o f  the {Mni6}-carboxylate-tmp c lu s te r .^

Apart from M n-carboxylate com plexes com bining other organic ligands, a ID  chain polym er 

constructed from four {Mng} sub-units linked by single Mn ions has also been reported^' 

(Figure 1.14). It can be described as an octagonal {M n4o} superstructure, 

{(Et4N)[Mn'"i2Mn"9(|^3-O)6(|Li3-OH)2(salicyladoxime)i2Br3(O2CMe)i2(H2O)i0(CH3CN)]

Br2 }oo and w as prepared by the reaction o f  M nBr2'4H 20, M n(02C M e)2'4H 20, salicyladoxim e  

and 1,3-butanediol in M eC N  in the presence o f  tetraethylammonium bromide.^' The 

repeating unit o f  this polym er is [Mn'"i2Mn"9(|a3-0)6(|a3- 

O H )2(sao)i2Br3(02CM e)i2(H20)io(CH3CN)]^. The dc data o f  this com plex indicates 

dom inantly weak antiferrom agnetic interactions between the com ponent metal ions in each 

{M n2 i} repeating unit as expected  for a large nuclearity cluster with many M n” ions which  

usually transmit very w eak exchange interactions.
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F igure 1.14- a) The octagonal {M n4o} super-structure, b) illustration o f  a part o f  the zig-zag  chain o f  the ID  
chain polymer. Colour code: Mn'" blue. Mn" pink, O red, Br green, N dark blue, C grey. Many C and all H 
atom s have been omitted for clarity.*'

1 .7  SYNTHETIC APPROACHES TO POLYNUCLEAR MANGANESE 

PHOSPHONATE CLUSTERS

1.7.1 Comproportionation approach to polynuclear manganese phosphonate 
clusters

Researchers have presently focused their attention on the use o f  organo-phosphonate ligands 

for the synthesis o f new Mn-oxo complexes. The tetrahedral binding geometry o f  these 

ligands and their strong coordination ability towards metal ions have proved to be suitable for 

the preparation o f interesting Mn clusters in the presence o f c o - l i g a n d s . I t  has been found 

that slight structural modifications o f the phosphonate ligands employed and variation o f  the 

reaction conditions led to completely different Mn/phosphonate coordination clusters with 

diverse properties.

One o f the approaches used to prepare polynuclear M n-phosphonate clusters involves 

comproportionation reactions o f the reactants. The comproportionation approach basically 

entails the use o f two Mn salts in different oxidation states (example Mn" and Mn'^") which 

undergo hydrolytic condensation reactions to produce oxo/hyrdoxo-bridged cluster entities
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that adopt interm ediate oxidation states. Schm itt and co-w orkers em ployed this approach to 

synthesize two /t’r^-butylphosphonate-stabilized {Mnis} com plexes, [(Mn"o.5Mn"'o.5) 

Mn"'i2(^4-O)6(n-OH)2((i-CH3O)4(/i?r/*butyl-PO3)i0(CH3OH)6]Cl0.5-6CH3OH and (H 3 0 ) i .5 

[(Mn"o.5Mn"'o.5)M n '"i2(M4-0 )6(M-OH)2(|a-CH3 0 )4(/i'r/-butyl-P0 3 )io(CH3 0 H)2(C l2)(4 -(3 - 

phenylpropyl)-pyridine)2]-8C H 3 0 H(H3 0 )i,5.̂  ̂ The clusters w ere synthesised by 

com proportionation reactions between M nCl2'4H 20 and K M n04  salts in the presence o f  tert- 

butylphosphonic acid and Et3N (for the form er) or 4-(3-phenylpropyl)-pyridine (for the later) 

in methanol. Both com plexes consist o f  isostructural {M nu} cores, Figure 1.15a. It was 

found that the topology o f  the {Mnu} system offers distinct Jahn-Teller sites as highlighted 

in Figure 1.15a which allow  functionalization with hydrophobic m oieties such as 4-(3- 

phenylpropyl)-pyridine (ppp). The distinctive directions o f  space occupied by the ppp 

residues help to adjust the am phiphilicity o f  the com plexes to form self-standing nanofilms.

Figure 1.15 - (a) and (b) Crystal structures o f  the tw o  {Mni3}-phosphonate com plexes  highlighting  the J a h n -  
Teller sites in (a), (c) the core o f  the {M nn}  cluster. Colour code: Mn light blue, O red, P pink. N  blue, C b lack or 
grey.®̂
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Schm it et al. also reported another {Mma} coordination cluster, [(Mn''o.5Mn"'o.5)Mn'"i2(|i4- 

0 )6(n -O H )2( |i-C H 3 0 )4 (CH 3 0 H)2(/er/-butyl-P 0 3 )io(4 -p ico line)4 ]Clo.5 'l-S H iO  prepared by a 

com proportionation reaction between M nCl2-4H 20 and K M n0 4 , in the presence o f  tert-huXy\- 

PO 3H2 , 4-p ico line and m e t h a n o l . A s  observed in the { Mn i 3 } clusters described in the 

preceding section, it w as found that the coordination environm ents o f  the outer M n’" centres 

in this structure are distorted due to the Jahn-Teller effect typical for Mn'" ions. These Jahn- 

Teller sites could be functionalised by substituting the two terminal 4-p ico line ligands in the 

apical positions with a bidentate 4 ,4 ’-trim ethylenedipyridine to produce a ID  coordination  

polym er with an open-fram ework structure. Figure 1.16

Figure 1.16 - Crystal structure o f  the ID  polym er, highlighting the 4,4- tr im ethylenedipyrid ine bridges that 
occupy  the J ah n -T e l le r  sites. Colour code: M n light blue, O  red, P pink, N blue, C black.

1.7.2 Anionic template approach to polynuclear manganese 
phosphonate clusters

A m odified approach used in the preparation o f  polynuclear M n-phosphonate clusters 

em ploys anionic halides as structure-directing agents. The synthetic concept is conceptionally  

sim ilar to template approaches which have proven to be a very powerful synthetic m ethods 

w ithin the field o f  supramolecular chem istry to control/influence assem bly processes. 

Schm itt et al.^  ̂ initially utilised this method during their investigations into hybrid 

polyoxovanadates in which they found that chloride ions could be em ployed as tem plates to 

control the assem bly o f  tetranuclear {V4} secondary building units leading to series o f  high  

nuclearity V cages w ith tuneable t o p o l o g i e s . A m o n g s t  the M n-phosphonate clusters 

prepared by Schmitt and co-workers using this method is a highly sym m etric { Mn n }  

Keplerate, [M n"M n'"i2(|i4-0)8(|i4-C l)6(/er/-butyl-P03)8][M n'’(CH3CN)6]Cl2-6CH3CN-5.25 

H2O, Figure 1.17a.^  ̂ The cluster was prepared by the reaction o f  M nC l2'4H 20 and K M n04 in
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the presence o f /erZ-butyl-POaHz, EtsN and CH3CN. It was found that the symmetry could be 

controlled by varying the molar ratios between Cl' and /er/-butylphosphonate ligands, 

resulting in the assembly o f non-centrosymmetric and chiral 0x0 clusters, 

[C5H7N2][Mn"3Mn" 0̂(̂ 4-O)6(|i3-O)(|i3-OH)(|i4-Cl)4Cl(/̂ ?r̂ butyl-PO3H)(/er̂ butyl-PO3)9] 
•3CH3CN2H2O and (C5H7N2)2[Mn"3Mn"'i i(n4-0)6(^3-0)(^3-0H)(n2-0H)(^4-Cl)4(/er/- 

butyl-P03H)(/er/-butyl-P03)io(2-amino-pyridine)]C5H6N2)-3CH3CN-2H20, respectively 

(Figure 1.17b and c, respectively). All three complexes show strong intracomplex 

ferromagnetic interactions between the Mn'" spin centres. The latter two complexes stabilize 

spin ground states > 35/2 while the S value o f the highly symmetric complex = 35/2 .

Highly-symmetric Non-centrosymmetric Chiral
 ►

Lowering ttie molar ratios between Ci~ and (erf-butyiphosphonate ligands

F ig u re  1 .17  - a) Structure o f  the h igh ly  sym m etric  {M tin } , b) n on -centrosym m etric  {M n ^ } and c) chiral 
{M n n }  clusters, d), e )  and f) Sym m etry  reduction  for the h igh ly  sym m etric , n on -centrosym m etric  and chiral 
0x0 c lu sters -s h o w n  in polyhedral representation. C olour code: Mn" v io le t. Mn'" light b lue, P pink. Cl 
green , C black.®^
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1.7.3 Other routes to polynuclear manganese-phosphonate clusters

Another way o f preparing polynuclear Mn-phosphonate clusters involves the reaction of 

phosphonate ligand with low nuclearity manganese carboxylate precursors such as 

[Mn3 0 (RC0 2 )6(pyridine)3]. Winpenny et al. employed this approach to prepare some Mn- 

phosphonate clusters. These include [Et3NH]2[Mn'"i8Mn"2(|i4-0)8(|X3-0)4(|i3-0H)2 

(0 3 PCH2Ph)i2(0 2 CCMe3)io(pyridine)2], the largest Mn-phosphonate cage prepared by the 

reaction of EtsN, benzyl phosphonate ligands and [Mn3 0 (0 2 CCMe3)6(pyridine)3] in 

CH3CN.^^ The complex exhibits SMM behaviour with high-spin ground state of 19±1 and 

high coercivity and the energy barrier for the relaxation of the magnetization was found to be 

43 They found that a slight modification of the phosphonate ligand and base resulted in 

different clusters and with different properties.

F igure 1.18 -Structure o f  the {Mn^o}-phosphonate cage. Colour code: Mn'" ; green and yellow , Mn" orange,
P magenta, O red, N blue.®’

The same group also reported a hexanuclear cage [Mn"’6(0)2(PhC02)8 

(PhP0 3 )2(PhP0 3 H)2(pyridine)2] prepared by the reaction of

[Mn3 0 (PhC0 2 )6(pyridine)2(H2 0 )] precursor with phenyl phosphonic acid and pyridine.^* The 

cluster is centrosymmetric and the jU3 -oxo centred array of manganese centres in the precursor 

cage is retained in the structure. Figure 1.19. The magnetic measurements show dominant 

anti ferromagnetic interactions. The complex has a spin ground state, 5 =  1.
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ii
Figure 1.19 - S tructure  o f  the hexanuc lear cage. C o lour code: Mn green and yellow , Li sky blue, P 
m agenta, O  red, N blue, C grey solid  line.

T w o  m ixed -va len t M n -p h osp h on ate clu sters, [M n"8 Mn"'2 0 2 ( 0 3 PC ioH 7)4  

(C 6H 5C 02)io(pyridine)4(H 20)2] (F igure 1 .20a) and [M n"4M n‘"9O4(OH)2(O3PCi0H7)i0 

(Cf,H 5C02)5(pyridine)g (H 20)6] (F igure 1 .20b ) have been  reported by Li et al.^^ T he {M nio} 

cluster w as prepared through a m icro w a v e  assisted  techn ique u sin g  1-N aphthyl phosphon ic  

acid  (C10H7PO3H2) and [M n 3 0 (0 2 C C 6 H 5)6 (p yrid in e)2 (H 2 0 )] in acetonitrile . T he { M n n }  

cluster w as obtained  under am bient co n d itio n s  u sin g  [M n 3 0 ( 0 2 C C 6 H 5)6 (pyrid ine)2 (H 2 0 )] and 

1-N aphthyl p h osp h on ic acid  in a m ixture o f  C H 3 C N /pyrid ine. A ntiferrom agnetic  interactions  

prevail in both c o m p le x e s  and the { M n n }  cluster exh ib its  s lo w  m agnetic relaxation  

behaviour at lo w  tem perature w ith  sp in  ground state, S  =  3.^'’

Figure 1.20 - S tructures o f  a) {Mnio} and b) {M nn}-p h o sp h o n ate  clusters.^’
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Apart from using low nuclearity manganese carboxylate precursors, there are also other 

approaches used for the preparation o f polynuclear M n-phosphonate clusters. For example, 

Wang et al.^^ reported two Mn phosphonate complexes [MngOaCt- 

BuP0 3 )2(0 2 CM e)ii(M eC0 0 H)(H2 0 )]-8H2 0 } and [NBu"4][M ni3O6(t-BuPO3)i0(OH)2(N3)6 

(M eC0 0 H)2(H2 0 )2]-6 H2 0  prepared by the reaction o f Mn(0 2 CM e)2, NBu"4Mn0 4  and tert- 

butylphosphonic acid in the presence o f different bases. The core o f the {Mng} cluster 

consists o f two {Mn3 0 } units connected to an almost linear [Mns] unit by four jU3-0^' ligands, 

while the core o f {Mnn} contains a Mn centred disk-like {MnvOe} unit connected to six 

extra Mn atoms through six //4-0 ‘̂ ligands. Figure 1.21 a/b. Both compounds comprise o f 

homovalent Mn'" cages. Magnetic susceptibility measurements indicate ferromagnetic and 

antiferromagnetic interactions between the adjacent M n'" ions, respectively for the {Mng} 

and {Mnu} clusters.

Mni
,Mn9

Mn Miil
,< • _______

0 2 7

Mni

F ig u re  1 .21 - Structures o f  a ) {M n 9 } and b) {M tii3 }-p h o sp h o n a te  clusters.^

Yao et al. utilised cyclohexene-phosphonic acid in the presence o f Mn(0 2 CMe)2, 2,2 '- 

bipyridine (b ipy )/l,10-phenanthroline (phen), acetic acid and NBu4Mn0 4  in 

CH3CN/(CH3CN/CH2Cl2) to prepare three {Mni2}/phosphonate clusters, 

[Mni208(0 2 CMe)6(0 3 PC6H9)7(bipy)3], [M ni208(0 2 CPh)6(0 3 ?C 6H9)7(bipy)3] and

[Mni208(0 2 CPh)6(0 3 PC6H9)7(phen)3].^' The three clusters have similar, unusual {Mni2}
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core topologies. Figure 1.22. Solid-state dc magnetic susceptibility measurements o f the 

three complexes show dominant antiferromagnetic interactions between the magnetic centres. 

The ac magnetic measurements suggest 5  = 2 or S = 3 ground states for this class of 

compound.^'

Figure 1.22 - C ore o f  the [M n '''i2( |i4-0 )3(H3-0 )5( |i -0 3 P)3] cluster.^ '

1.8  SYNTHETIC APPROACHES TO MANGANESE ARSONATE COMPLEXES

Reports on mono- and polynuclear Mn-arsonate complexes are rare. Hence, the design o f

polynuclear Mn-arsonate clusters remains a great challenge to date. Yi et al. recently reported

eleven new Mn" sulfonylarsonates with 2D layer, ID chain, and OD s t r u c t u r e s . T h e

complexes are recognised as the first structurally characterised Mn-arsonates. The first of

these is [Mn3(L)2(H2 0 )3] 3H20 which forms an extended layered structure and which was

prepared by hydrothermal reactions o f M n” salts with o-sulfophenylarsonic acid (L). When

1,10-phenanthroline, 2,2'-bipyridine or 2,2';6',2"-terpyridine were used as auxiliary chelating

ligands, a series o f mixed-ligand Mn'* sulfonylarsonate complexes that further connect in 1 or

2 dimensions, [Mn(HL)(phen)2]2'8.5H20, [Mn(HL)(phen)2(H20)]-2H20, [Mn(HL)(bipy)2],

[Mn(H2L)(bipy)2](C104)-3H20, [M n(HL)(phen)][Mn(HL)(phen)(H20)], [Mn2(HL)(phen)4

(H20)](C104)2-4H20, [Mn2HL)(phen)4(H2 0 )](C 1 0 4 ) 2  H20, [Mn2(HL)2(bipy)3(H20)] H2O,

[Mn(HL)(terpy)]2) and [Mn7(OH):(L)4(phen)8]10H20 phen were prepared. Figure 1.23.^^ In

the above quoted dinuclear complexes and units, two adjacent M n” ions are bridged by one or

two sulphonylarsonate ligands. In the heptanuclear {Mn?} cluster, the Mn" centres are

additionally bridged by hydroxo ligands. Magnetic measurements indicate that
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[M n3(L)2(H 2 0 )3]-3H20 has an unparalleled spin topology and exhibits properties o f  a 

hom ospin ferrim agnet (H 3L  =  0-HO3S-C6H4-ASO3H2). The m ononuclear units in 

M n(H L)(phen)2(H 2 0 )-2 H2 0 , [M n(H L)(bipy)2][M n(H 2L)(bipy)2](C 104)-3H20 and [M n(H L) 

(phen)][M n(H L)(phen)(H 2 0 )] are sim ply param agnetic whilst the rem aining com pounds are 

characterised by w eak anti ferrom agnetic interactions. [M n(H L)(bipy)(H 2 0 )] -2H20  form s a 

1D chain with antiferrom agnetic spin interactions whereby each pair o f  the M n" centres is 

bridged by the arsonate groups o f  sulphonylarsonate ligands.

F ig u re  1.23 -  a) C om plex  in [M n3(L)2(H 2 0 )3]-3 H2 0 , b) representation o f  the m ononuclear  units  in 
[M n(H L )(phen)2]2' 8 .5 H20  and [Mn{HL){bipy)2][Mn(H2L)(bipy)2](C104)3H20, c) the m ononuclear  unit in 
|M n (H L )(ph en )2(H 2 0 )]-2 H 2 0 , d) dinuclear com plexes  in [M n2(HL)(phen)4(H20)](CI04)2 '4H20, e) {Mn?} cluster 
unit in [Mn7(OH)2(L)4(phen)8]-IOH2 0 phen, f) d inuclear unit in [Mn(HL)(terpy)]2, g) ID  chain  in 
M n(H L )(b ipy)(H 2 0 )-2 H2 0 , h) dinuclear c luster units in [M n2(HL)(phen)4(H 20)](CI04)2 '4H20 and 
[Mn2HL)(phen)4(H20)](CI04)2 H 20  and i) dinuclear c luster unit in [Mn2(HL)2(bipy)3(H20)] H20.^^

Recently, Schm itt and co-w orkers reported a M n" coordination polym er with 3D fram ew ork 

pcu topology using 4-(1.2,4-triazol-4yl)phenyl arsonates as ligands. Figure 1.24.’  ̂ It is the
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first example o f a Mn" 3D framework containing organo-arsonate ligands. Magnetic 

measurements reveal predominant antiferromagnetic interactions between the Mn spin 

centres.

a)
M n r

b)

K 021

HI3

Figure 1.24 -  a) The coord ination  en v ironm en t o f  the M n" ion and the coord ination  m odes o f  the arsonate 
hgands in the 3D  structure , b) po lyhedral rep resen ta tion  o f  the 3D  structure, c) the equivalent 3D  topolog ical 
ne tw ork .’^

The highest nuciearity Mn-arsonate cluster known is the above discussed heptanuclear 

complex, [Mn7(OH)2(L)4(phen)8]10H20 phen reported by Yi et Although arsonate 

anions can adopt different possible coordination modes behaving similarly to phosphonate 

ligands, they have not been fully explored as complexing agents. Compared to phosphonates 

and carboxylates their coordination chemistry is yet unsatisfactorily understood. The design 

and development o f more rational approaches to polynuclear Mn-arsonate complexes with 

various topologies and interesting properties remain a challenge to date.
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1.9 MANGANESE DIPICOLINATE COMPLEXES

The design and synthesis o f transition metal complexes stabilised by dipicolinate ligands has 

been o f scientific interest due to the versatile bidentate, tridentate and bridging coordination 

modes o f the ligand (Scheme 1.1). Dipicolinate ligands are further characterised by their 

ability to function as hydrogen bond acceptors and donors .D ip ico lin ic  acid is an oxidative 

degradation product o f vitamins, coenzymes and alkaloids. In biological systems, the ligand 

plays a very important role in the activation/inactivation o f several metalloenzymes as well as 

for the inhibition o f electron transport and oxidation o f low-density lipoproteins. 

Mn-dipicolinate complexes are rare. '̂*'^* In fact, a literature search reveals only a small 

number o f polynuclear Mn complexes have been solely stabilised by dipicolinate ligands.^"* 

Two dinuclear Mn-dipicolinate complexes [Mn"2(dipicolinate)2(H20)5]-2H20^^ and 

[Mn"2(dipicolinate)2(H20)6]-2H2dipicolinate,*® have been reported. They were prepared by 

the reaction o f Mn(C104)2.6H20 , dipicolinic acid and HCIO4 in water. Each Mn ion in the 

latter complex is seven-coordinate with almost pentagonal bipyramidal geometry, Figure 

1.25b. The latter dinuclear complex has the ability to promote the oxidation o f water in the 

presence o f oxone (potassium peroxomonosulfate, 2(KHS05 'KHS04 'K2S04 ).

a)

0)3

014

Oil
— ^

02V^ l4n1

012
03a /  I'03V '012A

MnIA,

011A 0^*

014A

02A

Figure 1.25 -  Structures of a) [Mn"2(dipicoIinate)2(H20)6]2H2dipicolinate, b)
[Mn*‘2(dipicolinate)2(H20)5] 2H2O Mn-dipicolinate complexes^ '̂

Also amongst these few Mn-dipicolinate complexes is a polymeric structure that is composed 

o f dinuclear [Mn'*2(dipicolinate)2(H20)3] complexes.^* The compound can be prepared 

through the reaction o f MnS04and 2,6-dicarboxamido-(2-pyridyl)-pyridine in water. Though
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the polym er contains dipicolinate ligands, it was necessary to hydrolyse the 2,6- 

dicarboxam ido-(2-pyridyl)-pyridine reactant to obtain the crystalline polym eric structure. The 

magnetic m easurem ents o f  the polym er show  antiferromagnetic interactions betw een the Mn 

centers with spin ground state =5/2.

C4A C3A

Figure 1.26 -  Structure o f  the Mn-dipicolinate  po ly m er  complex.* '

Another reported coordination com plex is a tetranuclear M n-dipicolinate chain-type com plex, 

[Mn"2M n’"2-(dip icolinate)6(H 2 0 )4]-2 CH 3 0 H-4 H2 0  reported by Uhrecky et It was 

prepared by the reaction o f  M nC l2'4H 20, d ip icolinic acid, K M n04 and N ,N '- 

diethylnicotinam ide. The tetranuclear chain-type com plex is centrosym m etric whereby two 

Mn" and two Mn'" ions are bridged by four dipicolinate ligands. Figure 1.27. The com plex  

has an S =  0 ground state due to the prevailing antiferromagnetic exchange interactions 

between the Mn ions.
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Figure 1.27 -  S tructure o f  the te tranuclear M n-dip ico linate  chain  com plex.^''

Apart from these M n-dipicolinate com plexes, isostructural dim eric M n and V -dipicolinate 

com plexes, [M (|i-dipicolinate)Cl(H20)2]2^' (M =M n'" and V ’") have also been reported.*^ The 

reaction o f  M n" and V "' ions with dipicolinic acid. NaO H and 2-am inopyrim idine in w ater 

under hydrotherm al conditions led to the form ation o f  these two com pounds.

a

06

OIS

^16
010 05

Q3e
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Vi o

CI2OSo

C14 ,C13

Figure 1.28 -  Structures o f  a) Mn, b) V-dipicolinate complexes.

A reported trinuclear M n-dipicolinate com plex, [Mn"3(dipicolinate)3(bipy)3(H20)2] 

incorporates 2 ,2 ’-bipyridine as auxiliary l i g a n d s . T h e  cluster w as obtained from the reaction 

o f  polym eric [MnK2(dipicolinate)2(H20)7]oo precursor with bipyridine. All the Mn** centres



are seven-coordinate and adopt d istorted pentagonal-bipyram idal coordination geom etries. 

Figure 1.29.

F ig u re  1 .29  -  Structure o f  the trinuclear M n -d ip ico lin ate  cluster.*^

Generally, one can conclude that M n-dipicolinate clusters are not com m on in the literature. 

Considering its coordination ability to  m etal ions, it is surprising that this ligand-type has not 

been more extensively exploited to create polynuclear M n coordination complexes.

'Mn

O

o0

Mn' ‘Mr 'Mn

O

'Mn

Mn 'Mn‘Mn

O .0

'Mn

S c h e m e  1.1 - T he p o ssib le  coord ination  m odes o f  d ip ic o iin ic  a c id .’'*
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1 .1 0  MANGANESE PICOLINATE COMPLEXES

O ver the past tw o decades, some M n picoHnate com plexes w ith nuclearity ranging from 1-10 

have been reported.®*'^ The highest nuclearity  com plexes am ongst these are two related 

{Mnio} coordination clusters with the sam e {MnioOg} core reported by C hristou et al.^- One 

o f  these coordination clusters, [M nio08(02CPh)6(picolinate)8] was prepared by the 

d issolution o f  a preform ed [M n4 0 2 (0 2 CPh)6(M eC N )2(picolinate)2] in N,N- 

dim ethylacetam ide, C H 2CI2 and picolinic acid. Figure 1.30. A nother cluster, 

[M nio08(02CPh)6(picolinate)6(dibenzoylm ethane)2] was form ed using the same reaction 

condition but w ith dibenzoylm ethane instead o f  picolinic acid. Figure 1.31. The only 

difference betw een the two clusters is that the latter cluster is stabilised by picolinate and 

dibenzoylm ethane ligands. V ariable-tem perature m agnetic susceptibility data carried out for 

the [M nio08(02CPh)6(picolinate)8] cluster confirm s an 5' = 0 spin ground state with a very 

low -lying excited states.

F ig u r e  1 .30  -  S t ru c tu re  o f  { M ri io f -p ico l in a te  c lus te r .
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F igure 1.31 -  Structure o f  {M nio}-picolinate-dibenzoylm ethane cluster.*^

T he sam e group reported  a {M nsj p ico lina te  cluster, [M n804(O A c)i2(picolinate)4] prepared  

by the rem oval o f  one aceta te  g roup in a p refo rm ed  [M n4 0 2 (O A c)7(p ico lin a te)2] ' using 

M esSiCl.*^ T he reaction  y ie lded  a [M n402(O A c)6(picolinate)2]^ ' species w hich  d im erised  to 

g ive  the oc tan u c lea r com p lex  [M n804(O A c)i2(picolinate)4], F igure 1.32.
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Figure 1.32 -  Fragments o f a) [ M n 4 0 2 (O A c)7(picolinate)2], b) [ M n 4 0 2 (O A c )7(picolinate)2]2 complexes.

The reaction o f [M n 3 0 (0 Ac)6(py).](C 1 0 4 ) in CH3CN plus MesSiCl and sodium picolinate 

produced a dinuclear Mn''^ picolinate complex, [Mn202(picolinate)] MeCN*^, Figure 1.33a. 

Antiferromagnetic exchange interactions in this complex were found to be small compared to 

other related complexes containing bridging {Mn202} moieties. The simple mononuclear 

Mn-picolinate complex. [Mn(picolinate)2(H20)2] shown in Figure 1.33b, was reported by 

Okabe and Koizumi. It can be prepared by the reaction o f picolinic acid and [M n(CH 3COO)2 ] 

4 H 2O in a H2O/CH 3OH mixture.^*

35



Figure 1.33 -  S tructures o f  a) d inuclear, b) m o n onuc lear M n-p ico linate  com plexes.*’ **

A tetranuclear M n co o rd in a tio n  com plex  in [M n4(2-hydroxym ethylpyrid ine)6  

{C u(picolinate)2(C104)2}2]'2CH 3CN  w hich  assem bles v ia  link ing  {Cu(picolinate)2(C104)2} 

m oities into a 2D  netw ork  has also  b een  reported.**^ A t low  tem peratu re , the co m p lex es reveal 

m agnetic order w hich  is ch a rac te rised  by the  SM M  b eh av io u r o f  the {M n4 } units.

Figure 1 .3 4 - 2 D  coord ination  netw ork  fo u n d  in [M n4(2-hydroxym ethylpyrid ine)6{C u (p ico lin a te )2  

(C104)2}2]-2CH3CN com plex.*’



W hilst the M n/picolinate coordination clusters are to the best o f  our knowledge restricted to 

the above described com plexes, som e other sim ple polym eric M n-picolinate com plexes such 

as [M n(picolinate)2]«)have also been reported.

02 0 1

M nl
0 3

r\N1

F ig u r e  1 . 3 5 - T h e  r e p e a t in g  u n it in th e  [M n (p ic o i in a te ) 2]oc c o o r d in a t io n  p o ly m e r .’ ^

1.11  AIMS AND OBJECTIVES

The m ain aim  o f  this Ph.D. project was to develop new’ synthetic concepts to novel Mn 

coordination clusters with unique topologies using organo-arsonates and organo- 

phosphonates as stabilising ligands. The project aim ed to develop rational synthetic 

approaches that em ploy com proportionation reactions. In addition to phosphonate and 

arsonate ligands we were aim ing to use potentially chelating auxiliary ligands such as 

picolinate and dipicolinate ligands to block coordination sites and influence the 

condensational growth reaction in polar reaction media. O ur research activities set out to 

produce new, interesting m olecular m agnetic m aterials, ideally single m olecule m agnets in 

which ferrom agnetic or com peting anti-ferrom agnetic interactions lead to uncom pensated 

m agnetic m om ents. The research developed in the course o f  this project prim arily focused on 

the synthesis, structural and physicochem ical characterisation o f  novel 0-dim ensional, 

polynuclear M n-coordination com plexes.
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CHAPTER 2

POLYNUCLEAR MANGANESE 
COMPLEXES STABILISED BY 

ORGANO-PHOSPHONATE OR -  
ARSONATE LIGANDS
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2.1. INTRODUCTION AND MOTIVATION

The synthesis o f  polynuclear com plexes consisting o f  param agnetic ions has draw n much 

attention since the discovery o f  the phenom enon o f  single-m olecule magnetism . The unique 

properties possessed by single m olecule m agnets (SM M s) have been anticipated to lead to 

potential applications in high-density inform ation storage and quantum  com putation devices. 

Consequently, num erous coordination com plexes o f  different nuclearities and topologies 

h a \e  been prepared using a range o f  different organic polydentate O - or N - donor ligands. 

The Sch iff base ligands have also been w idely em ployed for this purpose.'"*

M olecules which function as single-m olecule m agnets show slow m agnetization relaxation. 

This property can be regarded as resulting from the com bination o f  a large spin ground state 

(5) and a negative uniaxial a n is o t ro p y .D e p e n d in g  on the oxidation states, nuclearity, 

topology and bridging m odes o f  the metal ions, m anganese coordination clusters can display 

properties o f  single m olecule m agnets. Unusual m agnetic properties in these system s are 

often attributable to distorted Jahn-T eller effect displayed by M n'" ions which impart 

significant m agnetic anisotropy.^- ’ Intensive research has been carried out on Mn com plexes 

with various nuclearities and topologies as their intrinsic architectural diversity allow s the 

investigation o f  im portant structure-property relationships. A deep understanding o f  these 

properties may further be exploitable at the m olecular level in spintronic device -  system s 

that are often characterised by quantum  tunnelling o f  m agnetization (QTM ) and quantum  

phase interference. '

Polynuclear m anganese coordination clusters have been m ainly prepared using stabilising 

carboxylate ligands, a large num ber o f  these being reported by various research team s 

including those o f  G. Christou,'^'^^ E. Ruiz,^^ J. An,^'* J.-P  Tuchagues,^^ E. B r e c h i n , ^ ^ - A .  K. 

Powell,^* etc. Reports on larger coordination clusters containing organo-arsonates are still 

very lim ited. The highest nuclearity M n-arsonate cluster known is a heptanuclear com plex, 

[M n7(O H )2(L)4(phen)g]-10H 20 phen reported by Yi et A lthough arsonate anions can 

adopt different possible coordination m odes behaving sim ilarly to phosphonate ligands, they 

have not been fully explored as com plexing agents. Com pared to phosphonates and 

carboxylates their coordination chem istry is yet unsatisfactorily understood. Therefore, the 

design and developm ent o f  m ore rational approaches to polynuclear M n-arsonate com plexes 

with various topologies and interesting properties rem ain a challenge to date.
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Organo-phosphonate ligands reveal strong coordination ability towards metal ions and have 

also been less employed than carboxylate ligands.

Although the structural chemistry o f metal arsonates and metal phosphonates is generally 

expected to be similar, the larger ionic radius o f As'^ compared to P'  ̂ can lead to some 

significant structural, magnetic and electronic differences.^*^ The phosphonate and arsonate 

ligands contain three O donors which can bridge a number o f  metal ions to support the 

possible formation o f coordination clusters with various topologies. Transition metal 

phosphonates are investigated in diverse areas o f  science and are considered as promising 

candidates for applications in catalysis, ion-exchange, proton conductivity, intercalation 

chemistry, photochemistry and material c h e m i s t r y . T o  synthesize novel polynuclear 

manganese complexes, we have attempted to develop new synthetic routes and directed our 

research plan towards the use o f  phosphonates and arsonates as replacements for some o f the 

carboxylate ligands in the existing Mn clusters. This approach requires an understanding o f 

the reactivity and formation processes o f such complexes and being able to make necessary 

modifications to the reaction systems in order to produce the targeted molecular, high- 

nuclearity materials.

To achieve our goals, we used a number organo-phosphonate and -arsonate ligands 

possessing different structural characteristics and employed these in Mn comproportionation 

reactions. The synthetic approach generally relied on the addition o f potential auxiliary 

ligands (i.e. dipicolinic acid, phenanthroline or hydroxypyridine. Scheme 2.1) that may 

further stabilise the complexes, enhance the crystallisation or may help us to influence the pH 

values o f the reaction system. In this chapter, we describe the formation processes o f  different 

novel polynuclear Mn coordination complexes that formed when phenylphosphonic acid, 

phenylarsonic acid and tert-butylphosphonic acid were used as ligands. We describe how the 

reaction conditions influence the product formation, as well as the physicochemical 

properties o f the complexes.
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OH
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Scheme 2.1 -  Structures o f the stabilising organic ligands used in this chapter.



2.2  MANGANESE COORDINATION COMPOUNDS STABILISED BY 

ORGANO-PHOSPHONATE LIGANDS

2.2.1 Synthesis and Characterisation o f a 2D Polym eric M anganese Compound.

2 .2 .2  [K2(H20)2Mn"(PhP03H2)4(C6H5P03H)4]x (1 )

Compound 1, [K2(H2 0 )2Mn"(PhP0 3 H2)4(PhP0 3 H)4]», was prepared by a comproportionation

reaction between MnCl2 '4 H2 0  and KMn0 4  in the presence o f dipicolinic acid and 

phenylphosphonic acid in CH3CN. The reaction mixture stirred for 5 h at room temperature 

produced light brown block crystals of 1 within two weeks. The compound co-crystallises 

with a white un-identified microcrystalline powder. The product mixture was filtered and 

dried in air. Crystals of 1 were separated manually (yield ~ 10%) and characterised by X-ray 

diffraction measurements.

Compound 1 crystallizes in the triclinic crystal system in the space group /*-l. It is a 2D 

polymer structure consisting of Mn" centres bridged by K ions and phenylphosphonic acid 

ligands (Figure 2.1). The structure can be visualised as consisting o f a 1-dimensional 

arrangement of alternating potassium ions K(l) and Mn" ions in which the metal centres are 

bridged by bidentate phosphonate ligands and water ligands. The and the Mn" ions are 

both located on the inversion centres. The K(l)  ions are further linked via phosphonate 

moieties to K(2) and their symmetry equivalents linking the ID {Mn-K-Mnj assemblies into 

a 2D grid motif as shown in Figure 2.1.

The oxidation state of the Mn ion was calculated using bond valence sum (BVS) analysis. 

The analysis confirms the oxidation state +11 for the Mn ion which adopts an octahedral 

coordination geometry. The octahedral coordination sites o f the Mn ion are occupied by 

0(3). 0 (3 '), 0(6). 0 (6 ') donors derived from pairs of symmetry equivalent

phenylphosphonate ligands, while the remaining two sites are occupied by 0(5) and 0 (5 ') 

donors that originate from two symmetry equivalent water molecules. Figure 2.2. The two 

ions in 1 are 8 -coordinated and have different coordination environments. The 

coordination environment of K(l) consists of 0(1), O(l ' ) ,  0(3), 0 (3 '), 0(7) and 0 (7 ') donors 

derived from four distinct phosphonate ligands and the remaining two sites are occupied by 

0(5) and 0 (5 ')  donors bridging between K(l) and the Mn ions. The binding environment of 

K(2) consists of 0(4), 0 (4 '), 0(8), 0 (8 '), 0(9), 0 (9 '), 0(11), 0 (11 ') donors derived from six 

distinct phosphonate ligands. Figure 2.2.
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F ig u re  2.1 -  The structure o f  the 2 D  polymer. C o lour  code: Mn blue. K yellow, O red, C black, P pink, 

a toms are deliberately omitted  for clarity.
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P(2)

1 >0(4)

,0(9)

P(2)
,P(3)0 (6)P(1), 0 (11 ) 

10 (8 )

.P(1)0 (7)\ 0^
P(3) 0(J) CHS)'

K (2)ln(1) '(3 )0(B)
0(11)

K(1)
P(^0(1 0 (9 )0 (3^

W )P(1'l
0 (4 )

P(2| P(2|

,P(2)

Figure 2.2 -  a) The coordination environments o f the Mn and K ( l)  ions; b) coordination environment o f  the K(2) 
ion, c) a section o f 1 showing the linkage o f the {M n-K-M n} chains by K(2) ions and the phosphonate ligands. Colour 
code: Mn blue, K yellow, O red, C black, P pink. H atoms are deliberately omitted for clarity.
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The M n -0  bond distances betw een Mn ion and O donors originating from the phosphonate 

ligands are 2.155(3) and 2.167(3) A for M n (l)-0 (3 ), M n (l) -0 (6 )  and their symm etry related 

partners, respectively. The M n -0  bond distance betw een M n ion and O donors originating 

from  the bridging w ater m olecules is 2.214(2) A. Selected bond lengths and angles for the 

M n ion in 1 are presented in Table 2.1 and Table 2.2. The K -0  bond distances betw een K( l )  

and the six oxygen atom s originating from the phosphonate ligands vary between 2.706(3) A 
and 3.001(24) A while the K-Owater bond distance is 2.897(3) A. The K -0  bond distances 

betw een K(2) and the eight surrounding oxygen donors vary betw een 2.742(23) A -  
3 .2 4 3 (2 2 )A.

The phosphonate ligands adopt different bridging modes: two phosphonate m oieties (P(2)03 

and P ( l ) 0 3 )) adopt tridentate /^3- t i ': t |’:t|' and a ^ 3-r]^:ri^:ri' binding m odes, respectively and 

another two phosphonate m oieties (P(3)03 and P(4 )0 3 ) adopt bidentate and m onodentate jj.2-  

ri°;T]':T|' and //-r|®:ri':r|° binding m odes, respectively. Figure 2.3.

|P(3)
P(4)0(8)

P(2) 0 (12)
•(13)

0 ( 6 ]

K(2)

* ' 0 ( 6' )  ^  
0(7)

0(H)

P(1)

Figure 2.3 -  A section o f  1 highlighting the binding modes o f  the phosphonate ligands. Colour code: Mn blue, K 
yellow, O red, C black. P pink, H atoms o f  the water molecules attached to K ' ions have been omitted for clarity.
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The 2D sheets in 1 extend parallel to the ah plane and pack in the [100] direction to form a 

layered lamellar structure with distinct, alternating organic hydrophobic and hydrophilic 

inorganic areas (Figure 2.4). The packing arrangement in the crystal structure is further 

stabilised by H-bonding interactions involving the oxygen atoms of the phosphonate ligands 

and water molecules binding to K (l) and Mn(l). H-bonds between O atoms of two 

neighbouring phosphonate ligands are characterised by a 0(4)-0(13) distance of 2.461(3) A. 
H-bonds between O atoms of water molecules attached to K (l)/M n(l) and O atoms of the 

phosphonate ligands are characterised by 0(5W )-0(13) distance of 2.741(4) A. The 

compound is possibly further stabilised by very weak %-n interactions that are characterised 

by distances o f ca. 4.0 A, between two neighbouring phenyl rings of the phosphonate ligands.

F ig u re  2 .4  - T he packing arrangem ent o f  the 2 D  layers in 1 v iew ed  in the d irection  o f  the crysta ilograp h ic  h -  

axis. C olour code: Mn blue, K y e llo w , O red, C b lack , P pink. A ll H -atom s are de lib erately  om itted  for better  
understanding.
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b

Figure 2.5  - The pack ing  arrangem en t o f  1 in the crystal structure v iew ed in the crystallographic  a-axis. Coloui 
code: Mn blue, K yellow , O red, C  black. P pink. All H -atom s have been purposely  om itted  for clarity.

-PHYSICOCHEMICAL CHARACTERISATION

FT-IR spectroscopy

Compound 1 was characterized by infrared (IR) spectroscopy. The IR spectrum of 1 shown in 

Figure 2.6 reveals some characteristic stretches o f the organo-phosphonate ligands. The C-C 

skeletal vibrations of the phenyl rings appear in the 1600 -  1400 cm"' range. Typical C-H 

out-of-plane bending vibrations o f the aromatic rings can be found between 920 -  750 cm''.

The bands in the 1400 -  1000 cm '' range are due to the different P -0  stretching vibrations of 

the phosphonate groups. The 0 -H  stretching vibrations and H -O -H  bending vibrations of the 

water molecules appear at ca. 3350 cm'' and ca. 1611 cm '', respectively.^^'^^

51



Tr
an

sm
itt

an
ce

 
(%

)
100-  

95 -  

90 -  

85 -  

80 -  

75 -  

70 -  

65 -  

60 -

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm )
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Table 2.1 - Selected bond lengths [A] and bond valence sum for 1.

Atom Bond Bond 
distances (A)

BV BVS/ 
Assigned 

oxidation state
M n(l) M n(l)-0(5] 2.214(2) 0.293 1.94/+2

Mn(l}-0[3] 2.155(3) 0.344
M n[l']-0(6} 2.167(3) 0.333

Table 2.2 - Selected bond angles [s] ° for compound 1.

Bond Angle (°) Bond Angle (°)

0(6 )-M n(l) -0(5) 94.52(10) 0(3 ')-M n(l)-0(5) 97.39(10)

0(6 ')- M n(l)- 0(5) 85.48(10) 0(3 ')-M n(l)-0(5 ') 82.61(10)
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2.3 SYNTHESIS AND CHARACTERISATION OF A DODECANUCLEAR 
MANGANESE COMPLEX

2.3.1 [Mn»'i2(//3-0)6(CH30H)2(H20)4(C6H5P03H)9(C6H5P03)6](C5H4N0)Chl8H20 
C2)

For the preparation o f  [Mn'"i2C«3-0)6(CH30H)2(H20)4(C6H5P03H)9(C6H5P03)6] 

(C5H4NO)Cl2-I8H2O (2), MnCl2'4H20 and KMn04 were reacted with phenylphosphonic 

acid and 2-hydroxypyridine in CH3OH. After stirring the reaction mixture for five hours, it 

was filtered and left at room temperature for slow evaporation o f the solvent. During a time 

period o f two weeks, brown block crystals o f a dodecanuclear Mn compound, [M n"’i2(/^3- 

0)6(CH30H)2(H20)4(C6H5P03H)9(C6H5P03)6](C5H4N0)Cl2-18H20 (2) were obtained and 

characterized by single crystal X-ray diffraction measurements (Yield ~  41%).

Compound 2 crystallizes in the monoclinic crystal system in the space group P2 \!c and its 

structure contains a dodecanuclear M n‘" complex. The Mn coordination cluster consists o f 

fifteen organo-phosphonate ligands, six //3-0‘‘ bridging oxo-ligands, two coordinated 

methanol molecules and four coordinated water molecules, Figures 2.7 and 2 .8. The X-ray 

diffraction analysis and the quality o f the obtained data set were hampered by the extremely 

small crystal size.
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Figure 2.7- Tiie core structure o f the dodecanuclear manganese complex in 2 highlighting the two terminal 
methanol molecules and four terminal water molecules. Colour code: Mn blue, P pink, O  red, C black. 
Phenyl moieties o f the organo-phosphonate ligands and H-atoms are omitted for clarity.

The coordination cluster in 2 can be considered to consist o f three {Mn208}'°' and three 

{Mn2 0 io }'‘̂ ‘ dimer units connected through six oxo ligands and fifteen phosphonate

moieties to form a ring structure. Each Mn ion in each {Mn208} unit adopts a square 

pyramidal coordination geometry that comprises o f two bridging jU 3 -0 ^ ' oxo ligands with Mn- 

O bond distances ranging between 1.810(4) - 1.910(4) A. The remaining coordination sites 

are occupied by three 0  donors derived from three distinct phosphonate ligands (Mn-O bond 

distances range between 1.860(5) - 2.150(4) A).
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F igure 2 .8  - The crystal structure o f  2. Colour code: Mn blue, P pink. Cl green, O red, C black. (H- atom s have been 
om itted for clarity).

The remaining six M n ions in 2 are organised into three dinuclear {MnaOio} units and display 

shghtly distorted octahedral coordination environments. The coordination sites o f each o f  the 

M n ions in these units are occupied by four phosphonate O donors, one terminal methanol or 

water 0-donor and a bridging oxo ligand. The Mn-Ophosphonate bond distances in these

units vary between 1 .810(6 )  -2 .3 6 0 (4 )  A. The M n - 0  bond distances between M n ions and O 

donors originating from the '^^ry between 1 .8 5 0 (5 )  - 1 .9 3 0 (4 )  A. The Mn-Omethanoi
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bond distances are 2.18(3) and 2.21(4) A  for Mn(12)-0(27) and Mn(7)-0(58), respectively. 

The M n-Owater bond distances range between 2.200(3) - 2.240(3) A . The distorted nature of 

the octahedral coordination environments of the Mn ions in these dimeric subunits is 

reflected in various bond lengths and angles that deviate from the ideal octahedral 

geometrical parameters. The bond angles, 0(20)-Mn(7)-0(36) (of 79.10(17)°) and 0(58)- 

Mn(7)-0(36) (of 170.50(14)°) most significantly deviate from the ideal octahedral angle of 

90 and 180°, respectively. Selected bond distances and angles are listed in Tables 2.3 and 

2.4.

The {Mni2} core structure is stabilized by fifteen phosphonate ligands that adopt two 

different bridging modes. The phosphonate P atoms, P(2), P(4), P(5), P(8), P(9), P(10), P(13), 

P(14) and P(15) adopt bidentate '.rj :̂rj'  ̂b r id g in g  modes and reside at the outside of the 

ring structure while those ligands containing P(l), P(3), P(6), P(7), P ( ll) , and P(12) adopt 

tridentate /U3-rj^:ri^:rj' bridging modes and are located inside the ring. The latter six tridentate 

ligands bridge between two square pyramidal polyhedra and the {Mn2 0 io}'''~ units.

The charge of the coordination cluster in 2 is further compensated by two non-coordinating 

C r counterions and one deprotonated hydroxypyridine anion. One of the CT counterion is 

located in the central cavity of the ring, while the other one is located outside the ring. The 

Mn-Cl distances range between 2.858(17) - 2.886(17) A . The isolated pyridine anion is 

located at the vicinity of the cluster.

In the solid state, the packing of the {Mni2 } ring clusters is characterised by isolated entities. 

The packing is stabilised by dispersion forces between the organic moieties and weak H- 

bonding interactions involving the crystallisation solvent molecules and the core structure in 

2. The packing arrangement displays inter-cluster cavities filled with solvent water 

molecules. Figure 2.9.
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F ig u re  2 .9  - T he pack ing  arrangem en t o f  2 v iew ed in the d irection  o f  the c ry sta liog raph ic  a -ax is show ing  
in ter-c luster cavities filled  w ith  so lven t w ater m olecules. C o lou r code: M n"' b lue, P p ink, O  red, C black, 
H w hite.
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F ig u re  2 .10  - The pacicing o f  the m o lecu la r en tities in 2 v iew ed  in the d irection  o f  the c rysta llog raph ic  
/j-axis. C o lour code: M n'" b lue, P p ink , O  red, C black.
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Figure 2.11 - The  pack ing  o f  the m olecu la r  entities in 2 view ed in the  direction o f  the crystallographic  c -  

axis. C o lo u r  code: M n ‘" blue, P pink, O  red, C black.

-  PHYSICOCHEMICAL CH ARACTERISATIO N

- FT-IR spectroscopy

The IR spectrum of 2 is presented in Figure 2.12. Characteristic C-H out-of-plane bending 

vibrations o f the phenylphosphonate hgands can be found in the range, 900 -  724 cm"'. C-C 

skeletal vibrations o f the phenyl rings appear in the 1520 -  1400 cm"' region. Different P -0  

stretching vibrations of the phosphonate groups can be observed in the range, 1200 -  900 cm' 

'. In addition, the corresponding 0-H  stretching vibrations and H -O -H  bending vibrations of 

the crystallization water molecules engaged in H-bonds appear at ca. 3345 cm"' and ca. 1614 

cm'*, respectively.
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Figure 2.12- The infrared spectrum o f compound [Mn'"i2(/̂ 3-0 )6(CH30 H)2(H20 )4(C6H5P03H)9(C6H5P03)6j 
( C 5 H 4 N 0 ) C l 2  l 8 H 2 0  ( 2 )

- Thermogravimetric analysis

The thermal stability o f 2 investigated in air in the temperature range, 30 - 900 °C (Figure 

2.13) shows a gradual weight loss up to 350°C. This decomposition may involve the loss of 

eighteen crystallization H2O molecules, two coordinated CH3OH molecules and four 

coordinated water molecules and may involve a partial degradation of the organic ligands. 

The oxidation of the organic moieties further results in a thermogravimetric step which is 

centred at ca. 550 °C resulting in the formation of purely inorganic material.
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Figure 2.13- The thermogravimetric analysis o f compound 2 

- UV-Vis spectroscopy

The UV-Vis absorption spectrum of 2 was recorded in CHsCN (Figure 2.14). The signal 

observed at ca. 280 nm (e = 44000 L mol"' cm"') can be attributed to 7t -  ti* transitions of the 

phosphonate ligands. The band centred around 480 nm (e = 4000 L mol'' cm"') most likely 

arises from d-d transitions that can be assigned to ^Eg transitions o f the octahedrally

coordinated Mn"' ions in 2.̂ ^
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Table 2.3 -  Selected bond lengths [A] and bond valence sum for compound 2.

Atom Bond Bond
distances

(A)

BV BVS/
Assigned

oxidation
state

M n(l) M n(l)-0(1] 1.860(5) 0.762 3.148/+3
M n(l}-0(2) 2.140(4) 0.358
M n(l)-0(3) 1.930(5) 0.631
M n(l)-0(4] 1.850(4) 0.783
M n(l)-0(45] 1.910(4) 0.665

Mn(2) Mn(2)-0(4] 1.910(4) 0.665 3.013/+3
Mn(2]-0(5] 1.950(5) 0.598
Mn(2]-0(14) 1.940(5) 0.614
Mn(2)-0(45) 1.910(4) 0.665
Mn(2)-0(61] 2.040(4) 0.469

Mn(3] Mn(3)-0(7) 1.850(5) 0.783 3.548/+3
Mn(3)-0(8) 1.910(4) 0.665
Mn(3)-0(9] 1.840(4) 0.805
Mn(3]-0(15) 2.060(4) 0.444
Mn(3)-0(57) 1.840(4) 0.805

Mn(4] Mn(4)-0(6) 2.280(4) 0.245 3.35/+3
M n(4]-0(11] 1.990(5) 0.536
Mn(4]-0(43) 1.960(4) 0.582
Mn(4)-0[44W) 2.220(3) 0.288
Mn(4)-0(45) 1.810(5) 0.872
Mn(4]-0(54) 1.830(5) 0.827

Mn(5) Mn(5)-0(9) 1.860(4) 0.762 3.413/+3
Mn(5}-0(12} 1.940(5) 0.614
Mn(5)-0(13) 1.860(5) 0.762
Mn(5]-0(23) 2.120(4) 0.378
Mn(5)-0(57) 1.800(4) 0.897

Mn[6) Mn(6)-0(16] 1.960(4) 0.582 3.235/+3
Mn(6]-0(18] 1.910(5) 0.665
M n(6)-0(19) 1.850(4) 0.783
M n(6)-0(28) 1.830(4) 0.827
M n(6)-0(33] 2.120(5) 0.377

Mn[7) M n(7)-0(20) 1.890(5) 0.703 3.354/+3
Mn(7)-0(21) 1.810(6) 0.872
Mn(7)-0(36) 2.290(4) 0.238
Mn(7]-0[41) 1.940(5) 0.614
Mn(7)-0(57) 1.930(4) 0.631
Mn(7)-0(58) 2.210(4) 0.296

Mn(8) Mn(8)-0[6) 2.010(4) 0.508 3.157/+3
Mnf81-0f91 1.880(4) 0.722
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Mn[8)-0(11)
Mn[8)-0(22]
Mn(8)-0(55W)
MnC8)-0(56)

2.310(4)
1.850(5}
2.200(3)
1.940(5)

0.226
0.783
0.304
0.614

Mn(9] Mn(9)-0(19) 1.840(4) 0.805 3.16/+3
Mn(9)-0(25) 1.860(5) 0.762
Mn(9)-0(28) 1.900(4) 0.684
Mn(9)-0(35) 2.160(4) 0.339
Mn(9)-0(53) 1.960(4) 0.576

Mn(lO) Mn(10}-0(10W) 2.240(3) 0.273 3.148/+3
Mn(10)-0(17) 2.360(4) 0.197
Mn(10]-0(28) 1.860(4) 0.755
Mn(10)-0(29) 1.990(4) 0.536
Mn(10)-0(39) 1.900(5) 0.684
Mn(10)-0(64) 1.890(5) 0.703

M n(ll) M n(ll)-0(4] 1.850(5) 0.783 3.306/+3
M n(ll)-0(17) 1.910(5) 0.667
M n(ll}-0(29) 2.310(3) 0.226
M n(ll)-0(31) 1.900(5) 0.684
Mn(ll}-0[32W) 2.230(3) 0.281
M n(ll}-0(63) 1.910(6) 0.665

Mn(12) MnC12)-0(19) 1.900(4) 0.684 2.855/+3
Mn(12)-0(20) 2.340(4) 0.208
Mn(12}-0(27) 2.180(3) 0.321
Mn(12)-0(34) 1.910(5) 0.665
Mn(12)-0(36) 2.020(4) 0.495
Mn(12)-0(40) 2.030(5) 0.481

Table 2.4 -  Selected bond angles p] for compound 2.

Bond Angle Bond Angle
0(9)-Mn(3)-0(57) 77.0(2) 0(4)-M n(l)-0(l) 170.3(18)
0(ll)-M n(4)-0(6) 79.2(16) 0(45)-Mn(l)-0(3) 167.1(16)
0(9)-Mn(5)-0(23) 97.1(15) 0(9)-Mn(3)-0(7) 169.8(17)
0(57)-Mn(5)-0(9) 78.0(2) 0(45)-Mn(4)-0(54) 178.6(18)
0(20)-Mn(7)-0(36) 79.1(17) 0(57)-Mn(5)-0(12) 167.2(16)
0(34)-Mn(12)-0(27) 96.5(13) 0(21)-Mn(7)-0(20) 172.5(19)

0(58)-Mn(7)-0(36) 170.5(14)
0(55W)-Mn(8)-0(11) 172.4(15)
0(19)-Mn(9)-0(25) 167.4(18)
0(39)-Mn(10)-0(29) 169.0(16)
0(32W )-Mn(ll)-0(29) 172.0(14)
0(34)-Mn(12)-0(36) 171.7(15)
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2 .4  SYNTHESIS AND CHARACTERISATION OF A DODECANUCLEAR 

MANGANESE COMPLEX STRUCTURALLY RELATED TO COMPOUND 2

2 .4 .1  [M n'"i2(Ai3-0)6(H 20)6(CH 3P03H )7(CH 3P03)8]Cl 9HzO (3 )

W hen we substituted phenylphosphonic acid, K M n04 and 2-hydroxy pyridine in the reaction 

m ixture o f  2 w ith m ethyl phosphonic acid, N aM n0 4 .H 2 0  and dipicoHnic acid, respectively 

we obtained the corresponding ring-shaped {M ni2} com plex, [Mn'"i2(//3- 

0 )6(H 2 0 )6(C H 3P0 3 H )7(C H 3P0 3 )8]C 1 9 H2O (3), Figure 2.17, which has a sim ilar core as 

com pound 2 (Y ield ~  12%). H ow ever, now  m ethyl-phosphonate ligands stabilise the 

coordination cluster.

C om pound 3 crystallizes in the rhom bohedral crystal system  in the space group R-2c. The 

asym m etric unit only contains two sym m etry-independent M n centres, three phosphonate 

ligands, one term inal w ater m olecule and a bridging O^' oxo ligand. Figure 2.15 and thus 

sym m etry operations give rise to a highly sym m etric ring structure. Figure 2.16.

P(31

P(5)P(6'

Wn(1)
Mn(2]

Figure 2 .15- The assym etric unit o f  3  highlighting the bridging oxo  ligand and terminal water m olecule. 
Colour code: Mn blue, P pink, O red, C black, H white.
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Mn(2e)

MiK2dS

Mn^c)

F igure 2 .16- The structure o f  3. Colour code: Mn blue, P pink. Cl green, O red. C black, H white.

The main structural differences between compounds 2 and 3 arise from the different ligands 

employed in the synthesis. Whilst the coordination cluster in 2 is stabilised by fifteen 

phenylphosphonate ligands, two coordination methanol molecules and four coordination 

water molecules, 3 contains fifteen methylphosphonate ligands and six coordination water 

molecules. Slightly elongated Mn-Ophosphonate bond distances (range: 1.910(5) - 2 .124(5) A) 
suggest that seven methylphosphonate ligands remain partially protonated. Selected 

interatomic distances and angles for 3 are given in Table 2.5 and Table 2.6  and are slightly 

different to those observed in 2. The overall charge o f the cluster is compensated by one Cl”
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ion, situated in the central cavity o f the ring located 3.149(1) A to M n(l) and it symmetry 

equivalents.

The packing arrangement of the clusters in the crystal structure is stabilised by weak H- 

bonding interactions involving the crystallisation water molecules and the core structure in 3 

resulting in honeycomb arrangements with voids of ca. 26 A in diameter, where the Cl 

counter ions and constitutional water molecules reside. Figure 2.17. The coordination clusters 

are arranged as isolated entities with inter-cluster cavities occupied by the constitutional 

water molecules as can be seen in Figure 2.18.

Figure 2.17 The packing  a rran gem en t o f  the m olecu lar  entities in 3 view ed in the direction o f  the 
crystaliographic  c-axis.  C o lour  code: M n'"  blue, P pink, O  red, C black, H white.

-  PHYSICOCHEMICAL CH ARACTERISATIO N

- FT-IR spectroscopy

The IR spectrum of 3 is presented in Figure 2.19. The C-H  bending and rocking vibrations of 

the organic ligands can be seen in the 1500 - 1350 cm"' region. Different P -0  stretching 

vibrations of the phosphonate groups can be observed in the range, 1100 -  960 cm"'. The O - 

H stretching vibrations of the crystallization water molecules engaged in H-bonds appear
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between 3285 and 3170 cm '' as broad band while the H -O -H  bending vibrations o f the 

crystallization water molecules appear at 1632 cm"’.
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Figure 2.19 - The infrared spectrum o f [Mn"',2C«3-0)6(H20)6(CH3P05H)7(CH.,P0r,)8]CI 9H2O (3). 

-Therm ogravim etric analysis

The thermal stability o f  3 was investigated in air in the temperature range, 30 -  900 °C 

(Figure 2.20). The TGA curve shows an initial weight loss o f ca. 6.1% between 30 and ca. 

140 °C. This step corresponds to the loss o f three crystallization water molecules and six 

coordinated water molecules (calcd; 6.5%). The remaining constitutional solvent molecules 

that were identified in the crystal structure are presumed to have been lost prior to the TGA. 

The oxidative degradation o f the phosphonate ligands takes place between ca. 180 - 550 °C 

resulting in the formation o f  a purely inorganic Mn-oxide-type material.
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Figure 2.20- The thermogravimetric analysis o f 3.
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Table 2.5 -  Selected bond lengths [A] and bond valence sum for compound 3.

Atom Bond Bond
distances

(A)

BV BVS/
Assigned

oxidation
state

Mn(l) M n(l)-0(1) 1.907(4] 0.671 3.161/+3
M n(l)-0(2) 1.881(4) 0.720
M n(l)-0(2a] 1.880(4) 0.722
M n(l)-0(3) 1.905(4) 0.675
M n(l)-0(5) 2.124(5) 0.373

Mn(2] Mn(2]-0(2) 1.849(4) 0.785 3.266/+3
Mn(2)-0(4] 2.272(4) 0.250
Mn(2)-0[4a) 1.986(4) 0.542
Mn(2)-0(6) 1.910(5) 0.667
Mn(2)-0(7) 1.924(5) 0.682
Mn(2)-0(8) 2.159(5) 0.340

Table 2.6 -  Selected bond angles [s] for compound 3.

Bond Angle Bond Angle
0(2)-M n(l)-0(3) 94.30(18) 0(2)-M n(l)-0 (l) 172.15(18)
0(21-M n(l)-0('5) 97.37(18) 0(2a)-M n(l)-0(3) 169.11(18)
0(2)-M n(l)-0(2a) 80.8(2) 0(8)-M n(2)-0(4) 171.4(2)
0(4a)-M n(2)-0(4) 78.00(17)
0(4a)-M n(2)-0(8) 93.9(2)

Table 2.7 -  Bond valence sum calculations for the terminal O atoms (0 (8 ) and its symmetry 
equivalents) in 3.

Atom BVS Assignment
0(8) 0.340 H2 O
A BVS o f 0  atom s in the ~ 1 .8-2 .0 , ~ 1 .0 -1 .2 , and ~ 0 .2 -0 .4  ranges is indicative o f  non-, single- and double protonation .

respectively.^'37
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2 .5  SYNTHESIS AND CHARACTERISATION OF A TRIDECANUCLEAR 
MANGANESE COMPLEX

2 .5 .1  [Mn"Mn'"i20i4-O)8 (//4-Cl)6(C6H5As03)8] (4 )

Compound 4, [M n"M n'"i2(/ 4̂-0 )8(jU4 -Cl)6(PhAs0 3 )8], was prepared by a comproportionation 

reaction between MnCl2-4H20 and KMn0 4  in the presence o f  phenylarsonic acid and 

phenanthroUne ligands in MeCN. The reaction mixture stirred for 5 h afforded brown block 

crystals o f a mixed-valent coordination cluster (4) within one week, (Yield ~ 37%).

Compound 4 is composed o f a highly symmetrical M n-based Keplerate-type cluster which 

crystallizes in the rhombohedral crystal system in the space group R-hc. The Mn"' ions in the 

complex form a cuboctahedral arrangement and the Cl“ ions cap the six square faces to form 

an octahedral {CU} topology (Figures 2.21 and 2.22). A M n"atom  positioned at the centre o f 

the cluster core is coordinated to eight //4 -0‘‘ (0 (3 ) and its symmetry equivalents) oxo 

ligands and adopts a cubic coordination environment. The central M n'‘atom is further linked 

to the twelve Mn'" atoms through the oxo ligands to give the {Mn"Mn’" i2 } structure in which 

the twelve Mn'" centres adopt a cuboctahedral arrangement. Each o f the six square faces o f 

the polyhedron in 4 is capped by a //4 -Cl' ligand while the eight triangular faces are capped by 

eight fully deprotonated phenylarsonate ligands, each bridging three M n"’ atoms adopt a 

tridentate //3-r|':r |':ri' binding mode.
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Figure 2.21 - The core structure of 4. Colour code: Mn" violet, Mn'" blue. As orange. Cl green, C 
black. Phenyl moieties of the organic ligands and H-atoms are omitted for clarity.
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Figure 2.22 - a) The crystal structure of 4. b) The polyhedral representation of the endohedral 
{Mni2} {Ass} {CU} arrangement in 4. c) The polyhedral representation of the {Mnn} cuboctahedron 
in 4 with six square faces each capped by a chloride ion. d} Eight triangular faces each capped by 
an arsonate group (only As atoms are shown for clarity). Colour code: Mn blue. As orange, Cl 
green, C black.

The topology o f  the highly symmetrical cuboctahedral core in 4 is typical o f  an Archimedean 

b o d y . T h e  square faces o f  the com plex are stabilized by six Cl' ligands which itself adopt an 

octahedral arrangement and the triangular faces are stabilized by eight organo-arsonate



ligands in which the As atoms assume a cubic arrangement. Figure 2.22. The location o f the 

C r ions outside the cluster core o f 4 is in contrast to a polyoxovanadate systems reported by 

Zharg el al. in which octahedral assemblies o f  CT ions are located inside hollow cage 

structures.^^ However similarly to the vanadate system it appears clearly that the halides have 

a significant impact on the symmetry and the structure o f  the Mn cluster.

Bone valence sum analysis was used to assign the oxidation states o f the Mn centres. The 

Mn" ions display tetragonal distorted octahedral coordination environments due to the nature 

o f the Mn'" Jahn-Teller ions. This can be observed from the bond angles and bond lengths o f 

the Mn"' metal centres. The M n-0  bond distances between Mn ions and O donors originating 

from the phosphonate ligands vary between 1.885(4) - 2.337(3) A while the Mn-Cl bond 

distances vary between 2.718(15) - 2.777(15) A. The Cl' ions are located in the Jahn-Teller 

sites The M n"-0  bond distances vary between 2.319(6) - 2.337(3) A, Table 2.8. Selected 

bond angles for the Mn ions in 4 are presented in Table 2.9.

The racking arrangement o f the mixed-valent tridecanuclear Mn clusters is stabilised in the 

crystal structure by weak n n  interactions (shortest contact 3.7 A) involving two 

neighbouring arsonate phenyl rings. This results in a relatively densely packed structure 

characterised by grid-like, hexagonal arrangements as can be seen in the direction o f the 

crysiallographic c-axis. Figure 2.23.
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Figure 2.23 - The packing structure o f 4 with view in the direction o f the crystal lographic c-axis. Colour code: 
M n" violet, Mn‘" blue. As orange. Cl green, C black.

Figure 2.24- The packing structure o f 4 with view in the direction o f the crystallographic w-axis 
highlighting n-n interactions in 4, Colour code: Mn" violet, M n"' blue. As orange. Cl green, C black.
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-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy

The IR spectrum o f 4 presented in Figure 2.25 shows characteristic C-C skeletal vibrations o f 

the aromatic rings in the 1581 - 1429 cm"' region. The C-H out-of-plane bending vibrations 

can be observed in the 790 - 711 cm"' region, while the C-H streching virbations can be found 

at ca. 3067 cm''. The signals in the 900 - 800 cm"' region are assigned to different As-0 

vibrations.
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Figure 2.25 - The infrared spectrum o f [M n"M n"'i2(/Y4-0 )8(//4-Cl)6(PhAs0 3 )8] (4).
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-Thermogravimetric analysis

The thermogravimetric analysis o f compound 4 presented in Figure 2.26 shows two distinct 

decomposition steps between (230-310 “C) and (480-550 °C) corresponding to the 

decomposition of the organic ligands. The final thermogravimetric step is centred at ca. 550 

°C resulting in the formation of purely inorganic material.
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F igure 2 .26- The thermogravimetric analysis o f  4.
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Table 2.8 -  Selected bond lengths |A | and bond valence sum for com pound 4.

Atom Bond Bond 
distances (A)

BV BVS/
Assigned

oxidation
state

Mn(l] MnCl)-Cl(l) 2.718(15) 0.199 2.886/+S
M n(l)-0(2) 1.885(4) 0.713
M n(l)-0(3) 1.923(3) 0.643
M n(l)-0(5) 1.927(13) 0.637
M n(l)-0(1) 1.895(3) 0.694

Mn(2) Mn(2}-0(3] 2.337(3) 0.210 1.7/+2
Mn(2)-0(5) 2.319(6)

Mn(3] Mn(3]-Cl(l) 2.744(15) 0.186 3.063/+3
Mn(3)-Cl(lc) 2.777(15) 0.170
Mn(3)-0(3] 1.923(3) 0.643
Mn(3)-0(3d) 1.929(4) 0.633
Mn(3]-0(4) 1.885(4) 0.713
Mn(3]-0(6) 1.882(4) 0.718

Table 2.9 — Selected bond angles |°| for com pound 4.

Bond Angle (°) Bond Angle (°)

0(1 J-Mn(l) -Cl(lc) 99.45(12) Cl(lc)-M n(l)-Cl(l) 155.49(6)

0(5) -M n(l) -Cl(l) 80.31(4) Cl(l)-Mn(3)-Cl(lc) 154.95(6)

0(1)- M n(l)- Cl(l) 98.32(12)

0(3b)- Mn(2)- 0(3c) 109.49(8)

0(3b)- Mn(2)- 0(3) 70.51(8)
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2 .6  SYNTHESIS AND CHARACTERISATION OF A PENTADECANUCLEAR 
MANGANESE COMPLEX

2 .6 .1  [M n"3M n"'i2(//3-O )2(Ai4-O )6(Ai2-C H 3O )4(C H 3O H )20BuPO 3H 2)20BuPO 3)i0(A i4-
Cl)2] (C sH 6N 2)2-8H 20 ( 5 )

The structural role o f the Cl" ions in 4 motivated us to further investigate the presented 

reaction system. In consecutive experiments, we lowered the C1‘ concentration and 

introduced another ligand, /t?r/-butyl-P03H2, (molar ratios between Cl' and ‘BUPO3H2, 1:1). 

Using these conditions, we obtained a {Mms} coordination cluster, [Mn"3Mn"'i2(/^3-0)2C«4- 

O)6(//2-CH3O)4(CH3OH)2('BuPO3H2)2CBuPO3)i0(//4-C1)2](C5H6N2)2-8H2O (5) which is

structurally related to 4, Figures 2.27 - 2.30. The structure o f  the cluster in 5 relates to the 

cuboctahedral arrangem ent observed in 4 but the symmetry is significantly reduced.

In compound 5, methanol molecules act as terminal ligands and also bridge as deprotonated 

/g-CH bO ' ligands between M n"’ ions significantly reducing the influence o f the Cl” ions. In 

the {Mni.s} cluster, only two o f the former six Cl~ ions in 4 are retained and they stabilize two 

;'Mn4} squares. Two o f the six square faces o f  the polyhedron are capped by the tw o Cl" ions 

and the eight triangular faces are surrounded by twelve phosphonate groups differing from 

the arrangement in 4 which comprises o f only eight arsonate ligands. Figure 2.22. The 

shortage o f four Cl" ions in 5 results in the removal of two vertices o f the original {M ni2} 

cuboctahedron. Unlike 4, the central Mn" ion in 5 is connected to ten surrounding Mn"' 

atoms to form a bi-lacunary-type structure whereby the observed {Mnis} structure emerges 

from the attachment o f  a {Mn‘'Mn'"} unit at each lacunary face. Whilst the central Mn atom 

position in {Mnis} closely relate to those in the archetype cluster {M nn}, the orientations o f 

the Jahn-Teller axes differ significantly to give a more anisotropic distribution o f the Jahn- 

Teller axes.

The cluster core in 5 is stabilized by twelve phosphonate ligands, four bridging methoxy 

ligands and two terminal methanol molecules. Two o f the phosphonate ligands (‘butylP(6)03 

and its symmetry equivalent) adopt monodentate bridging modes while the

remaining ten phosphonate ligands (‘buty lP (l)03 , ‘butylP(2 )0 3 , ‘butylP(3 )03 , ‘butylP(4 )03, 

'butylP(5)03 and their symmetry equivalents) adopt tridentate bridging modes.
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F ig u re  2 .27  - The core structure o f  5 highlighting  the bridg ing  methoxy ligands and the terminal methanol 
molecules .  C o lour  code: M n" violet.  M n'"  blue, P pink. Cl green, O red. C black.

F ig u re  2 .28  - The crystal s tructure  o f  5. C o lour  code: M n" violet,  M n'"  blue, P pink. Cl green, O  red, C black.
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F igu re  2.29 - The polyhedral representation o f  the core structure o f  the cluster in com pound 5. Colour code: 
Mn" violet, M n'" blue, P pink. Cl green, O red, C black.

a) bi

(3

F igure  2.30 - a) The six square faces in 5 in which two are capped by CT ions, b) eight triangular faces surrounded 
by tw elve phosphonate groups (only P atoms are shown for clarity). Mn" violet, M n'" blue, P pink. Cl green.



On the basis o f bond valence sum analyses, M n(l), Mn(2), Mn(3), Mn(4), Mn(6), Mn(7) 

adopt the oxidation states o f  +III while Mn(5) and Mn(8) are in the oxidation state o f +11. All 

the Mn'" ions adopt distorted octahedral coordination geometries. The coordination sites of 

the distorted octahedral coordination environments o f  M n(l), Mn(7) and their symmetry 

related partners consist o f  two O donors derived from two different phosphonate ligands, two 

yU4- bridging 0^“ oxo-ligands, one O donor o f a H2 bridging methoxy ligand and a Cl" ion. The 

coordination sites o f the distorted octahedral coordination environment o f Mn(2) are 

occupied by four O donors derived from four different phosphonate ligands and two //4 - 

bridging 0^~ oxo-ligand. The coordination sites o f the distorted octahedral coordination 

environments o f Mn(3) and Mn(4) are occupied by three O donors derived from three distinct 

phosphonate ligands, one yU4 -bridging 0^“ oxo-ligand, one bridging 0^“ oxo-ligand and a 

C r  ion. Mn(5) and its symmetry equivalent adopt distorted pentagonal bipyramidal 

coordination geometries whereby their seven coordination sites are occupied by five O 

donors derived from five distinct phosphonate ligands, one O donor o f a terminal methanol 

molecule and a jx i -  bridging 0 ‘“ oxo-ligand. Whilst the coordination sites o f Mn(6) are 

occupied by three O donors o f  three phosphonate ligands, a / 4̂-bridging 0"~ oxo-ligand plus 

two O donors o f two ^ 2  bridging methoxy ligands, that o f the central Mn" ion. Mn(8) are 

completely occupied by six //4- bridging 0 ~ ~  oxo-ligands. These include 0(25) bridging 

between Mn(2), Mn(4), Mn(7). Mn(8); 0 (24) bridging between M n(l), Mn(6), M n(7'), 

Mn(8) and 0 (23) bridging between M n(l), Mn(2), Mn(3), Mn(8). The remaining symmetry- 

equivalent 0x 0 ligands 0 (2 5 ') , 0 (2 4 '}  and 0 (2 3 ')  bridge between the corresponding 

symmetry-equivalent Mn centres.

The M n - 0  bond distances between M n ions and O donors involving phosphonate ligands 

vary between 1 .9 1 5 (6 )  - 2 .3 0 0 (7 )  A. The Mn-Omethoxy bond distances which range between 

1 .910(6 )  A and 2 .0 7 9 (7 )  A are slightly shorter than the Mn-Omethanoi bond distance, 2 .1 7 5 (7 )  

A for M n ( 5 ) - 0 ( 2 7 )  and its symmetry equivalent. The M n-(//4-0^') bond distances vary 

between 1 .9 6 1 (5 )  - 2 .4 6 5 ( 5 )  A, while the M n -(//3-0 ‘̂) are 1 .8 7 7 (6 )  A, 1 .8 6 4 (6 )  A and 

2 .2 3 2 (6 )  A for M n ( 3 ) - 0 ( 2 6 ' ) ,  M n ( 4 ) - 0 ( 2 6 ' )  and M n ( 5 ) - 0 ( 2 6 ' ) ,  respectively. The M n-C l  

bond distances vary between 2 .6 7 3 (3 )  A - 2 .9 7 2 (3 )  A. Table 2 .10 .

The bond angles. 0(23)-M n(3)-0(10) (o f 108.80(2)°) and 0(16 ')-M n(4)-0(25) (o f 

160.90(2)°) most significantly deviate from the ideal angles o f 90° and 180°, respectively. 

Selected bond angles for the Mn ions in 5 are presented in Table 2.11.
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In the soHd state the m ixed valent {M m 5} clusters are interm olecularly  stabilised  by 

d ispersion  forces involving the organic ligands m oieties or w eak hydrogen bonding o f  the 

constitu tional solvent m olecules resulting in a relatively  densely packed structure. The 

m olecular entities adopt helical chain-type arrangem ents w hich extend in [010], Figure 2.31. 

The M n coordination clusters are separated by the organic ligand m oieties; sm all in ter-cluster 

cavities that also extend in [010] provide space for solvent m olecules and the uncoordinated 

pyridine ligands. Figure 2.32.

F igure 2.31 - The packing arrangement o f  5 v iew ed in the crystallographic c-axis. Colour 
code: Mn blue, N  dark blue. P pink. Cl green. O red, C black, H white.
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F ig u re  2.32 - The pack ing  a rrangem en t o f  5 v iewed in the crystallographic  ft-axis. C o lour  
code; Mn blue, N dark  blue, P pink. Cl green, O  red, C black, H white.

F ig u re  2.33 - The pack ing  a rrang em en t  o f  5 v iewed in the crystallographic  a-axis. C o lou r  code: Mn 
blue, N dark  blue, P pink. Cl green, O  red, C black. H white.
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-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy

In the IR spectrum of 5 presented in Figure 2.34, the bands in the 1100 - 900 cm'' region are 

due to the different P -0  stretching vibrations o f the phosphonate groups. Characteristic C-C  

stretching vibrations of the organic ligands can be found between 1600 -  1340 cm"'. The O - 

H stretching vibrations o f the crystallisation water molecules involved in H-bonding appear 

between 3342 and 3054 cm"' as broad band, while H-O-H bending vibrations appear at ca. 

1645 cm"'.
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F ig u r e  2 .3 4 -  T he infrared spectrum  o f  [M n"3M n"'i2(/^3-0 )2(//4-0 )6(yU2-C H 3 0 )4(C H 3 0 H )2('B uP 0 :,H2)2 

('BuPO:,)ioC«4-CI)2] (C 5H 6N 2)2-8H 20 (5 ).
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- Thermogravimetric analysis

The thermogravimetric analysis o f compound 5 is presented in Figure 2.35. The first 

themogravimetric step o f ca. 11.1% occurs between 30-150 °C. This weight loss can be 

attributed to the loss o f eight crystallization H2O molecules and six coordinated methanol 

molecules (calcd: 10.6%). The oxidative degradation o f the phosphonate ligands commences 

above 200 °C and total oxidation o f the organic residues continues gradually until ca. 800 °C.
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Figure 2.35- Thermogravimetric analysis o f 5.

Magnetism

The magnetic measurements reported here were carried out in collaboration with Dr. Lei 

Zhang, a former post doctoral researcher in our group and Dr. Rodolphe Clerac. The 

temperature dependence o f the magnetic susceptibility o f 5 was measured between 298 and 1.8 

K (Figure 2.36a and Figure 2.36b). A t room temperature, the experimental / T  product reaches 

ca. 44 cm^ K mol"' which is slightly lower than the calculated value o f 47.8 cm^ K moP' for

the presence o f three S = 5/2 Mn" and twelve S = 2 Mn'" carriers (C = S(S+1), where
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= 0.12505 cm^ K mol'' and ^  = 2) . Upon lowering the temperature, the xT  product
3kg

decreases down to a minimum o f ca. 30 cm^ K mol'' at about 20 K.. This thermal behaviour 

signifies dominant antiferromagnetic interactions between the Mn spin centres. The 

experimental data can be fitted to a Curie-Weiss law for a temperature above 50 K. with C =

49.13 cm^ K moP' and 6 = -21(1) K. The deduced Curie constant (49.125 cm^K/mol) is in

good agreement with the expected value o f 47.9 cm^ K moP' for three S = 5/2 Mn" and twelve 

S = 2 Mn'" metal ions. Below 20 K, at 1000 Oe, t h e / r  product reaches 38.5 cm^ K moP' at 3 

K. This value suggests an S = 17/2 ground state. Despite the presence o f dominant 

antiferromagnetic interactions between the Mn spin centers, compound 5 stabilizes a high spin 

ground state.
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Figure 2.36 - Temperature dependence o f the /T ’ product o f 5 at I and 0.1 T (10000 and 1000 Oe, 
respectively).

The tleld dependence o f the magnetization for this compound has been measured at low 

temperatures between 1.83 and 8 K (Figure 2.37). The magnetization at low field experiences a 

rapid increase without inflexion point confirming the presence o f a non-zero spin-ground state. 

The magnetization at high field display a non-linear increase without clear saturation even at 7 

T (70000 Oe) and 1.83 K suggesting the presence o f magnetic anisotropy and/or low lying 

excited states. At 1.8 K and 7 T the magnedzation reaches 13.8 |xb, which is in agreement with 

an assigned ground state o f = 17/2.

The M  V.V. H/T data are not superposed on a single master-curve (Figure 2.37) as expected for 

isotropic systems with a well defined spin ground state. Although the presence o f low-lying 

excited states and/or inter-complex magnetic interactions could in theory contribute to the
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observed M  vs. H /T  data in 5, the two effects were not observed in the x T  vs. T  plot at 0.1 T 

(Figure 2.36).
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Figure 2.37 -  a) A/ vs. H  between 8 K and 1.83 K and b) M vs. H. T '  between 8 K and 1.83 K.

The temperature and frequency dependences o f the zero-field ac susceptibility are presented in 

Figures 2.38 and 2.39. The ac susceptibility in zero dc field was measured between 1.85 and 

3.3 K for frequencies up to 10000 Hz. (Figure 2.39) to probe slow dynamics o f the 

magnetization for this compound. The measurements reveal the appearance o f an out-of-phase 

ac signal indicating the presence o f slow relaxation o f the magnetization.
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Figure 2.38 -  Temperature dependence o f  the a) in-phase {;î ) and (b) out-of-phase {/') ac susceptibility 
under zero dc field for 5.
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Figure 2.39 -  Frequency dependence o f  the a) in-phase (^ ) and (b) out-of-phase (^ ') ac susceptibility under 
zero dc field for 5.

In compliance with the Arrhenius law, the exponential increase o f the relaxation with 

decreasing temperature enabled the determination o f  the energy gap o f  the thermally activated 

regime to be 17 K with a pre-exponential factor o f the Arrhenius law o f 8.0 x 10'̂  ̂ s. Figure 

2.40.
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Figure 2.40 -  Magnetization relaxation time (x) vs. T '  plot for 5 (the solid line corresponds to the Arrhenius law).

The ac susceptibility measurements at 1.85 K between 0 Oe and 3500 Oe show a weak 

influence o f the quantum relaxation pathway. Figure 2.41. These studies o f the magnetic 

properties show that compound 5 displays properties o f a single molecule magnet.
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susceptibility with dc fields at 1.85K for 5.
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Table 2 .1 0 -  Selected bond lengths | A| and bond valence sum  for com pound 5.

Atom Bond Bond 
distances (A)

BV BVS/
Assigned

oxidation
state

Mn(l) Mn(l)-Cl(l) 2.673(2) 0.225 2.915/+3
Mn(l]-0(4] 1.944(6) 0.607
Mn(l}-0[8) 2.205(6) 0.300
Mn(l)-0(24) 1.973(6) 0.561
Mn(l)-0(23] 1.968(6) 0.569
Mn(l]-0(22) 1.917(6) 0.653

Mn(2) Mn(2)-0(5] 1.925(6) 0.639 2.94S/+3
Mn(2]-0(8] 2.241(6) 0.272
Mn(2)-0(11) 2.261(6) 0.258
Mn(2)-0(13) 1.918(6) 0.651
Mn(2)-0(23) 1.970(5) 0.566
Mn[2)-0(25) 1.975(5) 0.559

Mn(3] Mn(3)-0(6) 1.978(6) 0.554 2.822/+S
Mn(3)-0(10) 2.156(6) 0.342
MnC3]-0(17] 1.965(6) 0.574
Mn(3}-0(26) 1.876(6) 0.730
Mn(3]-0(23) 2.000(6) 0.522
Mn(3)-ClCl) 2.972(3) 0.100

Mn(4) Mn(4)-0(9) 2.150(6) 0.348 2.908/+3
Mn(4)-0[15) 1.953(6) 0.593
Mn(4]-0(16') 1.943(6) 0.609
Mn(4]-0(26') 1.863(6) 0.756
Mn[4)-0(25) 2.015(6) 0.501
Mn(4)-Cl(l) 2.970(3) 0.101

Mn(5) Mn(5]-0(7] 2.299(7) 0.233 1.657/+2
Mn[5)-0(12') 2.255(6) 0.262
Mn[5J-0(18'] 2.124(6) 0.373
Mn(5)-0(26'] 2.232(6) 0.279
Mn(5]-0[27] 2.175(7) 0.325
Mn(5]-0(9] 2.548(9) 0.119
Mn(5)-0(10] 2.767(9) 0.066

Mn(6) Mn(6)-0(7) 2.026(7) 0.486 3.019/+3
Mn(6]-0(12'} 2.116(6) 0.381
Mn[6)-0(20) 1.914(6) 0.658
Mn[6)-0(24) 1.975(6) 0.558
Mn[6)-0(28) 2.005(6) 0.515
Mn(6)-0(22) 2.079(7) 0.421
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Mn(7) Mn(7)-Cl(l] 2.715[3) 0.201 2.923/+3
M n(7]-0(11'] 2.208(6) 0.297
M n(7)-0(14'] 1.941(6) 0.612
M n(7]-0(25') 1.970(5) 0.566
Mn(7)-0(24] 1.961(5) 0.580
Mn(7)-0(28) 1.910(6) 0.667

Mn(8] M n(8)-0(25'] 2.220(5) 0.288 1.38/+2
Mn(8}-0(25) 2.220(5) 0.288
Mn(8}-0(24) 2.467(5) 0.148
Mn(8}-0(24) 2.467(5) 0.148
Mn(8}-0(23) 2.267(5) 0.254
M n(8)-0(23') 2.267(5) 0.254

Mn-Mn Mn(7]-Mn(2') 3.150(19)
distances Mn(l}-Mn(2] 3.154(18)

Mn[l)-Mn(6] 2.973(19)
Mn(2)-Mn(7') 3.151(19)
Mn(2}-Mn(8) 3.136(14)
Mn(7)-Mn(8) 3.232(13)
Mnf8]-Mnf2") 3.136(14)
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Table 2.11 -  Selected bond angles |°| for compound 5.

Bond Angle (°) Bond Angle
0[4 ]-Mn(l] -Cl(l) 100.60(19) 0(26)- Mn(3)- 0(6) 175.7(3)

0(24)- Mn(l)- Cl(l) 83.10(17) 0(16')- Mn(4)- 0(25) 160.9(2)

0(24) -Mn(l) -0(8) 87.2(2) 0(26')- Mn(4)- 0(15) 176.9(3)

0(23)- Mn(l)- Cl(l) 86.06(17) 0(18')- Mn(5)- 0(7) 147.4(2)

0(22) -Mn(l) -Cl(l) 94.8(2) 0(27)- Mn(5)- 0(26') 170.9(3)

0(22)- Mn(l)- 0(8) 98.1(3) 0(28)- Mn(6)- 0(7) 168.8(3)

0(22)- Mn(l)- 0(24) 84.0(3) 0(28)- Mn(7)- 0(25') 174.2(2)

0(5)- Mn(2)- 0(11) 101.9(2)

0(23)- Mn(3)- 0(10) 108.8(2)

0(12')- Mn(5)- 0(7) 74.0(2)

0(18')- Mn(5)- 0(12') 137.0(2)

0(18')- Mn(5)- 0(27) 84.3(3)

0(26')- Mn(5)- 0(12') 96.2(2)

0(27)- Mn(5)- 0(12') 85.2(3)

0(24)- Mn(6)- 0(28) 80.4(2)

0(28)- Mn(6)- 0(22) 94.3(3)

0(24)- Mn(6)- 0(22) 79.7(2)

0(14')- Mn(7)- C!(l) 99.4(2)

0(25')- Mn(7)- Cl(l) 86.03(17)

0(25')- Mn(7)- O (ll') 80.6(2)

0(24)- Mn(7)- Cl(l) 82.17(18)

0(28)- Mn(7)- Cl(l) 95.9(2)

0(28)- Mn(7)- O (ll') 96.5(2)

0(25)- Mn(8)- 0(24) 106.10(18)

0(25')- Mn(8)- 0(24) 73.90(18)

0(25')- Mn(8)- 0(23') 77.48(19)

0(25')- Mn(8)- 0(23) 102.52(19)
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2.7  CONCLUSIONS

W e have developed  a synthetic approach to novel polynuclear m anganese coordination  

com plexes. This involves com proportionation reactions in the presence o f  organo- 

phosphonate or -arsonate ligands. The approach generated four different unique m anganese 

coordination clusters (2 , 3, 4 and 5) and one polym eric M n com pound (1). C om pounds 2 and

3 are tw o structurally related com pounds that belong to a fam ily o f  {M ni2} com plexes w hile

4 and 5 are tw o structurally related {M n n } and {Mni.s} com pounds, respectively.

Our approach em ployed organo-phosphonate and -arsonate ligands as stabilizing organic 

ligands. U nlike carboxylate ligands w hich  have been w id ely  explored,'' only a few

polynuclear m anganese com plexes stabilized by phenylphosphonic acid'^*' '̂ and 

phenylarsonic acid ligands^'^- are reported in the literature. C onsequently, the class o f  

com pounds reported here are unprecedented. 1 m ay be regarded as a 2D  structure in which  

the K( l )  ions are linked to K (2)/K (2 ') via  phosphonate m oieties linking the ID  {M n-K -M n} 

assem blies into a 2D  grid m o t if  2 and 3 contain ring-shaped cluster cores stabilised by 

phenyl phosphonate and m ethyl phosphonate ligands, respectively. Com pound 4, is the 

highest nuclearity M n-arsonate cluster to date. The cluster in 4 can be regarded as a highly  

sym m etric {M n i3}-based Keplerate, w hose sym m etry is characterized by the Schoentlies  

Sym bol Oi, ,̂ It w as found that the halide ions have a significant impact on the symmetry  

and the structure o f  the M n cluster in 4, each Cl" ion stabilizing a square face o f  the 

polyhedron. {Mm.s} in 5 m ay be regarded as a less sym m etrical derivative o f  the {M n n }  

Keplerate oxo-cluster in w hich  m ethanol m olecu les act as both terminal ligands and bridging  

deprotonated / /2-C H 3 0 ' ligands thereby reducing the influence o f  the Cl" ions. In 5 , the Oh 

sym m etry o f  the oxo  cluster is low ered due to lack o f  four Cl' ligands resulting in the removal 

o f  tw o vertexes o f  the original {M n i2} cuboctahedron in 4.

Our studies reveal that the halide concentration provides the m eans o f  influencing the 

sym m etry o f  the coordination clusters thus underlining the synthetic approach reported by 

Schm itt et The m ethodology  in w hich  the halide ions are utilized to influence the

assem bly and sym m etry o f  the Mn clusters enabled us to prepare tw o structurally-related Mn 

cluster cores, 4 and 5. The less-sym m etrical {M m 5} cluster (5), reveals the properties o f  

single m olecu le m agnets as the reduced halide content results in a re-orientation o f  the 

individual Jahn-Teller axes g iv ing  an ising-type m agnetic species with an S= 17/2 spin  

ground state that show s properties o f  SM M s.
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The highly sym m etric {M nn} cluster in 4 has a core structure that is identical to that reported 

by Schm itt et al.^^ The high sym m etry and low expected  D  value is not expected to lead to 

slow  relation o f  the m agnetization.

T he applied strategy using Cl" ions as structure d irecting  agents is distinctive from  purely 

serendipitous synthetic approaches to high-nuclearity SM M s. The applied concept is 

com parable to the tem plate effect that w as observed in a polyoxovanadate system , w here the 

C r io n s  stabilize the form ation o f  square {V4} units and d irect their assem bly to form  hollow  

polyoxovanadate cages or m olecular capsules.^*- In these  system s the halide ions act as 

w eakly coordinating nucleophiles (Lew is bases) that donate electron density  to square 

pyram idal vanadate units that condense into convex en tities encapsulating the tem plates as 

guests. Tetragonally  distorted Jahn-T eller M n'" ions that form  upon com proportionation o f  

M n" and Mn'^" species offer tw o preferential binding sites for w eakly  binding C P  ions in 

their apical positions; the prevailing  non-directional C oulom b forces and the isotropic ionic 

nature enable halide ions to act as a bridging ligands that preferentially  reside on the outside 

o f  condensed, sym m etrical M n clusters.

In future experim ents, we will consider to em ploy o ther transition  m etal system s or 

lanthanide ions under sim ilar reaction conditions to ascertain  w hether the applied approach is 

also applicable to o ther highly ionic reaction system s that give rise to larger m agnetic 

anisotropies and increase blocking tem peratures o f  the resulting  SM M s. Future w ork also 

aim s to study the m agnetic properties o f  the highly sym m etric  archetype {Mn 13}-based 

K eplerate.
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CHAPTER 3

POLYNUCLEAR MANGANESE 

COMPLEXES STABILISED BY 

DIPICOLINATE LIGANDS
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3 .1  INTRODUCTION AND MOTIVATION

The design and synthesis o f  transition metal complexes stabilised by dipicolinate ligands has 

been o f  scientific interest due to the versatile bidentate, tridentate and bridging coordination 

modes o f  the ligand (Scheme 1.1 in the introduction). Dipicolinate ligands are further 

characterised by their ability to provide hydrogen bond acceptors and donors.

Mn dipicolinate clusters are rare in the literature. * Considering its coordination ability to 

metal ions, it is surprising that dipicolinic acid has not been extensively exploited to create 

polynuclear Mn coordination complexes.

We generally intended to use dipicolinic acid as co-ligand in organo-phosphonate and -  

arsonate stabilised reaction systems. The following chapter provides an overview' over the 

obtained coordination complexes that are solely stabilised by dipicolinic acid thus 

highlighting the binding modes o f the ligand and its function under hydrolysing reaction 

conditions.
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3.2 SYNTHESIS AND CHARACTERISATION OF A MONONUCLEAR 
MANGANESE COMPLEX

3.2.1 [M n'"Cl(dipicolinate)(H20)2] (6)

Compound 6, [M n’'’Cl(dipicolinate)(H20)2], was prepared by a comproportionation reaction 

between MnCl2-4H20 and CsM n04 in CH3CN using dipicH2 and phenylphosphonic acid as 

potential ligands. The reaction mixture was stirred for 5 h at room temperature and produced 

dark blue crystals o f 6 within two weeks. The compound co-crystallised with an unidentified 

white powder and its crystals were separated manually from the reaction mixture and dried in 

air (yield 35%).

Compound 6 crystallizes in the orthorhom bic crystal system in the space group Pbcn and its 

structure contains a mononuclear M n'" compound. The m ononuclear Mn compound consists 

o f one fully deprotonated dipicolinate ligand, two coordinating water molecules and a 

coordinating CT ion (Figure 3 .1).

;0 {2 )0 (2) N(1)

,0 ( 1 )0(1)
0(3;

Mn(1)

Figure 3.1- The structure o f  6. Colour code: Mn'" blue, N dark blue, 0  red, C black, H w hite.
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The Mn ion adopts a distorted octahedral coordination geometry and has an oxidation state of 

+111 estimated on the basis of bond valence sum analysis. The coordination sites of the 

distorted octahedral coordination environment of the Mn ion are occupied by 0(1), O (l') , 

N (l) donors derived from the tridentate dipicolinate ligand while the remaining three 

coordination sites are occupied by 0(3) and 0 (3 ')  donors from water ligands and C l(l) of a 

chloride ion. Figure 3.1. The donor atoms of the dipicolinate ligand adopt a typical 

meridional arrangement.

The distortion of the octahedral geometry of the Mn ion in 6 is a consequence o f the 

geometrical restraints imposed by the binding dipicolinate ligand and the electronic state of 

the Mn'" Jahn Teller ion. This is reflected in the bond angles and bond lengths involving the 

Mn"’ centre. The M n-0 bond distances are 1.966(2) A and 2.187(2) A for M n(l)-0(1) and 

M n(l)-0(3), respectively. The M n(l)-N (l) and M n(l)-Cl(l) bond distances are 1.942(4) A 
and 2.213(14) A, respectively.

The bond angles, N (l)-M n (l)-0 (D  and 0(1')-M n(l)-C l(l) of 79.90(6)° and 100.10(6)°, 

respectively deviate most from the ideal octahedral angle of 90° while the bond angles, 

0(1 ')-M n(l)-0 (1) and 0(3)-M n(l)-0(3 ') of 159.80(12)° and 172.83(12)° respectively, 

deviate most from the ideal angle of 180°. Selected bond angles are presented in Table 3.2.

In the solid state, the packing arrangement of the mononuclear species is stabilized by weak 

hydrogen bonding interactions involving the coordination water molecules and oxygen atoms 

of the carboxylate groups of the dipicolinate ligands (Figure 3.2). The H-bonds result in a zig

zag arrangement of the molecular entities forming undulated sheets that extend within the ah- 

plane and which pack in the c-direction. Figure 3.2. The H-bonds involving the carboxylate 

0-atom s and the coordinated water molecules are characterised by 0(2)-0(3W ) distance of 

2.781(3) A and 0(1)-0(03W ) distance of 2.853(3) A.
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/

F ig u re  3.2- The packing diagram in 6 viewed in the crystaliographic a-axis. Dashed lines indicate hydrogen 
bonding. C olour code: Mn"' ligh t blue, 0  red , Cl g reen , C grey.

F igure  3.3- The packing arrangem ent in 6 viewed in the direction o f  the crystaliographic /?-axis. 
C olour code: Mn'" blue, N d a rk  blue, 0  red , C black, H w hite .
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F igure 3 .4- The packing a rrangem ent in 6 view ed in the direction o f  the crys tallographic  c-axis.
C o lou r  code: Mn'" b lue, N d a r k  b lue ,  0  red ,  C black , H w h ite .

Compound 6 though novel, may be compared to a mixed-ligand Mn dipicolinate complex, 

[(2-aminopyrimidine)[Mn(^-dipicolinate)Cl(H20)2]]2." The complex is a dinuclear Mn" 

complex in which two Mn" ions are bridged by dipicolinate ligands and the Mn centres adopt 

distorted pentagonal-bipyramidal coordination geometries.

-  PHYSICOCHEMICAL CH ARACTERISATION

- FT-IR spectroscopy

Compound 6 was characterized by infrared spectroscopy (Figure 3.5). The band at ca. 1646 

cm"' is due to the asymmetric stretching modes o f the carboxylate groups while the bands at 

1418 and 1321 cm"' arise from the symmetric carboxylate stretching modes. The strong bands 

at 775 and 674 cm"' are due to M n-0  vibrations while the 0 -H  stretching vibrations o f  the 

water molecules engaged in H-bonds appear as a broad band centred around 3446 cm''.'^"'**
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Figure 3.5 -  The infrared spectrum o f [M n"‘CI(dipicolinate)(H20)2] (6).



Table3 .1 - Selected bond lengths |A| and bond valence sum for 6.

Atom Bond Bond 
distances (A )

BV BVS/
Assigned

oxidation
state

Mn(l) Mn(l)-N[l) 1.942(4) 0.806 3.048 including
Mn(l]-0(1] 1.966(2] 0.573 the symmetry
Mn(l]-0(3) 2.187(2) 0.315 equivalents of
Mn(l)-Cl(l) 2.213(14) 0.781 Mn(l)-0(1) and 

Mn(l)-0(3)/+3

Table 3.2 -  Selected bond angles [2] for compound 6.

Bond Angle Bond Angle
0N(1)-Mn(l)-0(1') 79.90(6) 0(1')-Mn(l)-0(1) 159.80(12)
N(ll-Mn(l)-0(3) 86.42(6) 0(3)-Mn(l)-0(3') 172.83(12)
0(1)-Mn(l)-Cl(l) 100.10(6)
0(r)-Mn(l)-0(3) 86.96(9)
0(3)-Mn(l)-Cl(l) 93.58(6)

107



3.3 SYNTHESIS AND CHARACTERISATION OF A MANGANESE COMPLEX 
COMPOSED OF TRINUCLEAR, TRIANGULAR BUILDING UNITS

3.3.1{K 2(H 20)2[M n>"6(dipicolinate)2(dipicolinateH )4]Cli2}{K 2(H 20)2[M n'"6
(dipicolinate)4(dipicolinateH)2]Cli2[M n"(H20)2(CH3CN)2]}oo-14H20-6CH3CN(7)

C om pound  7 was prepared using a sim ilar synthetic  procedure that led to the form ation o f  6 

except that KM nOa and 1,2-ethanebisphosphonic acid instead o f  C sM n04  and 

phenylphosphonic acid w ere used. A fter stirring the reaction m ixture for five hours, it w as 

filtered and left at room  tem perature  for slow  evaporation  o f  the solvent. D uring a tim e period 

o f  tw o w eeks, C om pound 7 , {K2(H20)2[M n’"6(dipicolinate)2(dipicolinateH)4]Cli2} {K2(H20)2 

[M n"’6(dipicolinate)4(dipicolinateH )2]Cli2[M n“(H20)2(CH3CN)2]}ool4H20-6CH3CN w as 

obtained  and characterized by single crystal X -ray diffraction m easurem ents (yield ~  48% ).

Single crystal X -ray diffraction reveals that 7 crystallizes in the triclinic crystal system  in the 

space group P I  and consists o f  co-crystallising tri- and heptanuclear com plexes, both o f  

w hich contain  triangular arrangem ents o f  distorted  octahedrally  coordinated M n centres. 

F igures 3.6 and 3.7.

0 <6)
Cl(1)

LK2)

Mn(1)

0<7)

Cl(6) 0 ( 8]

;i4) Cl(3)

,Mn(3)
Mn(;

'Cl(5)

0 (10)

F igure 3 .6  -  The trinuclear com plex  in 7 show ing the bridging d ipicoiinate ligands. C olour code: Mn'" 
blue, N dark blue, 0  red, C black , Cl green , all H-atom s have been om itted for clarity.
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F igure 3 .7  -  The heptanuclear com plex in 7. Colour code: Mn blue, N dark blue, 0  red, C black.
Cl green , all H-atoms have been omitted for clarity.

In the trinuclear complex, each Mn centre is coordinated by one dipicolinate moiety whose 

donor atoms adopt a typical meridional arrangem.ent. Two O donors o f each dipicolinate 

ligand further bridge between two Mn ions in a syn-anti fashion to give a cyclic triangular 

arrangement o f the three Mn centres. Figures 3.6 and 3.7. The coordination sphere o f  each 

Mn centre is further completed by two cw-coordinating chloride ligands. The Mn atoms in 

these trinuclear complexes occupy the comers o f  an isosceles triangle that is characterised by 

the following inter-atomic distances: M n(l)...M n(2) = 5.560(7) A, M n(2)... Mn(3) = 

5.560(7) A and M n(l)....M n(3) = 5.520(7) A. In the crystal structure, two symmetry related 

ions, K (I) and K (l ') ,  link two o f such triangular complexes to form dimeric assemblies. 

The potassium ions interact with the chloride ligands and carboxylate 0-donors o f the 

dipicolinate ligand in the trinuclear complex. The inner binding environment o f K (l) further 

comprises o f  one water molecule.

The heptanuclear complex in 7 is structurally closely related to the trinuclear complex. It is 

built from two symmetry-related trinuclear units that are almost identical to the described 

trinuclear complexes. Here the triangular units are linked through a partially hydrated Mn" 

ion, Mn(7) which is located on an inversion centre. The Mn(7) coordination environment 

comprises o f  two pairs o f  /ra«.v-located water and acetonitrile molecules. Two carboxylate 

0-donors o f the dipicolinate are located in the apical positions o f the distorted octahedral 

coordination sphere o f Mn(7) and link the two triangular units to the central Mn centre. As 

for the trinuclear complexes, potassium counterions (K(2) and symmetry equivalents) interact
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with the triangular units o f the heptanuclear complex. The binding mode o f K(2) is almost 

identical to that o f  K(1), thus linking the heptanuclear com plexes into ID  chain assemblies.

Mn{2l
^ ip ) 0 ( 2 ;

Cl(2)

K(1)ln(3;
ci(f

ci(3) y i-.pi(i)ci(3)
0(1

0 (14)

iMn(1} K(1

0 (2 )

0(11 )

Figure 3.8 -  Top: Linkage o f  the trinuclear com plexes into dimer units via  partially hydrated potassium ions 
in 7. Below. Linkage o f  the heptanuclear com plexes into ID chain assemblies via  partially hydrated 
potassium ions. Colour code; Mn blue, K yellow, N dark blue, O red, C black. Cl green, all H-atoms have 
been omitted for clarity.

Bond valence sum calculations revealed that M n(l) - Mn(6) ions are in the oxidation state o f 

+111, while the bridging Mn(7) centre is in the oxidation state o f  +11. As discussed, the 

coordination sites o f the distorted octahedral coordination environm ents o f  Mn( l )  - Mn(6) 

and their symmetry equivalents are very similar and occupied by the same set o f donor atoms.
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Each coordination environm ent consists o f  three O and one N donors originating from tw o  

dipicolinate Hgands and tw o chloride atom s. The M n -0  bond distances betw een Mn ions and 

O donors originating from the d ipicolinate ligands vary betw een 1 .932(7) A  - 2 .2 8 6 (6 ) A  

w hile the M n -O w a te r  bond distance is 2 .2 1 8 (5 ) A  for M n (7 )-0 (2 9 ). The M n-Cl d istances vary 

between 2 .2 0 8 (3 ) A  - 2 .2 7 1 (2 ) A  w h ile the M n-N  bond distances vary betw een 1 .977(5)- 

2 .163(7) A ,  Table 3.3. The potassium  ions in 7 are nine coordinated. The binding sites o f  

each are occupied  by fiv e  chloride atom s, three oxygen  donors derived from three 

dipicolinate ligands and one terminal water m olecule. The K -0  bond distance vary betw een  

2 .800(4 ) -  2 .9 8 2 (4 ) A .  The closest K-Cl bond distances range betw een  3 .1 6 9 (5 ) and 3 .532(5 )

A .

The overall packing structure displays a square grid-like arrangement in which the chains o f  

the K. -̂ m ediated heptanuclear com plexes are separated by the {M n3 } dim er assem blies. 

Larger inter-m olecular spaces are further occupied  by partially disordered constitutional 

solvent m olecu les that engage in weak H-bonds.
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Figure 3.9  -  T he  grid -like  pack ing  a rrangem ent in 7. The {Mn.-)} d im er units are partia l ly  h igh ligh ted  in green. 
C o lou r  code: Mn blue, K yellow. N dark  blue. O  red. C  black. Cl green, all H -a tom s and  const itu tional so lvent 
m olecu les  have  been om it ted  for clarity.



-  PHYSICOCHEMICAL CH ARACTERISATIO N

- FT-IR spectroscopy

The IR spectrum of 7 presented in Figure 3.10 is comparable to that of 6. The strong bands at 

ca. 1675 and 1632 cm‘‘ arise from the asymmetric stretching mode of the carboxylate groups 

while the bands at 1429 and 1321 cm'' are due to the symmetric carboxylate stretching 

modes. The signals observed at ca. 770 cm"' and 673 cm"' are assigned to M n-0 vibrations. 

The 0 -H  stretching vibrations of the crystallization water molecules taking part in H-bonds 

appear as broad band between 3416 and 3307 cm"'.
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8 0 -

70 -

; l i

1321

6 0 - 1088
632

6731675

50 -

4000  3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

F igure  3.10 -  The infrared spectrum o f  {K2(H20)2[Mn"'6(dipicolinate)2(dipicolinateH)4]Cli2}

{K2(H:0)2[Mn'"6(dipicolinate)4(dipicolinateH)2]Cli2[Mn"(H20)2(CH3CN)2]}<x)' I4 H2O -6CH3CN (7).

- Thermogravimetric analysis

The thermal stability of compound 7 carried out in the temperature range between 30 and 900 

°C in air reveals an initial weight loss of ca. 15.5% between 30 and 160 °C attributed to the 

loss of eight acetonitrile molecules and twenty crystallization and coordinating water
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molecules (calcd: 15.2%). The assignment is in agreement with the composition determined 

by elemental analysis. A further increase in temperature led to weight loss that occurs 

between 160 and 440 °C associated with the decomposition o f  the dipicolinate ligands. A 

stable inorganic oxide material is obtained above 440 °C.

100-

90 -

80 -

s:
60 -

O

5  50 .

40 -

100 200 300 400 500 600 700 800 900

Temperature (°C)
F igure 3.11 -  The therm ogravim etric analysis o f  (7).

114



T able  3.3 - Selected bond lengths | A| an d  bond valence sum  fo r 7.

Atom Bond Bond d istances
(A)

BV BVS/ 
Assigned 

oxidation  sta te

M n(l) Mn(l}-Cl(l) 2.229(2) 0.747 3.125/+3
Mn(l)-Cl(2) 2.271(2) 0.667
M n(l)-0(6) 2.219(5) 0.289
M n(l)-0(7) 2.233(5) 0.278
M n(l)-0(8) 1.964(4) 0.576
M n(l)-N (l] 2.071(5) 0.568

Mn(2) Mn(2)-Cl(5) 2.236(2) 0.733 3.177/+3
Mn(2)-Cl(6) 2.219(2) 0.768
Mn(2)-0(9) 2.284(5) 0.242
Mn(2)-0(11) 2.239(5) 0.274
Mn(2)-0(12) 1.999(4) 0.524
Mn(2)-N(2) 2.066(6) 0.576

Mn(3} Mn(3)-CI(3) 2.229(2) 0.747 3.236/+3
MnC3)-CI(4) 2.208(3) 0.791
Mn(3)-0(13) 2.240(4) 0.273
Mn(3)-0(14) 1.962(5) 0.579
Mn(3)-0(15} 2.264(4) 0.256
Mn(3)-N[3] 2.057(5) 0,590

Mn(4) Mn(4)-Cl(7] 2.246(2) 0.714 3.281/+3
Mn(4)-Cl(8) 2.223(3) 0.759
Mn(4)-0(18) 2.211(5) 0.295
Mn(4-0(19) 1.932(4) 0.628
M n(4)0(20) 2.285(6) 0.242
Mn(4)-N(4) 2.025(6) 0.643

Mn(5) Mn(5)-ClC9] 2.183(3) 0.846 3.388/+3
Mn(5)-Cl(10) 2.234(3) 0.737
Mn(5)-0(21) 1.977(5) 0.556
Mn(5)-0(22) 2.237(7) 0.275
Mn(5)0(24) 2.286(6) 0.241
Mn[5)-N(5} 1.977(5) 0.733

Mn(6) M n(6)-Cl(ll) 2.244(2) 0.718 3.241/+3
Mn(6)-Cl(12) 2.266(3) 0.676
Mn(6)-0(25) 1 .932^) 0.627
Mn(6}-0(26) 2.150(4) 0.348
M n(6)0(28) 2.232(4) 0.279
Mn(6)-N(6) 2.055(6) 0.593

Mn(7] M n(7)-0(27) 2.138(5) 0.360 2.186/+2
Mn(7)-0(27'1 2.138(5) 0.360
M n(7)-0(29) 2.218(5) 0.290
M n(7)-0(29'] 2.218(5) 0.290
Mn(7)-N(7) 2 .1 6 3 ^) 0.443
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Table 3 .4- Bond valence sum calculations for 0(29) linked to Mn(7).

Atom BVS Assignment®
Mn(7)-0(29) 0.290 H2O

An oxygen BVS in the ~1.8-2.0, ~1.0-1.2, and ~0.2-0.4 ranges is indicative of non-, single- and double 
protonation, respectively. 20

Table 3.5 -  Selected bond angles |°| for compound 7.

Bond Angle (°) Bond Angle (°)

Of61-Mnfl]-ClU') 103.92fl31 Ofei-M nflVOf?] 149.56fl51
N fn -M n f l> 0 f6 1 74.3f21 Ofll')-Mnf21-Of9') 147.10fl71
Nf2>Mn(2VOf9] 72.8f21 Ofl31-Mn('31-Ofl5') 148.42fl61
Clf3>Mnf31-Ofl51 105.26('15') 0(221-Mnf51-0f241 147.82fl71
Cif8')-Mnf41-Of20') l o e . g s f i s i Of26)-Mnf61-Or28') 148.66fl71
Clf4>Mnf51-Of221 109.27fl5')
O f28>M nf6]-C lfll l 105.08fl21
Of27'>Mnf7)-Of291 94.5f2')
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3 .4  SYNTHESIS AND CHARACTERISATION OF A TETRANUCLEAR HETER 
BIMETALLIC COORDINATION COMPLEX

3.4.1[Mn"z (H20)9Ce'''2(dipicolinate)6]-4H20 (8)

Compound 8, [Mn"2(H20)9Ce''^2(dipicolinate)6]-4H20 was prepared by the reaction

MnCl2’4H20, NaMn04'H20, CeCl3-6H20, methylphenylarsonic acid and dipicolinic acid 

CH3CN. The cerium salt was added as a potential reducing agent to the reaction system with 

intention to produce mixed metal complexes. The reaction mixture stirred for 5 h at ro( 

temperature formed rectangular light brown crystals of 8 within two weeks. The crystals w 

filtered and dried in air and characterised by X-ray diffraction measurements (Yield « 12%).

The crystals of 8 crystallize in the triclinic crystal system in the space group P i and its struct 

contains a tetranuclear heterobimetallic Mn/Ce dipicolinate compl 

[Mn"2(H20)9Ce'''2(dipicolinate)6]-4H20 (8). In the complex, the metal centres adopt a line 

alternate arrangement. The structure of 8 is composed of two 9-coordinated Ce'^' centres. Fig 

3.12. Each C e(l) and Ce(2) are coordinated by three fully deprotonated dipicolinate ligands, 

distorted octahedrally coordinated Mn centre, M n(l) binds to two cz5-located O-dipicolinate done 

0 ( 13) and 0 ( 17), and links the two {Ce(dipicolinate)3} units. The remaining coordination sites 

M n(l) are provided by four coordination water molecules. A second hydrated Mn(2) centre 

located on the outside and is attached to the{Ce(2)(dipicolinate)3}unit through 0 (29) o1 

carboxylate moiety. The remaining coordination sites of the distorted octahedrally coordina 

Mn(2) are provided by five coordination water molecules.
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Figure 3.12 -  The structure o f  the tetranuclear hetero-bim etallic com plexes in 8. Colour code: Mn" blue. Ce 
lemon, O red. C black. N dark blue, all H -atom s have been om itted for clarity.

The M n and Ce ions adopt the oxidation states o f  +11 and +1V, respectively as confirm ed by bond 

valence sum analysis.

The M n "-0  bond lengths betw een M n ( l )  or M n(2) and the O donors originating from  the term inal 

w ater m olecules range betw een 2.124(5) and 2.203(7) A. The M n "-0  bond lengths betw een M n 

ions and the O donors originating from  the dipicolinate ligands are 2 .211(6) A for M n (l) -0 (1 7 ), 

2 .223(5) A for M n (l) -0 (1 3 )  and 2 .139(5) A for M n(2 )-0 (29 ). The C e ''^ -0  bond lengths which 

vary betw een 2.278(6) and 2.437(5) A are w ithin the expected ranges for the +IV oxidation  state 

and carboxylate l i g a n d s . ^ ' - T h e  C e (l)-N  bond lengths range betw een 2.492(6) and 2.531(6) A. 
The bond angle, 0 (1 4 )-M n (l)-0 (1 3 )  o f  106.00(2)° deviate m ost significantly  from  ideal octahedral 

angle o f  90° while the bond angle, 0 (1 5 )-M n (l)-0 (1 2 )  o f  159.80(3)° deviate m ost from  ideal 

octahedral angle o f  180°. Selected bond angles are presented in Table 3.7.

The crystal structure o f  8 is stabilized by w eak H -bonding in teractions involving the coordination 

w ater m olecules and som e o f  the O  atom s o f  the dipicolinate ligands, creating cavities that are 

occupied by the constitutional w ater m olecules. The packing is further stabilised by w eak k  k  

interactions (shortest contact 3.6 A) involving the phenyl rings o f  the dipicolinate ligands. The 

packing arrangem ents o f  the tetranuclear com plexes in the crystal structure are show n in Figures 

3 . 13 - 3 . 15 .

118



F ig u re  3 .13  - The pack ing  arrangem ent o f  the te tranuclear hetero-bimetallic  co m plexes  in 8 v iewed in the 
direction o f  the crys tailographic  /^-axis. C o lo u r  code: Mn" blue, Ce lemon, O  red, C black. N dark blue all H- 
a tom s have been om itted  for clarity.
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F ig u r e  3 .14  -  T he  pack ing  a r rang em en t o f  the te tranuclear hetero-bim etallic  co m p lexes  in 8 viewed in 
the direction o f  the c ry s ta llog raph ic  c-axis. C o lour  code: M n" blue. C e lemon, O  red. C black, N dark 
blue, all H -atom s have  been  om itted  for clarity.

F ig u re  3 .15 -  T he  pack ing  a rrang em en t o f  the te tranuclear  hetero-bim etallic  co m p lexes  in 8  v iewed in 
the direction o f  the c rys ta llographic  a-axis.  C o lour  code: M n" blue, C e lemon, O  red, C black, N dark 
blue. All H -atom s hav e  been om itted  for  clarity.
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Compound 8  belongs to a family o f hetero-bimetallic dipicolinate complexes such as [MnCe4 

dipicolinate)6(H2 0 )2o][Ce(dipicolinate)3]2 ' 1IH2O reported by Najafpour et Though compoi 

8  and Najafpour’s complex are both bimetallic dipicolinate-Ce/Mn complexes, there are a num 

of factors that distinguish 8  from Najafpour’s compound. Najafpour’s compound is composed c 

linear pentanuclear [MnCe4(dipic)6(H2 0 )2o]'*'̂  unit and a complex anion [Ce(dipic)3]^“. 1 

{Ce''^(dipic)3 } moieties in the pentanuclear [MnCe4(dipic)6(H2 0 )2o]'''̂  unit connect {Ce"’(H2 0  

subunits to a central {Mn"(H2 0 )4 } unit to generate a chain-like pentanuclear complex m 

Ce"VCe''^/Mn"/Ce‘'^/Ce'" sequence.

Another mixed-metal Ce/Mn coordination complex found in the literature is Christou's compou 

[Ce4MnioOio(OCH3)6(0 2 CPh)i6(N0 3 )2 (CH3 0 H)2(H2 0 )2], which also differs significantly fr 

compound 8 .̂ '̂  It consists o f ten Mn'", two Ce'" and two Ce''^ ions stabilised by sixteen bridg 

benzoate ligands, two chelating nitrates, two terminal CH3OH and two terminal H2O molecules.

-  PHYSICOCHEMICAL CH ARACTERISATIO N

- FT-IR spectroscopy

The IR spectrum of 8  presented in Figure 3.16 shows a strong band at 1615 cm'' attributed to 

asymmetric stretching mode of the carboxylate groups and two weaker bands at 1426 and 1377 ( 

' attributed to the symmetric carboxylate stretching modes. M n-0 vibrations can be found aroi 

680 and 734 cm’’ The 0-H  stretching vibrations of the crystallization water molecules appear £ 

broad band centred at ca. 3358 cm"'.'^"'*
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F igure 3 .1 6 - T h e  infrared spectrum o f  [M n''2(H20)9Ce"^2(dipicolinate)6]'4H20 (8).

-Thermogravimetric analysis

The thermal stability o f compound 8 was also investigated by TGA in the temperature range 

between 30 and 900 °C in air. The TGA curve of 8 presented in Figure 3.17 shows an initial weight 

loss o f ca. 11.2% between 30 - 180 °C attributed to the loss o f nine coordinated and one 

crystallization water molecules (calcd: 11.5%). The remaining three crystallization water molecules 

identified in the crystal structure may have been lost prior to the TGA when the sample was stored 

at room temperature. A further increase in temperature led to weight loss that occurs in two distinct 

steps corresponding to the decomposition of the dipicolinate ligands and cluster degradation 

processes. The thermolysis process leads to a stable product at around 560 °C.
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Table 3.6 - Selected bond lengths |A|  and bond valence sum for 8.

Atom Bond Bond distances
(A)

BV

Mn(l) Mn(l)-0(12] 2.174(7) 0.326
M n[l)0(13] 2.223(5) 0.286
M n(l]0(14] 2.203(7) 0.301
Mn(l)-0(15} 2.154(8) 0.344
Mn(l)-0(16) 2.179(5) 0.322
Mn(l}-0(17) 2.211(6) 0.295

Mn(2) Mn(2)-0(28) 2.202(7) 0.302
Mn(2]0(29) 2.139(5) 0.359
Mn(2)0(30) 2.194(9) 0.309
Mn(2]-0(31) 2.124(5) 0.373
Mn(2)-0(32) 2.181(7) 0.320
Mn(2]-0(33] 2.168(8) 0.331

Ce(l) Ce(l)-0(2) 2.299(6) 0.568
Ce(l)0(4) 2.417(4) 0.413
Ce(l)0(5) 2.298(6) 0.569
Ce(l}-0(7] 2.334(4) 0.517
Ce(l)-0(9) 2.363(5) 0.478
Ce(l]-0(11) 2.437(5) 0.391
Ce(l)-N(l] 2.527(7) 0.528
Ce(l]-N(2) 2.504(4) 0.562
Ce(l)-N(3) 2.515(6) 0.545

Ce(2] Ce(2)-0(18) 2.410(6) 0.420
Ce[2)0(20) 2.397(5) 0.436
CeC2)OC21) 2.278(6) 0.601
Ce(2]-0(25) 2.349(6) 0.496
Ce(2}-0(26) 2.373(5) 0.465
Ce(2)-0(34] 2.341(5) 0.507
Ce(2)-N(4) 2.492(6) 0.580
Ce(2}-N(5) 2.531(6) 0.522
Ce(2)-N(6) 2.503(5) 0.563

Table 3.7 -  Selected bond angles [-] for compound 8.

Bond Angle Bond Angle
0(12)-Mn(l)-0(13) 79.6(2) 0(14)-M n(l)-0(17) 162.4(2)
0(12)-M n(l)-0(14) 87.5(3) 0(16)-M n(l)-0(13) 173.7(3)
0(12)-M n(l)-0(16) 101.7(2) 0(15)-M n(l)-0(12) 159.8(3)
0(14)-M n(l)-0(13) 106.0(2) 0(30)-Mn(2)-0(28) 172.3(2)
0(15)-M n(l)-0(14) 86.1(4) 0(31)-Mn(2)-0(29) 174.0(2)
0(15)-M n(l)-0(16) 96.1(3) 0(33)-Mn(2)-0(32) 176.9(3)
0(29)-Mn(2)-0(28) 85.7(2)
0(29)-Mn(2)-0(30) 86.7(2)
0(29)-Mn(2)-0(32) 88.0(2)
0(32)-Mn(2)-0(28) 93.0(3)
0(32)-Mn(2)-0(30) 85.3(5)
0(33)-Mn(2)-0(30) 92.3(4)
0(31)-Mn(2)-0(28) 88.7(2)
0(31)-Mn(2)-0(33) 92.1(2)
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3.5 CONCLUSIONS

W e have successfully  synthesised tw o novel polynuclear M n dipicolinate com plexes (7 and 

8) and a m ononuclear M n-dipicolinate com pound, 6. O ur approach em ployed dipicolinic acid 

in com bination w ith organo-phosphonateZ-arsonate ligands w ith the intention o f  preparing 

m ixed ligand M n coordination clusters. H ow ever, our attem pts resulted in the form ation o f  

Mn com plexes solely stabilised  by dipicolinate ligands.

All isolated structures underline the typical b inding m ode o f  the dipicolinate ligand w hereby 

its donor atom s preferentially  occupy m eridional sites in octahedral coordination 

environm ents. A lthough the here presented structures do not contain phosphonate and 

arsonate ligands, the resulting  stm ctures underline that dipicolinic acid m ay be a very suitable 

co-ligand allow ing one to  block specific coordination sites and im parting some control over 

hydrolytic condensation reactions.

Com pound 6 is a m ononuclear M n com plex stabilised by one dipicolinate ligand, two 

coordinated w ater m olecules and a Cl" ion. The packing arrangem ent o f the m olecular 

entities in the crystal structure is characterised  by distinctive zigzag m otifs fom iing undulated 

sheets that extend in the a/)-plane and pack in the crystallographic c-direction.

A literature search revealed two dinuclear M n-dipicolinate com plexes, 

[M n"2(dipicolinate)2(H20)5]-2H20* and [M n''2(dipicolinate)2(H20)6-2H2-dipicolinate].

Hence the rather com plex, m ixed valent com pound 7, {K2(H20)2[M n"'6(dipicolinate)2 

(dipicolinateH)4]C li2}{K2(H20):[M n'"6(dipicolinate)4(dipicolinateH)2]C li2[M n"(H20)2 

(C H 3 C N )2 ]}oo-14H20-6CH3CN is rem arkable. It consists o f  co-crystallising tri- and 

heptanuclear com plexes w ith  triangular arrangem ents o f  the M n centres. It is clear that the 

replacem ent o f  C sM n04 in the reaction m ixture that led to the crystallization o f  6 w ith 

K M n 0 4  is the m ajor cause that triggers the form ation o f  7 in which square grid-like packing 

patterns are com posed o f  chains o f  m ediated heptanuclear com plexes that are separated 

by the {Mns} dim er assem blies. C om pound 8, represents a novel hetero-bim etallic com plex. 

Future w ork aim s to study the m agnetic properties o f  7 and 8.
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CHAPTER 4

POLYNUCLEAR MANGANESE 

COORDINATION CLUSTERS 

STABILISED BY ORGANO- 

PHOSPHONATE AND PICOLINATE

LIGANDS
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4.1 INTRODUCTION AND MOTIVATION

In the previous chapter, we em ployed dipicolinic acid as a co-ligand in organo-phosphonate 

and -a rso n a te  stabilised reaction system s. As already noted in the previous chapters, the 

phosphonate or arsonate ligands seem ed to have a higher propensity to produce crystalline 

products in the presence o f  co-ligands.' A literature search revealed no record o f  a M n- 

phosphonate species that is additionally  stabilised by picolinate ligands. Therefore, we 

decided to explore the possibility  o f  generating M n clusters that w ould incorporate both, 

prim ary and co-ligands. For this purpose we used pyridine-2-carboxylic acid (2-picolinic 

acid) and applied a com proportionation approach in the presence o f  phosphonate ligands to 

generate cluster com pounds. In com parison to the dipicolinic acid, 2-picolinic acid m isses 

one carboxylic acid functionality  in the 2-position. Thus this m odified donor-set was 

expected to result in different b inding m odes in com parison to the used dipicolinate ligand 

w hich selectively blocks m eridional sites in an octahedral coordination environm ent. Typical 

com m on, previously observed binding m odes o f  2-picolinates are sum m arized in Schem e 

4 . ] }  The chelating ability o f  this ligand through the N and O atom s to the central m etal ions 

and the ability to show  H -bonding interactions led us to anticipate that it w ould be an 

excellent co-ligand^ w hereby preferentially  two coordination sites o f  an octahedrally 

coordinated M n ion could be occupied through its O and N atom s leaving som e o f  the Mn 

coordination sites vacant for other ligands or hydrolysis reactions to o ccu r.'-" In addition, the 

carboxylate m oiety in the 2-position  would have the capability to bridge betw een M n centres.

In this chapter, we report three novel polynuclear M n-phosphonate-picolinate species where 

som e o f  the highlighted p icolinate binding m odes are observed.
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Scheme 4.1- the possible coordination modes o f picoiinic acid: (a) (b) (c) iu :-rf- .r f , (d) yur
7-:;/' and (e)
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4 .2  SYNTHESIS AND CHARACTERISATION OF A TRINUCLEAR 
MANGANESE COMPLEX

4 .2 .1  [Mn"i3(CH3P03)2(picolinate)3(H20)3Cl2]-CH30H-8H20 (9)

Compound 9, [M n'"3(CH3P0 3 )2(picolinate)3(H2 0 )3Cl2] CH30H-8H20  was obtained when 

NaM n0 4 ’H2 0  was reacted with MnCl2-4H20 in the presence o f methyl phosphonic acid and 

picolinic acid. Brown block crystals o f  9 crystallize from the reaction mixture within two 

weeks and were characterized by single crystal X-ray diffraction measurements (Yield ~ 

31%).

Compound 9 crystallizes in the triclinic crystal system in the space group PI.  The compound 

contains a trinuclear complex with triangular arrangement o f the M n’" centres. In this 

complex the three Mn centres, M n(l)-M n(3) are bridged by two /^3-v'^v'-^' bridging 

phosphonate ligands involving the 0-atom s 0 (5 ), 0(10), 0 (12) and (0 (4), 0 (6 ), 0 (11). 

(M n(l), M n(3)j and {Mn(2), Mn(3)} are additionally bridged by /^2 bridging Cl' ligands. 

Each Mn'" centre in 9 is coordinated by c«-coordinating N- and carboxylate donors o f  a 

chelating picolinate ligand. The distorted octahedral coordination spheres o f  M n(l) and 

Mn(2) are funher completed by one and two coordination water molecules, respectively. 

Both BVS analysis and charge considerations confirm that the three Mn ions adopt the 

oxidation state +111. The Cl' and w ater ligands in 9 locate at the Jahn-Teller axes o f the 

tetragonally elongated coordination spheres o f  the Mn centres. The structure, including the 

atom labelling scheme is presented in Figure 4.1 and Figure 4.2. The triangular arrangement 

compares closely to an isosceles triangle with Mn-Mn distances o f  4.746 (2) A, 4.789(2) A 
and 3.998(1) A for M n(l)-M n(2), M n(2)-M n(3) and M n(l)-M n(3), respectively. The Mn-Cl 

distances in 9 are M n(l)-C l(l) = 2.549(2) A, M n(3)-Cl(l) = 2.650(2) and M n(3)-Cl(2) = 

2.494(3) A and are comparable to corresponding distances in compounds reported in the 

l i t e r a tu r e .T h e  M n-H20 bond distance are characterised by distances o f 2.540(3), 2.306(4) 

and 2.215(4) A for M n(l)-0 (7 ), M n(2)-0(9) and M n(2)-0(15), respectively. The trinuclear 

complex is further characterised by M n(l)-C l(l)-M n(3) and M n(2)-Cl(2)-M n(3) bond angles 

o f 100.53(5) and 30.08(3)°, respectively. The M n-0  bond distances between the Mn ions and 

O donors originating from the phosphonate ligands vary between 1.8670(3) - 1.897(4) A 
while the M n-0  bond distances between the Mn ions and O donors originating from the 

picolinate ligands vary between 1.913(3) - 1.926(3) A. The Mn-N bond distances vary
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between 2.017(4) - 2.125(4) A. The molecular entity is stabilised by a H-bond between two 

coordination water molecules to give an 0 (7 )-0 (9 ) distance o f 2.982(7) A .
The bond angle, 0(6)-M n(2)-0(10) o f 100.29(15)° deviates most significantly from the ideal 

angle o f 90°, while the bond angle, 0(4)-M n( 1 )-0(2) o f 166.68(15)° deviate most from 

ideal octahedral angle o f 180°. The bond angles involving the donor atoms in the apical 

positions of the Mn"' Jahn-Teller ions are 178.15(14), 177.01(8) and 174.79(7)° for 0(9)- 

M n(2)-0(15), 0(7)-M n(l)-C l(l) and Cl(l)-Mn(3)-Cl(2), respectively. Other selected bond 

angles and distances for the complex in 9 are presented in Table 4.3 and Table 4.1.

F igure 4.1 -  The structure o f  9. Colour code: Mn'" blue, N dark blue, H w hite, C black. Cl green, 
P pink. O red.
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Figure 4.2 -  The structure o f  9 highlighting the binding m odes o f  the phosphonate and picolinate ligands.
All H atoms have been om itted for clarity. C olour code: M n'" blue, N dark blue, C black. Cl green, P 
pink, O red.

The packing in 9 is characterised by a relatively loose arrangement o f the trinuclear species 

which are separated by constitutional solvent molecules. Figures 4.3 and 4.4. Some 

constitutional solvent molecules are disordered in the crystal structure. The packing is 

stabilised by weak H-bonding interactions involving the constitutional solvent molecules, 

coordination water molecules and the O atoms o f the picolinate ligands. H bonds involving 

the O atoms o f the constitutional water molecule and picolinic acid are characterised by a 

0 (17W )-0(14) bond distance o f 2.642(9) A while H bonds involving the O atoms o f the
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constitutional water molecule and the terminal water molecule attached to Mn( 1) are 

characterised by a 0(17W )-0(7W ) bond distance o f 2.726(8) A .

Figure 4.3 -  The packing diagram o f  9 viewed in the direction o f  the crystallographic a-axis showing cavities 
occupied by the constitutional solvent molecules. Colour code: M n'" blue, N dark blue, C black. Cl green, P pink, 
O red.
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Figure 4.4 -  The packing arrangement o f  9 viewed in the direction o f  the crystallographic h -ax is .  Colour code: 
Mn'" blue, N dark blue, H white, C black. Cl green, P pink, O red.

-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy

The infrared spectrum of 9 is presented in Figure 4.5. The bands at 1670 and 1607 cm"' are 

assigned to asymmetric stretching modes o f the carboxylate groups while the weaker bands at 

1453 and 1337 cm"' arise from the symmetric stretching modes of the carboxylate groups. 

The set o f bands between 1100 - 900 cm"' are due to the different P -0  stretching vibrations of 

the phosphonate groups. The 0 -H  strctching vibrations of the crystallization and
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constitutional water molecules engaged in H-bonds appear as broad band centred at ca. 3332
cm-i.2.7-11

100 -

90-

g 80-

<D 70- 1453
3332

1337  
' l607  1291

1670

50- 59

761

1073 657

30-
1012

20
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm )

Figure 4.5- The Infrared spectrum o f  [Mn"'3(CH 3P0 3 )2(picolinate)3(H 2 0 )3Cl2] CH3 0 H-8H20  (9).

- Thermogravim ethc analysis^^-

The thermal stability o f a dried sample o f compound 9 (Figure 4.6) was studied by 

thermogravimetric analysis in the temperature range between 30 and 900 °C in air. The 

thermogram shows two distinct decomposition steps. These steps can be observed between 

200-500 °C and can be associated with the decomposition o f the phosphonate and picolinate 

ligands, respectively. A stable purely inorganic material is obtained around 500 °C. The 

crystallization solvent molecules observed in the crystal structure were lost prior to the TGA, 

during the drying process.
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Figure 4.6- The thermogravimetric analysis o f 9.

- Magnetism

The temperature dependence of the magnetic susceptibiUty of 9 was measured between 298 

(25°C) and 1.85 K (-271.3°C), Figure 4.7. At room temperature, the experimental product 

reaches 9.7 cm^ K mol'' in good agreement with the expected value o f 9 cm^ K mol"' for three

S = 2 Mn’" metal ions (C = S(S+1) w i th ^ ^ =  0.12505 cm^ K mol"' and g  = 2). Upon
3Kb  3 k s

lowering the temperature, the xT  product decreases to 7.8 cm^ K mol'' at 50 K and then 

sharply to 2.4 cm^ K m ol'' at 1.9 K. This thermal behaviour signifies dominant 

antiferromagnetic interactions between the Mn spin centres and a non zero spin ground state.
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Figure 4.7 - a) Temperature dependence o f  the/T" product o f 9 at 10000 and 1000 Oe (1 and 0.1 T). 
b) temperature dependence of th e /7 ’ product o f 16 showing the best fit o f the experimental data with 
the Curie-Weiss law (C = 89(1) cm  ̂ K mol"' and 0 =  -3.4(2) K ) .

The field dependence o f magnetisation for this compound has been measured at low 

temperatures between 1.85 and 8 K (Figure 4.8). The magnetization is not saturated at 7 T 

and 1.85 K (85.4 |j ,b ) suggesting the presence of magnetic anisotropy and low lying excited 

states.
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Figure 4 . 8 - A^vi, H  between 8 K and 1.85 K

137



Table 4.1 -  Selected bond lengths [A] and bond valence sum for 9.

Atom Bond Bond 

distances (A)

BVS Assigned

oxidation

state

Mn(l] M n(l)-Cl(l) 2.549(14) 0.315 3.148/+3
M n(l]-0(5) 1.897(4] 0.690
M n(l)-0(4) 1.870(3) 0.742
M n(l]-0(2] 1.926(3) 0.638
M n(l]-0(7) 2.540(3) 0.118
M n(l)-N (l) 2.024(4 0.645

Mn(2} M n(2)-0(10) 1.882(3) 0.719 3.175/+3
Mn(2)-0(2) 1.868(4) 0.746
Mn(2)-0(8) 1.915(4) 0.657
Mn(2)-0(9} 2.306(4) 0.228
M n(2]-0(15) 2.215(4) 0.292
Mn(2]-N(2) 2.025(4) 0.533

Mn(3) Mn(3)-Cl(l) 2.650(15) 0.240 3.37S/+3
M n(3)-0(12) 1.872(3) 0.738
Mn(3}-0(11) 1.885(3) 0.713
Mn(3}-0(13) 1.913(3) 0.661
Mn(3)-Cl(2) 2.494(3) 0.365
Mn(3]-N(3) 2.017(4) 0.658

Table 4.2 - Bond valence sum calculations for the terminal O atoms.

Atom BVS Assignment

Mn(2)-0(9) 0.228 H2 O
M n(2)-0(15) 0.292 H2 O

An oxygen  BVS in the ~ 1 .8-2 .0 , ~ 1 .0 -1 .2 , and ~ 0 .2 -0 .4  ranges is ind icative o f non-, sing le- and double  

protonation, respectively.i'*’ is
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Table 4 .3 -  Selected bond angles [®] ° for 9.

Bond Angle Bond Angle
0(4)- Mn(l)- 0(5] 99.24(15] 0(4]- Mn(l]- 0(2] 166.68(15]

0(4]- Mn(l]- N(l] 87.43(15] 0(5]- Mn(l]- N(l] 172.28(15]

0(2]- Mn(l]- Cl(l] 96.15(11] 0(10]- Mn(2]- N(2] 168.65(18]

0(2]- Mn(l]- N(l] 81.01(15] 0(6]- Mn(2]- 0(8] 169.74(15]

0(6]- Mn(2]- 0(10] 100.29(15] 0(15]- Mn(2]- 0(9] 178.15(14]

0(6]- Mn(2]- 0(9] 87.47(15] 0(12]- Mn(3]- 0(13] 171.38(15]

0(8]- Mn(2]- N(2] 80.88(16] 0(11]- Mn(3]- N(3] 172.37(15]

N(2]- Mn(2]- 0(9] 93.58(15) Cl(2]- Mn(3]- Cl(l] 174.80(6]

0(12]- Mn(3]- Cl(l] 87.71(13]

0(12]- Mn(3]- 0(11] 97.28(15]

0(11]- Mn(3]- Cl(l] 94.06(12]

139



4.3 SYNTHESIS AND CHARACTERISATION OF CHLORIDE-STABILISED 

MANGANESE COMPLEX WITH TRIANGULAR TOPOLOGY

4.3.1[{Mn>'CH20)4Cl}{Mn'"3(^3-0)(n2-Cl)3(picolinate)3(CH3P03)] nH20 (10)

When the reaction conditions were slightly modified and KMn04 was used as an oxidizing 

agent in CH3CN, compound 10, [{Mn"(H20)4Cl} {Mn'’'3(|i3-0)(^i2-Cl)3(picolinate)3

(CH3P03)] nH20 formed. Unfortunately 10 forms only in low yields and the rather small 

black crystals are inter-grown. Numerous attempts to obtain higher quality crystals failed. 

Structure analysis using these low-quality crystals led to diffraction patterns with rather weak 

and not \^ell-defmed reflection spots. However these structure determinations revealed that 

10 consists o f complexes that are structurally related to the complex in 9. The structure was 

refined in the monoclinic crystal system and space group P2 \/n, Figure 4 .9. The asymmetric 

unit contains two tetranuclear complexes with identical topologies and almost identical 

geometrical parameters. Considering the similarity o f these complexes and considering the 

low quality o f the X-ray dataset, only one o f the complexes will be discussed in more detail.
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F igu re 4 .9  -  Tetranuclear sp ecies in 10, Main d ifferences betw een the com p lexes arise from the coordination  
environm ent o f  the outer Mn ions unit. Colour code: Mn blue, N dark blue, O red, C black. Cl green, P pink,
H white.

The tetranuclear com plexes in 10 contain  trinuclear, triangu lar units that are closely  related  to 

that observed in 9. H ow ever, here one triden tate  phosphonate  ligand and one n i - 0 ^ '

0X0-1 igand bridge betw een the three M n ions. In 10 the M n centres in the triangu lar unit are 

additionally  bridged  by three /^2-C l' ligands. Thus the rem ain ing  w ater ligands in 9 are now  

form ally substitu ted  by bridging  chloride ligands. These bridging  C l' ions position  at the 

Jahn-T eller axes o f  the tetragonally  d istorted  M n’" ions w hose coord ination  env ironm ents are 

com pleted  by N - and carboxylate donors o f  chelating  p ico linate  ligands.

A partially  hydrated  6-coord inated  M n centre, {M n"(H 20)4Cl} locates on the outside o f  the 

triangular com plex and binds to the cluster entity  through a non-chelating  carboxylate 0 (1 4 )
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donor o f a picolinate ligand. Figure 4.9. The Mn atoms in the trinuclear unit. M(l)-Mn(3) are 

in +111 oxidation states while the outer Mn centre Mn(4) adopts the oxidation state +11 (see 

BVS analysis).

In contrast to 9 , the Mn centres in the triangular unit in 10 are symmetrically bridged. This 

bridging mode results in a more symmetrical triangular arrangement. Thus, the triangles in 10 

are almost equilateral with Mn-Mn distances o f 3.156(11) A for Mn(l)-Mn(2), 3.168(11) A 
for Mn(2)-Mn(3) and 3.184(11) A for Mn(l)-Mn(3). The Mn'"-Cl bond lengths vary 

between 2.527(14) - 2.647(15) A whilst the central oxo ligand 0(4) forms bonds with M n(l), 

Mn(2) and Mn(3) o f 1.880(3), 1.950(3) and 1.850(3) A distances, respectively.

The Mn-O bond lengths between Mn ions and O donors originating from the organo- 

phosphonate ligands vary between 1.870(3) and 1.960(3) A. M n-0 and Mn-N bond lengths 

between Mn(l)-Mn(3) and donors originating from the picolinate ligands range from 

{1.930(3)-2.100(3) A} and {1.95(4) A -2.060(4) A}, respectively.

The angles involving the central oxo ligand, Mn(l )-0(4)-Mn(2), Mn(2)-0(4)-Mn(3) and 

Mn(l )-0(4)-M n(3) are 110.68(2)°. 112.69(2)° and 116.76(3)° wide, respectively. The 

bridging angle involving the //2-Cl' ligands are 75.7(4) ° for Mn( 1 )-Cl( 1 )-Mn(2), 74.95( 1)° for 

Mn(l )-Cl(2)-Mn(3) and 76.31(2) ° for Mn(2)-Cl(3)-Mn(3).

The outer Mn(4) centre is characterised by Mn-H20 distances that range between 2.150(3) 

and 2.390(4)A and a Mn(4)-Cl(4) distance o f 2.435(16) A. The second tetranuclear complex 

in the assymetric unit o f 10 reveals slightly different geometrical parameters at the outer Mn 

ion, M n(8). Selected bond lengths and bond angles are presented in the Tables 4.4 and 4.5.
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F igu re 4 .10  -  One tetranuclear unit in 10 h ighlighting the binding m ode o f  the phosphonate and p icoiinate  
ligands. C olour code: Mn'" blue, N dark blue, P pink. O red. C black, (all H atom s have been om itted for 
clarity).

In the soHd state, the complexes form distorted hexagonal arrangements that can be 

visualized when the structure is viewed in the direction o f  the crystallographic a-axis. The 

cavities are filled with constitutional solvent molecules that could not be properly refined due 

to the low quality o f  the obtained X-ray data set. Due to the twinned nature o f  the exam ined 

crystals, details o f  the packing arrangements in the crystal structure o f  10 could not be 

concluded.
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F igu re  4.11- The packing arrangem ent o f  10 viewed in the direction o f  the crystal lographic a-axis 
show ing an open structural arrangem ent. Colour code: Mn blue, N dark blue, O red. H white, C 
black. Cl green, P pink.
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-  PHYSICOCHEMICAL CHARACTERISATION

- FT-1R spectroscopy

Compound 10 was characterised by infrared spectroscopy. Figure 4.12. The bands at 1669 

and 1607 cm"' can be assigned to asymmetric stretching modes of the deprotonated 

carboxylic acid functionalities and the weaker bands at 1453 and 1337 cm"' arise from the 

symmetric stretching modes of the carboxylate groups. The set of bands between 1100 -  900 

cm"' are due to the different P -0  stretching vibrations of the phosphonate groups. The 0 -H  

stretching vibrations of the coordination and constitutional water molecules appear as broad 

band centred at 3330 cm"'.
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Figure 4.12-T he infrared spectrum  o f [{Mn"(H20)4CI} {Mn"'3(|a3-0)(n2-Cl)3(picolinate):, (CH3P0 3 )] nH20 

( 10 ).
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- Thermogravimetric analysis^^-

Compound 10 readily desolvates when the crystals are removed from the mother liquor This 

desolvation effect may have also hampered the X-ray analysis. The thermal stability of 

compound 10 studied by TGA exhibits a gradual weight loss between 30 -  700 °C. Based on 

literature data, one can assume that the organo-phosphonate ligands decompose prior to the 

decomposition o f the picolinate l i g a n d s . T h e  oxidative degradation processes continues 

until ca. 700 °C.
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Figure 4.13 - The thermogravimetric analysis of 10.
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Table 4.4 -  Selected bond lengths [A] and bond valence sum for compound 10.

Atom Bond Bond 

distances (A)
BVS Assigned

oxidation

state

M n(l) M n(l)-C l(l) 2.583(14) 0.287 2.645/+3
Mn(l)-Cl(2) 2.585(14} 0.286
M n(l)-0(3) 1.900(3) 0.684
M n(l)-0(4) 1.880(3] 0.722
M n[l'}-0(2) 1.960(3) 0.582
M n(l]-N (l) 2.060(4} 0.586

Mn(2) Mn(2)-Cl(l] 2.559(15} 0.306 2.956/+S
Mn[2]-Cl(3) 2.600(15} 0.103
Mn(2}-0(4) 1.950(3} 0.598
Mn(2}-N(3] 2.010(4} 0.670
M n(2)-0(13) 1.870(3} 0.742
M n(2)-0(8) 1.990(3} 0.537

Mn(3] Mn(3]-Cl(3) 2.527(14} 0.334 3.325/+3
Mn(3]-Cl(2) 2.647(15} 0.242
Mn(3}-0(5) 1.920(3} 0.648
Mn(3}-0(4) 1.850(3} 0.783
Mn(3}-0(6j 1.980(3} 0.551
Mn(3)-N(2) 1.960(4} 0.767

Mn(4) Mn(4)-Cl(4) 2.435(16} 0.428 1.871/+2
M n(4)-0(10j 2.160(3} 0.339
M n(4]-0(11) 2.150(3} 0.348
Mn(4)-0C14) 2.150(4} 0.348
M n(4)-0(12] 2.310(5} 0.226
Mn(4]-0C1A] 2.390(4} 0.182

Mn(5) Mn(5]-Cl(5) 2.587(15} 0.284 3.155/+3
Mn(5]-Cl(7) 2.630(16} 0.253
Mn(5)-N(5) 1.950(4} 0.788
M n(5]-0(17] 1.980(3} 0.551
M n(5)-0(21] 1.930(3} 0.631
M n(5)-0(26] 1.920(3} 0.648

Mn(6) Mn(6)-Cl(6] 2.643(15} 0.244 3.064/+3
Mn(6)-Cl(7) 2.529(16} 0.332
Mn(6)-0(18} 1.880(3} 0.722
M n(6]-0(26) 1.960(3} 0.582
M n(6)-0(8] 1.970(3} 0.566
Mn(6>Nf61 2.04(4} 0.618

Mn(7) Mn(7)-Cl(5) 2.547(14} 0.317 3.177/+3
Mn(7]-Cl(6] 2.599(15} 0.275
M n(7)-0(16) 1.920(3} 0.648
M n(7)-0(15) 1.960(3} 0.582
Mn(7}-0(26) 1.890(3} 0.703
Mn(7}-N(4) 2.020(4} 0.652
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Mn(8] Mn(8)-Cl(8) 2.361(16) 0.523 2.079/+2
Mn(8)-0(23) 2.140(3) 0.358
Mn(8)-0(22) 2.100(3) 0.399
Mn(8}-0(24) 2.120(3) 0.378
Mn(8)-0(25) 2.080(4) 0.421

Table 4.5 -  Selected bond angles |“| for com pound 10.

Bond Angle (°) Bond Angle 
(°)

0(3 )-M n(l) -Cl(2) 92.1(9) Cl(l)-M n(l)-Cl(2) 164.2(6)

0(4)- M n(l)- Cl(l) 83.5(9) 0(4)-M n(2)-0(8) 174.6(13)

0(4) -M n(l) -Cl(2) 80.8(9) 0(13)-M n(2)-N(3) 169.4(14)

0(4)- M n(l)- 0(3) 94.9(12) 0(5)-M n(3)-0(6) 170.9(14)

0(2) -M n(l) -Cl(2) 85.7(10) 0(10)-M n(4)-0(12) 167.0(14)

0(2)- M n(l)- N (l) 82.0(16) Cl(5)-Mn(5)-Cl(7) 161.0(5)

0(4)- Mn(2)- Cl(3) 83.0(9) N(5)-M n(5)-0(17) 171.9(16)

0(4)-M n(2)-Cl(l) 82.9(9) Cl(7)-Mn(6)-Cl(6) 165.0(6)
0(4)-Mn(2)-N(3) 96.1(13) Cl(5)-Mn(7)-Cl(6) 164.7(6)
N(3)-Mn(2)-Cl(l) 88.7(10) 0(16)-M n(7)-0(15) 169.0(14)
N(3)-Mn(2)-Cl(3) 92.1(10) 0(24)-M n(8)-0(23) 154.1(13)
0(5)-Mn(3)-N(2) 92.7(15)
0(4)-Mn(3)-Cl(3) 83.7(10)
0(4)-Mn(3)-Cl(2) 79.6(9)
0(13)-M n(3)-0(6) 95.0(12)
N(2)-Mn(3)-Cl(3) 103.3(11)
N(2)-Mn(3)-Cl(2) 93.3(11)
N(2)-Mn(3)-0(6) 78.3(15)
0(14)-M n(4)-0(10) 84.7(12)
01(1)-Mn(4)-Cl(4) 103.0(10)
0(11)-M n(4)-0(12) 86.0(16)
0(11)-Mn(4)-0(1A) 81.6(14)
0(14)-Mn(4)-Cl(4) 97.2(10)
0(14)-M n(4)-0(10) 84.7(12)
0(21)-Mn(5)-Cl(7) 96.0(10)
Of26)-Mn(5]-Cl(5) 81.0(9)
0(26)-Mn(5)-Cl(7) 80.1(9)
Of26)-Mn(5)-N(5) 95.6(15)
Or26)-Mn(6)-Cl(6) 81.3(10)
0(19)-Mn(6)-Cl(7) 93.4(9)
0(8)-Mn(6)-N(6) 81.7(15)
0(26)-M n(7)-0(16) 93.7(13)
0(15)-Mn(7)-N(4) 78.4(15)
0(26)-M n(7)-0(15) 95.7(12)
Of30)-M n(7)-0(l) 92.8(9)
Of25)-Mn(8)-Cl(8) 114.9(12)
0(25)-M n(8)-0(23) 85.2(13)
0(25)-M n(8)-0(24) 83.9(13)
0(25)-M n(8)-0(22) 139.2(14)
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4.4  SYNTHESIS AND CHARACTERISATION OF A HEPTANUCLEAR 

MANGANESE COMPLEX

4.4.1 [H30][M n'"7(BenzylP03H)4(BenzylP03)4(picolinate)4(|i3-0)2Cl2(H20)2]- ca. 
I 6 H2O (11)

Compound 11, [H3 0 ][Mn'"7(BenzylP0 3 H)4(BenzylP0 3 )4(picolinate)4 (/<3 -0 )2Cl2(H2 0 )2]

•ca.I6 H2O was obtained under similar reaction conditions that led to 9 and 10. However, 

differently to 9, a sterically more demanding ligand, benzyl phosphonic acid was used and the 

comproportionation reaction was carried out in a CH3OH/CH3CN mixture. Brown block 

crystals o f 1 1  separate from the reaction mixture within ten days and were characterized by 

single crystal X-ray diffraction measurements, (Yield ~ 33%).

Compound 11 crystallizes in the triclinic crystal system in the space group P-\ and contains a 

heptanuclear Mn complex. All the Mn ions in 11 adopt distorted octahedral coordination 

geometries and BVS analyses suggest that all Mn centres in 11 adopt the oxidation state +111.

The central M n(l) is located on an inversion centre, thus half of the atom positions of the 

cluster entity are symmetry independent. The structure can be considered to consist o f a 

jM n5 }(/o-0 ' ‘)2Cl2 | "butterfly" arrangement involving M n(l)-M n(3) and symmetry 

equivalents and two mononuclear Mn units (Mn(4) and symmetry equivalent) attached to the 

side of the "butterfly" unit. The compound is somehow structurally related to 9 and 10 in that 

it can be considered to be built from two triangular Mn arrangements. Here the triangles share 

a common corner to produce the butterfly core. The structure o f the coordination cluster 

including the atom numbering scheme is shown in Figure 4.12 and the core structure is 

presented in Figure 4.13 and Figure 4.14.
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Figure 4.12 - The structure o f  11. Colour code; Mn'" blue, N dark blue, C black. Cl green, P pink. 
O red. All H atoms have been omitted for clarity.
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igure 4.13 - The core structure o f 11 highlighting the binding modes o f the four fu lly  deprotonated benzylphosphonate 
gands. Colour code: M n'" blue, N dark blue, C black. Cl green, P pink. O red (A ll H atoms, phenyl rings and picolinate 
iands have been omitted for clarity).
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Figure 4.14 -  The core structure o f 11 highlighting the bidentate /J i - r / ' ' - t j ' - t j ^ ’ bridging modes o f four singly 
protonated phosphonate ligands. Colour code: M n'" blue, N dark blue, C black. Cl green, P pink, O red (A ll H 
atoms, phenyl rings and picolinate ligands have been omitted for clarity).
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As in 10, the Mn centres, M n(l)-M n(3) are connected through a oxo-Ugand 0 (5 ) and a 

fully deprotonated phosphonate ligand {P(l)0 3 }. Similar to the previously

described com pounds, a jxi-CY ligand C l(l) bridges between Mn(2) and iMn(3). Further, a 

fully deprotonated phosphonate ligand {benzylP(3)0 3 } adopts a \r] ^ b i n d i n g  mode, 

linking M n(l) and Mn(3) in a syn, syn  bidentate fashion, connecting M n(l) and M n(2') via 

0 (1 0 ) and binding to Mn(4) through 0(12). The binding behaviour is replicated by a 

symmetry equivalent {benzylP(3 ' ) 0 3 } ligand.

The phosphonate ligands, {benzylP(2)0 3 H}, {benzylP(4 )03H} and their symmetry 

equivalents are singly protonated. These ligands adopt bidentate jU2-r}':rj '̂.r}° binding modes, 

connecting Mn(3), M n(2) and symmetry equivalents with Mn(4). Four deprotonated 2- 

picolinate ligands chelate to Mn(3), M n(3'), Mn(4) and M n(4'). The donor atoms 0 (13 ) and 

13') o f coordination w ater molecules complete the distorted coordination spheres o f  Mn(4) 

and M n(4').

The central oxo ligand 0 (5 )  forms bonds with M n(l), Mn(2) and Mn(3) which are 1.925(3), 

1.941(3) and 1.892(2) A long, respectively. The M n(2)-Cl(l) and the M n(3)-Cl(l) bonds are 

2.512(2) A and 2.669(2) A long, respectively. The M n-0  bond lengths between Mn ions and 

O donors from the organo-phosphonate ligands vary depending on the degree o f protonation 

and binding mode between 1.889(3) A and 2.237(3) A. M n-0  and Mn-N bond lengths 

involving the picolinate donor atoms are 1.949(3) A for M n(3)-0(8), 1.900(3)A for Mn(4)- 

0 (17 ), 2.052(3) A for M n(3)-N (l) and 2.022(3) A for Mn(4)-N(2). The M n(4)-0(13) distance 

involving the coordination water molecule is 2.300(3) A.

The triangular units in 11 are characterised by Mn-Mn distance o f 3.086(9), 3.160(1) and 

3.459(10) A for Mn( 1 )-Mn(2), M n(2)-M n(3) and M n(l )-Mn(3), respectively. The angles 

involving the central oxo ligand M n(l)-0(5)-M n(2), M n(2)-0(5)-M n(3) and M n (l)-0 (5 )- 

M n(3) are 105.91(1)°, 111.08(2)° and 129.99(2)° wide, respectively. The M n(2)-Cl(l)-M n(3) 

angle is 75.11(5) °.

The bond angle, 0(5)-M n(2)-N (2) o f  75.61(10)° deviates most significantly from the ideal 

angle o f  90° in an octahedral geometry, while the bond angle 0 ( 1 1)-M n(3)-Cl(l) o f 

169.17(9)° deviates most significantly from ideal angle o f 180°. Further Selected bond 

angles that exem plify the deviations for the ideal coordination polyhedra o f the Mn ions in 11 

are presented in Table 4.8.
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The Figures, 4.15-4.17 show the packing arrangem ents o f  the coordination clusters in the 

solid state. The packing gives rise to m edium -sized cavities, which contain partially 

disordered solvent molecules. The coordination cluster in 11 carries a negative charge o f -1 

which is m ost likely com pensated by a hydronium  ion. Unfortunately the H-atoms o f  this 

hydronium  ion could not be undoubtedly located in the Fourier difference map and refined. 

However Mn coordination clusters containing hydronium counterions are com m only 

observed in the literature.'^"'* Based on the cavity sizes, the TGA and CHN analysis we 

estim ated the num ber o f  constitutional water molecules.

Figure 4.15 - The pactcing arrangement o f  II viewed in the direction o f  the crystallographic ^-axis 
showing cavities occupied by the constitutional solvent molecules and hydronium ions. Colour code: 
Mn'" blue, N dark blue, O red, C black. Cl green. All H atoms have been omitted for clarity.
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F ig ire  4.16 - The pactcing arrangem ent o f  11 viewed in the direction o f  the crystallographic t/-axis. C olour code: 
Mn" blue, N dark blue, O red, C black. Cl green. All H atom s have been om itted for clearness.

F ig ire  4.17 - The packing arrangem ent o f  11 viewed in the direction o f  the crystallographic c-axis. C o lour ■
c o c e : M n'" blue, N dark blue, O red, C black. Cl green. All H atom s have been om itted for clearness. i
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-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy

The infrared spectrum of 11 presented in Figure 4.18 is similar to those of 9 and 10. The 

strong bands at 1671 and 1607 cm"' are typical of the asymmetric stretching modes of the 

carboxylate groups whilst the weaker bands at 1453 and 1337 cm'' arise from the symmetric 

carboxylate stretching modes. The band at 1485 cm"' may be assigned to C-C skeletal 

vibrations of the phenyl rings while the C-H out-of-plane bending vibrations of the aromatic 

rings can be found between 800 -  657 cm '’. The band at 1258 cm'' is most likely due to the 

C-H bending and rocking vibrations of the -C H 2 groups of the benzylphosphonate ligands. 

The O-H stretching vibrations of the crystallization water molecules appear as broad band 

centred at 3335 cm'' and are indicative o f H-bonds.
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80 -
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70 - 3335

I 1453 ' 
1337 

160760 - 1671
1258

50 - 715

>57
107

4 0 - 6851

101030 -

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )

Figure 4.18 -  T h e  infrared spectrum  o f  [H 3 0 ] [M n'"7( B e n z y lP 0 3 H )4( B e n z y lP 0 3 )4(p ic o l in a te ) 4(/ /3- 

0)2 C l2 (H 2 0 )2 ]  ■ c a . l 6 H 2 0 ( l l ) .
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- Thermogravimetric analysis''

As observed for compound 10, compound 11 readily loses constitutional solvent molecules 

when removed from the mother liquor. The thermal stability o f 11 (Figure 4.19) was further 

investigated by TGA in the temperature range between 30 and 900 °C. The TGA curve 

exhibits a gradual weight loss between 30 -  670 °C with no clearly marked decomposition 

steps. The organic ligand moieties decompose between ca. 200 - 550 °C and further cluster 

degradation processes result in the formation of a stable inorganic oxide material at ca. 

660°C.

100

-C 70 
G)

^  60

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4.19 - The thermogravimetric analysis o f  11.
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Table 4.6 -  Selected bond lengths [A] and bond valence sum for 11.

Atom Bond Bond 

distances (A)
BVS Assigned

oxidation

state

M n(l) M n(l)-0(5) 1.925(3] 0.640 2.98/+3
M n(l)-0(7) 2.226(3] 0.284
M n(l]-0(10] 1.972(2] 0.564

Mn(2) Mn(2}-Cl(l) 2.512(18] 0.348 3.25/+3
Mn(2}-0(3) 1.915(3] 0.657
M n(2)-0(4] 1.907(3] 0.672
Mn(2}-0(5) 1.941(3] 0.613
M n(2]-0(10') 2.237(3] 0.275
M n(2)-0(14'} 1.901(3] 0.683

Mn(3j M n(3J-Cl(l'] 2.669(18] 0.228 3.204/+3
Mn(3}-0(5) 1.892(2] 0.700
M n(3)-0(6) 1.908(3] 0.670
Mn(3}-0(8) 1.949(3] 0.600
Mn(3)-0C11) 2.092(3] 0.407
M n(3)-Nfl] 2.052(3] 0.599

Mn(4) M n(4}-0(1') 1.904(3) 0.677 3.342/+3
MnC4]-OC12] 1.889(3) 0.705
M n[4)-0(13) 2.300(3) 0.232
M n[4)-0(17) 1.900(3) 0.684
MnC4)-0(41) 2.103(4) 0.395
Mn(4)-N[2] 2.022(3) 0.649

Table 4.7 — Bond valence sum calculations for 0 ( 5 )  bridging between M n (l) ,  Mn(2) and lMn(3).

Atom BV BVS Assignment
M n(l]-0(5] 0.640 1.953
M n(2]-0(5] 0.613
M n(3]-0(5] 0.700
An oxygen BVS in th e  ~ 1 .8-2.0, and  ~ 0 .2-0 .4  ranges is indicative o f non-, single- and  doub le  p ro tonation ,
respectively . !'*■
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Table 4.8 -  Selected bond angles [2] ° for 11.

Bond Angle Bond Angle
0(5 )- Mn(l)- 0(10) 82.60(10) 0(4)- Mn(2)- 0(3) 175.42(12)

0(5)- Mn(l)- 0(10) 97.40(10) 0(6)- Mn(3)- N(l) 171.28(13)

0(4)- Mn(2)- Cl(l) 86.96(9) 0(11)- Mn(3)- Cl(l) 169.17(9)

0(4)- Mn(2)- O(IO') 88.79(10) 0(12)- Mn(4)- 0(17) 171.29(12)

0(3)- Mn(2)- O(IO') 95.76(10)

0(5)- Mn(2)- Cl(l) 86.32(9)

0(5)- Mn(2)- N(2) 75.61(10)

0(5)- Mn(3)- 0(6) 92.23(11)

0(5)- Mn(3)- 0(11) 96.70(11)

0(5)- Mn(3)- N(l) 94.81(12)

0(12)-Mn(4)-0(13) 86.20(14)
N(21-Mn(4)-0(41) 96.33(14)
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4.5  CONCLUSION AND FUTURE WORK

A m ixed ligand approach has been successfully em ployed to synthesize three novel 

polynuclear Mn coordination clusters, 9 - 11. The approach em ployed organo-phosphonates 

in com bination with picolinic acid as ligands. The organic ligands play a m ajor role in 

determ ining both the nuclearity and topology o f  the product. Thus when the sterically more 

dem anding benzylphosphonic acid was used, a larger heptanuclear com plex was obtained. 

All three isolated com plexes contain bidentate picolinate ligands that block two cw-located 

coordination sites o f  the observed octahedral Mn coordination environm ents leaving the 

rem aining sites available for other bridging phosphonate ligands or oxo ligands that result 

from hydrolysis processes. In our regime, the 2-picolinate ligands do not act as bridging 

ligands. We found that the applied reaction conditions preferentially result in com plexes 

consisting o f  triangular arrangem ents which could give rise to magnetically interesting 

m aterials that might be characterized by spin frustration effects. We noticed that the applied 

synthetic m ethodology results in com plexes in which chloride ions display the tendency to 

occupy Jahn-Teller sites. This tendency was also observed in related reaction systems (see 

chapter 2). However, here the chloride ligands preferentially act as /^-bridging ligands that 

stabilize the triangular Mn arrangem ents which seemed to be imposed by the presence o f  jj.2,- 

phosphonate ligands.

The isolated com pounds are the only exam ples o f M n-phosphonate clusters further stabilized 

by picolinate ligands and bridging chloride ligands, which here locate at the Jahn-Teller axes 

o f  the tetragonally elongated coordination spheres, which have rarely been observed. Indeed 

next to the {Mnio} and {Mng} clusters reported by Christou et al., the cluster in 11 is 

one o f  the highest nuclearity M n-picolinate clusters reported to date. The cluster in 11 is the 

only butterfly-like {Mn7}-phosphonate-picolinate com plex in the literature. It structurally 

relates to other butterfly {Mn?} com plexes, i.e [M n703(0 H)3(0 2 CBut)7(2-(pyridine-2 - 

yl)propan-2-ol)4] and [H30]2[Mn7(^3-0H)4(Ci4H806S)6(H20)4]-2H20-8DMF.

Future experim ents may explore phosphonate and arsonate ligands with even bulkier organic 

residues under the applied reaction condition (e.g. triphenylphosphonic acid). The steric 

dem ands o f  these ligands may lead to modified coordination clusters containing triangular 

Mn sub-units. Future research activities will explore the magnetic properties o f  these
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structurally interesting system s in which uncom pensated antiferromagnetic interactions could 

result in interesting spin effects.
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CHAPTER 5

POLYNUCLEAR MANGANESE- 

COMPLEXES STABILISED BY ORGANO- 

PHOSPHONATE/-ARSONATE AND 

DIPICOLINATE LIGANDS.
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5.1 INTRODUCTION

The resuhs presented in the previous chapters dem onstrate that the stabiHsing ligands play a 

very im portant role in determ ining the nuclearity and topology o f the metal complexes. Thus, 

by varying the coordinating ligands, com plexes with a wide variety o f structures and 

reactivity can be produced. Such variations are mainly dependent on the bonding 

characteristics and steric restraints o f  the ligands which can control nuclearity, 

stereochem istry, spin states and the overall electronic structure o f  the metal ions in a 

m olecular entity. In chapter 4, picolinic acid was employed as a co-ligand in phosphonate 

stabilised reaction systems generating three M n-phosphonate-picolinate clusters with unique 

topologies. In order to explore the possibility o f  generating further SMMs, we decided to 

explore the approach o f  using mixed ligand systems in more detail. The following chapter 5 

describes the resulting m ixed ligand com plexes that were obtained when a set o f  three 

different phosphonate and arsonate ligands were employed in combination with dipicolinic 

acid. The results described in chapter 3 highlight the preferential binding mode o f 

dipicolinate ligands whereby the tendency to preferentially occupy meridional binding sites 

in octahedral com plexes would allow us to influence condensation reactions and thus help us 

to control the formation o f  0-dimensional m olecular entities. Prior to the experiments, we 

further expected that the dipicolinate ligands could, depending on the reaction conditions, 

adopt a variety o f  binding modes acting as a bidentate, tridentate, and/or bridging ligand.' 

The binding modes highlighted in scheme 5.1 have previously been observed in coordination 

com plexes.''  ̂ Similarly to the com plexes discussed in the previous chapters, a redox 

approach to initiate the formation o f  the Mn coordination clusters was em ployed to 

investigate how small changes in the reaction condition could give rise to various cluster 

topologies.
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Schem e 5.1- Some binding modes o f  metal dipicolinates
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5.2 SYNTHESIS AND CHARACTERISATION OF A LINEAR POLYMERIC 

MANGANESE STRUCTURE

5.2.1 {(H30)[Mn'"(C6H5P03)(dipicolinate)]-5(H20)}oo(12)

Compound 12, {(H 3 0 )[M n"’(C6H5P0 3 )(dipicolinate)]-5(H2 0 )}oo, was prepared by a

comproportionation reaction between MnCl2’4H 20 and NaM n0 4 'H20  in deionised water 

using phenylphosphonic acid and dipicolinic acid as main and co-ligands, respectively. The 

reaction mixture was stirred for 5 h at room temperature, filtered and kept undisturbed for 

slow  evaporation o f  the solvent. Rectangular, light-red crystals o f  12 formed within a time 

period o f  two weeks. The crystals were filtered and dried in air (Yield ~  40%).

Single crystal X-ray diffraction reveals that 12 crystallizes in the orthorhombic crystal system  

in space group P2\2 \2\  and contains a polymeric Mn'" structure. The polymeric Mn structure 

consists o f  ID  chains that extend parallel to the crystallographic a-direction to give an infinite 

Mn ladder-like structure (Figure 5.1b).

Figure 5.1- a) Part o f  the 1-dimensional chain in 12 which extends in the direction o f  the crystallographic 
fl-axis. Colour Code: Mn'" blue, P pink, 0  red ,  C black, H w hite ,  N d ark  blue.
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Figure 5.1b -  C ore-structure o f  the ID  ladder-like structure in 12. Colour code: M n’" 
b lue , P p ink , 0  red .
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The asymmetric unit o f 12 contains one Mn ion, one fully deprotonated phosphonate ligand, 

one fully deprotonated dipicolinate ligand, one hydronium ion and a water molecule (Figure

5.2). The rest o f the structure is generated by symmetry.

The Mn ion adopts a distorted octahedral coordination geometry and has an oxidation state 

o f +III, as calculated using bond valence sum analysis based on the bond distances between 

the Mn centres and the surrounding O and N donors. The coordination sites o f the distorted 

octahedral coordination environment o f the Mn ion are occupied by two O donors and one N 

atom derived from a tridentate dipicolinate ligand while the remaining three sites arc 

occupied by three O donors derived from three different phosphonate ligands. Both the donor 

atoms of the dipicolinate and phosphonate ligands adopt meridional arrangements (Figure

5.2). Each of the phosphonate ligand bridges between three Mn ions in a tridentate //3- 

z/':;/';;/': bridging mode. Figure 5.3.

0(24)
(21 >

■̂0 (11)0 (1 2 ) m
0(13)0(13")

P(11)
0 (1 1 )

Figure 5 .2 - The octahedral coordination environm ent o f  the Mn ion in 12. C o lo u r  code: Mn'" b lu e, P 
pink, 0  red, C black, H w h ite , N dark  b lu e.
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F igu re 5 .3 - A  section  o f  a sing le  chain h ighlighting the H -bonding betw een the hydronium  ion, a 
constitutional w ater and O atom s o f  the dip icolinate ligand. B onds h ighlighted  in green indicate the positions  
w here the structure extends to g ive  a ID  chain. C olour cod e: M n‘" b lu e , N dark  b lu e, P p ink, 0  red , C black ,
H w hite .

The distorted nature o f the octahedral geometry o f the Mn ion in 12 arises from the 

geometrical restrictions o f the binding dipicolinate ligands and the nature o f the Mn'" Jahn- 

Teller ions. This can be observed from the bond angles and bond lengths o f the Mn"' centres. 

The M n-0 bond distances between Mn ions and O donors originating from the phosphonate 

ligands (Table 5.1) are 1.936(19), 1.972(18) and 1.868(17) A for M n(l)-0(11), M n(l)-0(12)
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and M n (l)-0 (1 3 ), respectively. The M n-O bond distances between Mn ions and O donors 

originating from the dipicolinate ligand are 2.153(17) and 2.162(17) A for M n(l)-0 (21) and 

M n(l)-0(23), respectively. The Mn( 1 )-N(21) distance is 2.003(2) A.

The following bond angles, 0 (1 3 '') -M n (l) -0 (2 1 ) , 0 (1 3 " )-M n (l)-0 (2 3 ), N (21)-M n(l)-

0(21) and N (21)-M n(l)-0 (23) o f  101.25(7)°, 105.04(7)°, 77.39(8)° and 76.33(8)°, 

respectively, deviate most from the ideal angle o f  90°, while the bond angles 0(1 l)-M n (l)- 

0 (1 2 ') , 0 (1 3 ")-M n (l)-N (2 1 ) and 0 (2 1 )-M n (l)-0 (2 3 ) o f 174.46(7)°, 178.00(10)° and 

153.71(6)°, respectively, also deviate most from ideal octahedral angle o f 180°. Selected 

bond angles for the Mn ions in 12 are presented in Table 5.2.

The negative charge o f  the polym er is com pensated by a hydronium ion. The ID  ladder-like 

chains are stabilised by weak H -bonds involving the hydronium ions, crystallisation w ater 

molecules and the oxygen atoms o f the carboxylate groups o f  the dipicolinate ligands (Figure 

5.3). H-bonds between the 0 -a to m s o f the hydronium ion and the constitutional water 

molecule are characterised by a 0 (3 1 )  - 0 (32W ) distance o f 2.422(1) A. H-bonds between 

the 0-atom s o f the dipicolinate ligands and the hydronium ion are characterised by a 0 (2 3 ) - 

0 ( 3 IW ) distance o f  2.577(1) A. H -bonds between the 0-atom s o f the dipicolinate ligands 

and the constitutional water m olecule are characterised by a 0 (21 ) - 0 (32W ) distance o f  

2.631(1) A. The H -atoms o f  the hydronium  ion were located in the Fourier Difference map 

and refined.

The packing o f  the chains is characterised by a well-ordered arrangement o f the chains in 

which organic m oieties interdigitate (Figure 5.4). The packing arrangem ent o f the polym er in 

the crystallographic h-axis is also characterised by a well ordered arrangement o f  the polym er 

chains which align in colum ns (Figure 5.5).

169



igure 5.4- The packing arrangement o f  the ID chains in 12 viewed in the direction o f  the crystal lographic 
-axis. Colour code: M n"‘ blue, N d a r k  blue, P pink, 0  red, C black, H w^hite.

S S i  «

Figure 5.5- The packing arrangement o f  the 1D chains in 12 viewed in the direction o f  the crystallographic 
A-axis. Colour code: Mn"' blue, N d a r k  blue, P pink, 0  red, C black, H w hite .
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Figure 5.6- The packing arrangem ent o f  the ID chains in 12 viewed in the direction o f  the crystaliographic 
c-axis. C olour code: M n'" b lue, N d a rk  b lue , P pink, 0  red , C black, H w^hite.

-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy^-^

Compound 12 was characterised by infrared spectroscopy. The IR spectrum (Figure 5.7) 

reveals some characteristic stretches of metal carboxylates and organo-phosphonates. The 

strong vibrational bands at 1631 and 1674 cm"' can be assigned to asymmetric stretching 

modes of the carboxylate groups and the band at 1321 cm'' arises from the symmetric 

stretching mode of the carboxylate groups. The bands between 1500 -  1400 cm'' are most 

likely due to C-C skeletal vibrations of the phenyl rings. The set of bands between 1200 -  

900 cm'' are due to the different P -0  stretching vibrations of the phosphonate groups. 

Typical C-H out-of-plane bending vibrations of the aromatic rings can be found between 800

-  670 cm"' as sharp lower intensity bands. The bands observed between 3100 -  3000 cm '' can
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be attributed to C-H  stretching vibrations o f the aromatic organic moieties. The 

corresponding 0 -H  stretching vibrations o f the crystallization water molecules engaged in H- 

bonds appear as broad band at ca. 3416 and ca. 3307 cm ''.

100

3055

3089
143(13416 3307

919jl4 7 2
1144

753
1088

1321
1631 6721674

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

Figure 5.7- Infrared spectrum o f {(H3O)[Mn"'(C6H5POr,)(dipicolinate)]-5(H2O)}o0 (12).

- Thermogravimetric analysis

The thermal stability o f compound 12 was studied by thermogravimetric analysis (TGA) in 

the temperature range between 30 and 900 °C in air. The first thermogravimetric step occurs 

below 140 °C and corresponds to a weight loss o f ca. 11.4%. This weight loss can be 

attributed to the loss o f three crystallisation water molecules (calcd: 11.12%). The remaining 

crystallization solvent molecules may have been lost prior to the TGA. The constitutional 

assignment o f this dried sample corresponds well with the CHN analysis. The organic ligand 

moieties undergo continuous oxidative degradation up to ca. 500 °C. Based on literature data, 

one can assume that the organo-phosphonate ligands decompose prior to the decomposition 

o f the dipicolinate l i g a n d s . I n t e r m e d i a t e  phases may include phosphates or carbonates. A 

small thermogravimetric step between 500 and 800 °C results in a stable inorganic oxide 

material.

172



100

90-

80-

70-

O) 60-

50-

40-

0 100 200 300 400 500 600 700 800 900
TemDerature

Figure 5.8 - Thermo.eravimetric analysis o f  12.

- UV-Visspectroscopy

The UV-Vis absorption spectrum of 12 is not reported as the polymer is insoluble in common 

solvents; the compound only dissolves at elevated temperatures whereby the molecular 

structure decomposes.

- Magnetism

The temperature dependence of the magnetic susceptibility of 12 was measured between 298 

and 1.8 K (Figure 5.9). At room temperature, the experimental xT  product reaches 3.2 cm^ K 

mol’' in agreement with the calculated Curie constant (3 cm^ K mol"') for one Mn'" metal

centre (S = 2, C = S(S+1) where = 0.12505 cm^ K mol"' and g = 2). The / T  V5. T plot

shows th a t / r  is not extrapolating to zero indicating a non-zero spin ground state.
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Figure 5.9 - / T  v.v. T for 12 at 1000 and 10000 Oe.

The field dependence o f the magnetization and temperature dependence o f the susceptibility 

has also been measured at low temperatures between 1.85 -  13 K as presented in Figure 5.10.
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Figure 5.10 - a) M vs. H measured between 1.85K and 13K. b) % vs. Tbetween 11 and 1000 Oe. 
c) X V5. ^between 1000 and 40000 Oe, d) % T’ between 30000 and 60000 Oe.

The field dependence of the magnetization reveals a canted antiferromagnetic order with a 

hysteresis M  V5. H  loop below 5 K as shown in Figure 5.11.
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Figure 5.11 -  M vs.  W for 12 between 4.5K and I.85K.

The diagram o f H vs. T presented in Figure 5.12 shows a critical field between the canted 

antiferromagnetic phase and the paramagnetic phase between 2 and 5K at ca. 45000 Oe (the 

area highlighted in ash). The phase diagram of the critical field was established using the 

{dM/dH) vs. //d a ta  presented in Figure 5.13.
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Figure 5.12 -  H vs. T b etw een  OK and 15K.
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Figure 5.13 —dM/dH vs. H for 12 between 1.85K and 13K.

No significant ac susceptibility signal was detected below 13 K suggesting an extremely 
small canting angle in the canted anti ferromagnetic phase (Figure 5.14).
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Figure 5.14 - v.v. Tfor 12  between O and 15K.

177



Table 5.1-Selected bond lengths [A] and bond valence sum for compound 12.

Atom Bond Bond 
distances (A)

BV BVS/
Assigned

oxidation
state

Mn(l) M n(l)-0(11] 1.936(2) 0.621 3.297/+  3
Mn(l)-0[12'} 1.971(2) 0.565
M n(l]-0(13") 1.867(2) 0.748
M n(l)-0(21] 2.154(2) 0.345
M n(l)-0(23] 2.162(2) 0.337
Mn(l)-N(21] 2.004(3) 0.681

Table 5.2- Selected bond angles [s] for compound 12.

Bond Angle Bond Angle
0 (1 3 '> M n(l)-0  (21) 101.25(7) 0(13'')-M n(l)-N(21) 178.01(12)
0(13")-M n(l)-0(23) 105.06(9) 0(11)-M n(l)-0(12') 174.43(10)
N(21)-Mn(l)-0(21) 77.37(10) 0(21)-M n(l)-0(23) 153.70(8)
N(21)-Mn(l)-0(23) 76.34(10)
0(12')-M n(l)-0(23) 93.09(10)
0(12')-M n(l)-0(21) 87.08(11)
0(11)-M nfl)-0(21) 87.43(11)

178



5 3  SYNTHESIS AND CHARACTERISATION OF A MONONUCLEAR 

MANGANESE COMPOUND

5.3.1 [Mn'"(CH3PhAs03H2)2(dipicoIinate)Cl]-6H20(13)

Fcr the preparation of[M n''*(CH3P h A s0 3 H2)2(d ip icolinate)C l]-6 H2 0  (13),M nC l2'4H 20 and 

K vln04 w ere reacted w ith m ethy Iphenylarsonic acidand dipicolinic acidin deionised  

w iter.A fter stirring the reaction mixtiure for five  hours, the reaction mixture w as filtered and 

ler't at room tem perature for slow  ev aporation o f  the solvent. During a tim e period o f  tw o  

w eeks, reddish brown block crystals o f  a m ononuclear Mn com pound, 

[Mn'*'(CH3P h A s0 3 H2)2(d ip ico lin a te)C l]-61-120(13) w ere obtained and characterized by single  

cr/stal X-ray diffraction m easurem ents (Y ield  =  41% ).

Single crystal X -ray diffraction reveals that 13crystallizes in the orthorhombic crystal system  

in the space group Pbcn  and contains a m ononuclear M ncom plex (Figure 5.15). The M n ion 

acopts a distorted octahedral geom etry and has an oxidation  state o f  +111, as calculated using  

bend valence sum  analysis. The coordination sites o f  the distorted octahedral coordination  

ervironm ent o f  the Mn ion are occup ied  by tw o O atom s and a nitrogen atom derived from a 

tridentate d ip icolinate ligand w hile the rem aining three sites are occupied by a C P  ion and 

two O donors derived from  tw o different fu lly  protonated arsonic acid ligands. The donor  

atoms o f the d ip icolinate ligand adopt a m eridional arrangement (Figure 5.15).

The bindingm ode o f  the d ip icolinateligand g ivesr ise  to the distorted nature o f  the octahedral 

coordination geom etry o f  the M n"‘jah n -T eller  ion in 13.This can be exem plified  by analysis  

of the bond angles and bond lengths in vo lv in g  the M n'” metal centre. The M n -0  bond  

distances betw een  the M n ion and O donors originating from the arsonic acid and dipicolinate  

ligands (T able 5.3) are 1 .888(4) and 2 .2 0 9 (4 ) A, for M n (l) -0 (1 1 )  and M n ( l) -0 (2 1 ) ,  

respectively. The M n (l)-N (2 1 )  distance is 2.038(6)A w hile the M n (l)-C I(l)  distance is

2.221(2) A.
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Figure 5.15 - Structure o f  13. Colour code: M n"‘ b lue , N d a r k  blue, As orange ,  0  red, C black. Cl green,
H white .

The following bond angles 0(1)-M n(l)-C l(l), 0 (2)-M n(l)-C l(l), 0 (2 ') -M n (l) -0 ( l ') , 0 (2)- 

M n(l)-N (l) and N (l)-M n (l)-0 (1 ) o f 104.33(9)°, 94.42(11)°, 84.21(17)°, 85.58(11)° and 

75.67(9)°, respectively deviate most from the ideal angle o f 90°, while the bond angles 0 (1 ')-  

M nd)-O (l), 0(4)-M n(l)-N (3) and 0(13)-M n(l)-0 (3) o f 151.34(17)°, 177.91(9)° and 

174.53(7)°, respectively, deviate most significantly from the ideal octahedral angle of 180°. 

Selected bond angles for the Mn ions in 13 are presented in Table 5.4.

The packing o f the mononuclear compound in the crystal structure is characterised by well 

separated isolated entities that stack into columns (Figure 5.16). This packing is stabilised by 

weak 71-7T interactions between two neighbouring phenyl rings o f the organo-phosphonic acid 

ligands. These rings are slightly off-set with respect to each other whereby the closest 

distance between parallel aligned planes is ~ 3.7 A. The packing arrangement o f the 

complexes when viewed in the crystallographic h-ax\s is characterised by a lamellar 

arrangement whereby the columnar arrangement o f the complexes gives rise to alternating 

hydrophobic organic and hydrophilic inorganic regions (Figure 5.17).

180



Figure 5.16 - The packing arrangem ent o f  13 viewed in the direction o f  the crystaliographic a-axis. 
C olour code: M n'" b lue , N d a rk  b lue . As o ran g e , 0  red , C black, Cl g reen , H w hite .



Figure 5.17 - The packing arrangement of 13 viewed in the direction o f the crystaiiographic ĥ axh 
Colour code: Mn'" blue, N dark blue. As orange, 0  red, C black. Cl green.

Figure 5.18 - The packing arrangemem of 13 viewed in the direction of the crystaiiographic c-axis 
Colour code: Mn'" blue, N dark blue, As orange, 0  red, C black. Cl green.
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-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy^-^

The infrared spectrum o f  13 presented in Figure 5.19 is similar to that o f  12. The strong 

bands at 1622 cm"' and 1576 are typical o f  the asymmetric stretching modes o f the 

carboxylate groups whilst the slightly w eaker band at 1377 cm"’ arises from the symmetric 

carboxylate stretching mode. The bands observed between 1500 -  1400 cm"‘ are most likely 

due to C -C  skeletal vibrations o f  the phenyl rings. Compared with 12, the IR spectrum o f 13 

displays some bands at 1091 cm'* and 802 cm"' due to As-C and A s-0  vibrations, 

respectively. As observed for compound 12, the C -H  out-of-plane bending vibrations o f the 

aromatic rings can be found between 800 -  676 cm"'. The 0 - H  stretching vibrations o f the 

crystallization water molecules engaged in H-bonds appear as broad band centred around 

3268 cm-'.
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F igure 5 .1 9  - The infrared spectrum o f  [Mn'"(CH3P hA s0 3 H2)2(dipicolinate)CI] 6 H2O (13).
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- Thermogravimetric analysis

The thermal stability of 13 was investigated using thermogravimetric analysis in the 

temperature range between 30 and 900 °C in air. The analysis reveals an initial weight loss of 

ca. 7.0% between 30 and 170°C. This loss can be attributed to the loss of three crystallization 

water molecules (calcd: 6.8%). The remaining three constitutional solvent molecules may 

have been lost prior to the TGA when the sample was stored at room temperature. The 

constitutional assignment of this dried sample corresponds well with the CHN analysis. The 

decomposition of the organo-arsonate and dipicolinate ligands occurs between 170 - 500'  ̂ C. 

A thermogravimetric step between ca. 500 and 650 °C results in a stable inorganic oxide 

material.
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Figure 5.20- The thermogravimetric analysis o f  13.
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Table 5.3 -  Selected bond lengths | A| and bond valence sum for com pound 13.

Atom Bond Bond 
distances (A)

BV BVS/
Assigned

oxidation
state

Mn(l) Mn(l)-Cl(31) 2.221(2) 0.764 3 .393 /+  3
Mn(l)-0(11} 1.888(4) 0.707
Mn(l)-0(21) 2.209(4) 0.297
Mn(l)-N(21) 2.038(6) 0.621

Table 5.4 -  Selected bond angles [2] for compound 13.

Bond Angle Bond Angle
O(l)-Mnfl)-CKl) 104.33(9) 0 (1 )’-Mn(l)-0(1) 151.34(17)
0(2)-Mnfl)-Cl(l) 94.42(11) 0(4)-Mn(l)-N(3) 177.91(9)
0(2) '-M n(l)-0(l) ' 84.21(17) 0(13)-Mn(l)-0(3) 174.53(7)
0(2)-Mn(l)-N(l) 85.58(11)
Nfl)-Mn(l)-Ofl) 75.67(9)
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5.4  SYNTHESIS AND CHARACTERISATION OF A TRINUCLEAR 

MANGANESE COMPLEX

5.4.1 [Mn»«3Cl2(C6H5As03H)4(dipicoIinateH)(dipicolinate)]-5H20-3CH3CN (1 4 )

Com pound 14, [M n"‘3Cl2(C6H 5A s0 3 H)4(dipicolinateH )(dipicolinate)]'5 H2 0 -3 CH 3CN was 

prepared in a similar m anner to 13 using phenylarsonic acid instead o f  4-methylphenylarsonic 

acid. D ifferently, the reaction was carried out in a C H 3CN solution. Rectangular dark blue 

block crystals o f  14 separate from the reaction m ixture in a tim e period o f  about two weeks 

and were characterized by single crystal X-ray diffraction m easurem ents (Yield ~  41%).

Single crystal X-ray diffraction reveals that 14 crystallizes in the monoclinic crystal system in 

the space group P 2 \ / n  and contains a trinuclear Mn cluster (Figure 5.21). The structure o f  14 

consists o f  four singly protonated arsonate ligands, one singly protonated dipicolinate ligand, 

one fully deprotonated dipicolinate ligand and two C r  ligands. The distorted octahedrally 

coordinated Mn centres in the trinuclear com plex are linearly arranged and the polyhedra 

share com m on vertexes. In the com plex, tw'o outer Mn centres are quadruply-bridged to the 

central Mn ion by O-donors o f  an arsonate ligand that adopts bidentate f i i-  bridging

mode and two bridging atoms derived from two dipicolinate ligands. The latter two //- 

O^' donors provide the common vertices o f  the connected polyhedral.

All the Mn ions adopt the oxidation state o f  +111 as confirm ed by bond valence sum analysis 

calculated using the bond distances between the Mn centres and the neighbouring O, N and 

Cl donors. M eridional coordination sites o f  the distorted octahedral coordination 

environm ents o f  Mn( l )  and Mn(3) are occupied by two O donors and one N atom derived 

from a tridentate dipicolinate ligand while the rem aining three sites are occupied by a CT ion 

and two O donors derived from two different arsonic acid ligands. The coordination sites o f  

the distorted octahedral coordination environm ent o f  M n(2) are occupied by four O donors 

originating from four different arsonate ligands and tw o O donors derived from two distinct 

dipicolinate ligands.
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Figure 5.21 - The structure o f  the coordination complex in 14 showing the intramolecular H-bonding interactions 
between the dipicolinate ligands and organo-arsonic acid ligands. Colour code: Mn'" blue, N dark  blue, As 
orange, 0 red, C black, Cl green, H white.
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Figure 5.22 - Structure of 14 showing the syn syn bidentate bridging mode o f  the organo-arsonic acid 
ligands (bonds highlighted in orange). Colour code: Mn'" blue, N dark blue, As orange, O red, C black. Cl 
green.
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The distorsion of the octahedral coordination environments of the Mn ions in 14 arises from 

the Jahn-Teller axial elongation and sterical limitations. The distortion is reflected in various 

bond lengths and angles that deviate from the ideal octahedral geometrical parameters. The 

following bond angles 0(12)-Mn(l )-0(10), 0(12)-M n(l)-0(21), Cl(l)-Mn(l )-0(10), 0(7)- 

Mn(2)-0(13), 0(4)-Mn(3)-0(15), 0(3)-Mn(3)-0(2) and N(l)-Mn(3)-0(15) of 102.40(6)°, 

107.20(6)°, 94.70(5)°, 86.10(6)°, 105.80(5)°, 84.70(6)° and 74.00(5)°, respectively deviate 

most from the ideal angle of 90°. The bond angles 0 (1 1)-Mn(l)-Cl(l), 0(21)-M n(l)-0(10), 

0(7)-Mn(2)-0(14), and 0(15)-Mn(3)-0(2) of 178.30(5)°, 149.90(5)°, 173.30(6)°, and 

147.8(5)°, respectively, deviate most significantly from the ideal octahedral angle of 180°. 

Selected bond angles for the Mn ions in 14 are presented in Table 5.9. The M n-0 bond 

distances between Mn ions and O donors originating from the organo-arsonate ligands vary 

between 1.861(10) -  1.951(10) A. The M n-0 bond distances between Mn ions and O donors 

originating from the dipicolinate ligands vary between 2.222(11) -  2.270(9) A. The Mn(l)- 

N(2), Mn(3)-N(l), M n(l)-Cl(l) and Mn(3)-Cl(2) distances are 1.984(8) A, 2.039(10) A, 
2.224(5) A and 2.250(5) A, respectively (Table 5.5). Selected bond angles are presented in 

Table 5.6.

The packing of the cluster in the crystal structure is presented in Figures 5.23 and 5.24. The 

H-aloms of the 0-donor atoms of the arsoanate and dipicolinate ligands were located in 

Fourier Difference map and refined. All these H atoms engage in H-bonds that stabilise the 

structure. Three hydrogen atoms of the partially protonated arsonate ligands are engaged in 

intra-molecular H-bonds as shown in Figure 5.21. H-bonds between the 0-atoms of the 

organo-arsonate ligands and O atoms of the H-bond acceptor dipicolinate ligands are 

characterised by a 0(20) - 0(17) distance of 2.507(4) A and a 0(9) -  0(8) distance of 

2.641(4) A while the H- bonds involving O atoms of two adjacent organo-arsonic acid 

ligands are characterised by a 0(16) - 0(5) distance of 2.588(4) A. The H-atoms attached to 

the 0-donors of the dipicolinate and a further arsonate functionality are engaged in 

intermolecular H-bonds.

The intermolecular H-bonds involving the H-atom located at the 0-atom of the dipicolinate 

ligand link the trinuclear complexes into ID chains as shown in Figure 5.23. The H-bonds for 

which the dipicolinate moieties act as H-bond donor and acceptor are characterised by a 

0(22)-0(22') distance of 2.459(2) A. They link the trinuclear units in head-tail arrangement. 

In the crystal structure the clusters pack to form a dense assembly in which the metal centres
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are separated by organic ligand moieties and constitutional water molecules. The packing 

arrangement as shown in Figure 5.24 is characterised by the symmetry element o f  a 2i screw 

axis that coincides with the atom position o f  M n(l) and aligns parallel to the crystallographic 

^-axis.

Figure 5.23 - The pacicing arrangem ent o f  14 viewed in the direction o f  the crystallographic c-axis.
C olour code: M n'" b lue , N d a rk  b lue . As o ran g e , 0  red , C black. Cl green . H -atom s a re  o m itted  fo r c la rity .
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Figure 5.24 - The packing arrangement of  14 viewed in the direction o f  the crystallographic a-axis. Colour code: 
Mn'" light blue, N blue. As orange, 0  red, C black. Cl green. H-atoms and  constitutional w a te r  molecules are 
om itted  for clarity.

-  PHYSICOCHEMICAL C H ARA C TE RISATIO N

- FT-IR spectroscopy^-^

The infrared spectrum o f 14 presented in Figure 5.25 is very sim ilar to that o f  13. The strong 

band at 1587 cm"' is typical o f  the asymmetric stretching m ode o f  the carboxylate groups and 

the band at 1373 cm '' arises from the symmetric carboxylate stretching mode. The band at 

1439 cm '' is possibly due to C-C skeletal vibrations o f  the phenyl rings. As observed for 13, 

the IR spectrum o f 14 displays some bands at 1084 cm '' and 813 

cm '' due to As-C and A s-0  vibrations, respectively. The C -H  out-of-plane bending 

vibrations o f the aromatic rings can be found between 800 - 699 cm ''. The 0 -H  stretching 

vibrations o f the crystallization water molecules engaged in H-bonds appear as broad band 

centred at 3200 cm ''.
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Figure 5.25 - The infrared spectrum o f  [M n'"3Cl2(C6H5AsO:,H)4(dipicolinateH)(dipicolinate)] 

5 H;0 -3CH3CN (14).

- Thermogravimetric analysis

The TGA curve o f 14 presented in Figure 5.26 shows an initial weight loss of ca. 14.6% 

below 160 °C corresponding to the loss o f three crystallization CH3CN and five 

crystallization water molecules (calcd: 13.5%). The number o f  solvent molecules was 

determined by combining the results of the elemental analysis and TGA studies. A further 

increase in temperature led to a weight loss that occurs in three distinct steps corresponding 

to the decomposition o f the organic ligands and cluster degradation processes resulting in the 

probable formation of purely inorganic oxide material.
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F igure 5 .26  - The therm ogravim etric analysis o f  14.

- UV-Vis spectroscopy^^

The UV-Vis absorption spectrum of 14 recorded in CH3OH (Figure 5.27) shows two signals 

and a shoulder at ca. 260, 270 and 290 nm, respectively (e =2800, 3000 and 2400 L moT' cm' 

', respectively) assigned to ti -  7 t*  transitions o f the arsonic acid and dipicolinate ligands. The 

very weak broad band centred at ca. 400 nm (e = 200 L mol‘‘ cm '') is typical o f a ^T2g •«— "’Eg 

transition o f the octahedrally coordinated Mn ions in 14 .
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Table 5.5 -  Selected bond lengths |A|  and bond valence sum for com pound 14.

Atom Bond Bond 
distances (A)

BV BVS/
Assigned

oxidation
state

M n(l) M n(l]-0(12) 1.915(10) 0.658 3.306/+3
M n(l]-0(11) 1.951(10} 0.597
M n(l)-0[21) 2.222(11] 0.288
MnCl]-0(10) 2.269(10] 0.253
Mn(l}-N(2) 1.984(8] 0.735
M n(l)-Cl(l) 2.224(5] 0.776

Mn(2) M n(2)-0(7) 1.895(10] 0.694 3.188/+3
M n(2]-0(14) 1.896(10] 0.692
Mn(2)-0(6) 1.909(10] 0.669
M n(2]-0(13) 1.928(11] 0.635
M n(2]-0(15) 2.270(9] 0.252
M n(2]-0(10) 2.280(9] 0.245

Mn(3 Mn[3)-0(3) 1.861(10] 0.761 3.353/+3
Mn(3)-0(4) 1.888(9] 0.708
M n(3)-0(15) 2.246(10] 0.269
Mn(3]-0(2] 2.259(10] 0.260
M n(3)-N(l) 2.039(10] 0.633
Mn(3)-Cl(2) 2.250(5] 0.723

Table 5.6 -  Selected bond angles |°| for com pound 14.

Bond Angle Bond Angle
0(11]- M n(l]- 0(10] 85.7(5] 0(11] -M n(l)-C l(l] 178.3(5]

0(11] -M n(l] -N(2] 91.1(5] 0(12]- M n(l]- N(2] 177.4(6]

0(12] -M n(l]- 0(10] 102.4(6] 0(21]- M n(l]- 0(10] 149.9(5]

0(12] -M n(l]- 0(21] 107.2(6] 0(7]- Mn(2]- 0(14] 173.3(6]

0(12] -M n(l]- Cl(l] 92.9(5] 0(15]- Mn(2]- 0(10] 177.5(5]

N(2] -M n(l]- 0(10] 75.0(5] 0(4]- Mn(3]- N (l] 178.3(5]

Cl(l] -M n(l]- 0(10] 94.7(5] 0(3]- Mn(3]- Cl(2] 176.7(4]

0(7] -Mn(2]- 0(13] 86.1(6] 0(15]- Mn(3]- 0(2] 147.8(5]

0(7] -Mn(2]- 0(10] 95.6(5]

0(13] -Mn(2]- 0(15] 94.8(5]

0(4] -Mn(3]- 0(15] 105.8(5]

0(3] -Mn(3]- 0(2] 84.7(6]

N (l] -Mn(3]- 0(15] 74.0(5]
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5.5 SYNTHESIS AND CHARACTERISATION OF AN OCTANUCLEAR 

MANGANESE COMPLEX

5.5.1 K(H20)2[Mn"'8(/i2-0H)2(CH30H)2(C6H5As03)4(C6H5As03H)6(dipicolinate)4]Cl
-18H20-4CH30H (15 )

Com pound 15 was prepared using a sim ilar synthetic procedure as 14. However, KMn()4 was 

used instead o f  N aM n0 4 .H2 0 . This reaction afforded rectangular red-brow n crystals o f  

K ( H 2 0 ) 2 [ M n '" 8 ( /^ 2 - 0 H ) 2 ( C H 3 0 H ) 2 ( C 6 H 5 A s 0 3 ) 4 ( C 6 H 5 A s 0 3 H ) 6 ( d ip ic 0 i in a te )4 ] C M 8 H 2 0 -  

4 CH 3OH (15) w ithin a period o f  one week. The crystals were characterised by single crystal 

X-ray diffraction m easurem ents (Yield ~  64%).

Single crystal X-ray diffraction m easurem ents reveal that 15 crystallizes in the m onoclinic 

crystal system in the space group C2/c and contains an octanuclear M n"' complex. The Mn 

coordination cluster consists o f  ten organo-arsonate ligands, four dipicolinate ligands, two pLi- 

0 H “ ligands and two coordinated m ethanol molecules (Figure 5.29).
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F ig u re  5.29 - The coordination cluster in 15. C olour code; M n'" blue, N dark blue. As orange, O red, C 
black. K yellow . H-atom s have been om itted for clarity.
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The Mn coordination cluster in 15 can be considered to be built-up of two symmetry 

equivalent bent tetranuclear units (Figure 5.30) which are related by a two-fold symmetry 

axis. The C2 symmetry axis extends parallel to the crystallographic /)-axis and involves the 

atom position of the K(l) atom. The coordination complex forms a ring structure with a 

partially hydrated potassium ion located at the centre which may act as a template during the 

formation or crystallisation of the complex.

0(5)

0 (6 ]

As(5)
0(36) M n ( 3 ) ^0(17) 0(26)

0(21

0(23)
Mn(2)0(15) 0(16) 0 (8)

0(3)'
N(r

Mn(1) 0(10) 

0(12) i Mn(4)01

0 (20)0(181 ’As(l)
0(19)

As(2):i4) 0 (2)
0 (1)

0 (11)

F igu re 5 .3 0  — The sym m etry independent tetranuclear subunit in 15. C olour code: Mn'" blue, N dark blue,
A s orange, O red, C black.

Each symmetry-independent tetranuclear unit in 15 consists of four Mn ions, Mn(l), Mn(2), 

Mn(3) and Mn(4) (Figure 5.29) connected through five organo-arsonate and two dipicolinate 

ligands. All the Mn ions in 15 adopt distorted octahedral coordination geometries and each 

ion resides in the oxidation state +III, as calculated using bond valence sum analysis. The 

coordination sites of the distorted octahedral coordination environment of Mn(l) and Mn(4) 

are each occupied by three O donors originating from three distinct organo-arsonate ligands 

and two O donors and a N atom originating from a tridentate chelating dipicolinate ligands. 

The coordination sites of the distorted octahedral coordination environment of Mn(2) consist
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o f three O donors originating from three different arsonate ligands, two O donors derived 

from two distinct dipicoHnate ligands and its coordination sphere is completed by 0 (8 )  o f  a 

//2-OH' group bridging between Mn(2) and Mn(3). The coordination sites o f Mn(3) are 

provided by three O donors originating from three distinct arsonic acid ligands, one O donor 

derived from a dipicolinate ligand, another 0 (23 ) donor derived from a terminal methanol 

ligand and the coordination sphere is completed by 0 (8 ) donor o f  the ju i -O H '  group.

Within the bent, linear tetranuclear subunits, the distorted Mn coordination polyhedra share 

common vertices whereby the com mon O donors are provided by a jU2-0H' and two 

dipicolinate ligands. Mn(2) and Mn(3) share 0 (8 ) provided by a j x i - O H '  group. M n (l) and 

Mn(2) share 0 (1 6 ) while Mn(3) and Mn(4) share 0 (3 ), both provided by dipicolinate ligands. 

Each tetranuclear unit as shown in Figure 5.29 consists o f three outer bridging and two inner 

bridging arsonate ligands which adopt bidentate '-ff bridging modes. M n(l) and

Mn(2) are bridged by two bidentate \r j^ \r f  bridging arsonate ligands (PhAs(3)0 3 , 

PhAs(2 )0 3 ) and a //2-0-donor o f  a dipicolinate ligand. Mn(2) and M n(3) are bridged by one 

bidentate //2-?/':^ ':/7° bridging arsonate ligand (PhAs(4 )03) and a //2-OH' ligand. M n(3) and 

Mn(4) adopt similar bridging mode o f  arsonate (PhAs(5 )03 . P hA s(l)0 3 ) and dipicolinate 

ligands as for M n(l) and Mn(2). The phenyl ring attached to A s(5)03 and its symmetry 

equivalent are disordered over two distinct positions with occupancy factors o f 56.5%  and 

43.5%, respectively.

The inner arsonate functionalities containing A s(l)03 , As(2)03 and their two symmetry 

equivalents bridge between the two tetranuclear units: the {A s(l)0 3 H} unit links to Mn(r) 
o f the other tetranuclear unit through 0(14). Its symmetry equivalent arsonate functionality, 

links to M n(3 ') and M n(4 ') through 0 (1 3 ) and 0(20). The {As(2)0 3 Hj unit links to M n(4 ') 

through its 0 (11 ) donor while the symmetry equivalent arsonate unit connects to M n (l ')  and 

M n(2 ') through 0 (1 2 ) and 0 (1 0 ) donors. Figure 5.31. The central, partially hydrated 

potassium ion is 8-coordinated and binds to the arsonate 0-donors, 0 (10 ), 0 (11), 0 (1 3 ) and 

their symmetry equivalents. Thus, the bridging modes o f the inner arsonate ligands may be 

described as :rj^\rf (for P hA s(l)0 3 , P h A s(l ')03 ) and //5- (for PhAs(2 )0 3 ,

PhAs(2 ') 0 3 ) when the central ion is considered. Figure 5.32. Two symmetry-equivalent 

H2O molecules which bind with K (l)-0 (9 ) distance o f  2.795(18) A to the central ion 

complete the unsymmetrical binding environm ent o f the central ion. All non-coordinating 

0-donors o f  the arsonate functionalities are protonated.
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F ig u re  5.31 - Polyhedral representation o f  the core structure o f  15 highlighting the binding m odes o f  the 
arsonate functionalities. C olour code: M n'" blue, N dark blue. As orange, O red, C black (organic ligand 
m oieties, phenyl rings, dipicolinate ligands and central potassium  ion have been om itted for clarity.
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F igure 5 .32  - The core structure o f  15 h ighlighting the binding m odes o f  the inner arsonate functionalities to 
Mn and K. Colour code: Mn'" blue, N  dark blue. A s orange, O red, C black. Cl green, (phenyl rings and 
dipicolinate ligands have been om itted for clarity).

The distorted nature o f  the octahedral coordination geometries o f  the Mn ions in 15 mainly 

arises from the geometrical restrictions o f  the binding dipicolinate ligands. This can be 

observed from the bond angles and bond lengths o f  the Mn'" metal centres. The M n -0  bond 

distances between Mn ions and O donors originating from the organo-arsonate ligands (Table 

5.7) vary between 1.804(15) -  1 .954(16) A . The M n -0  bond distances between Mn ions and 

O donors originating from the dipicolinate ligands vary between 2 .110(15) -  2 .281(15) A . 

The M n (l)-N (l)  and M n(4)-N (2) distances are 2.040(2) A  and 2.062(19) A , respectively. The 

Mn -  Omethanoi distance is 2 .170(2) A . w hile the Mn-(jW2-0 H‘) distances are 1.944(16) A  and 

1.952(16) A  for M n (2 )-0 (8 ) and M n (3 )-0 (8 ), respectively.
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The following bond angles: 0(20)-Mn(4)-0(3'), N(2')-M n(4)-0(3') and 0(12)-Mn(l )-0(16) 

of 106.80(6)°, 74.30(6) and 111.00(6)° respectively, deviate most from the ideal angle of 90°, 

while the bond angles 0(2')-M n(4)-0(3'), 0(18)-M n(l)-0(16) and 0(15)-M n(l)-0(14) of 

150.80(6)°, 151.10(6)° and 168.10(6)°, respectively, deviate most significantly from the 

ideal octahedral angle of 180°. Selected bond angles for the Mn ions in 15 are presented in 

Table 5.8.

The overall positive charge of the potassium stabilised ring structure is compensated by one 

C r ion which resides in the vicinity of the cluster and which is located on the C i axis along 

with the ion; The K-Cl distance is 4.863(13) A  .

In the solid state, the octanuclear manganese clusters are linked by weak hydrogen bonds 

between the constitutional solvent molecules and the oxygen atoms of the arsonate and 

dipicolinate ligands resulting in an alternating arrangement of the hydrophobic organic and 

hydrophilic inorganic regions (Figure 5.33). In the direction of the crystallographic a- axis, 

the ring structures stack on top of each other to form ID tubes. The packing displays 

columnar arrangements that extend in the [010] direction (Figure 5.34). The quality of the 

data and the disordered nature of the constitutional solvent molecules did not allow a detailed 

analysis of the H-bonded network that stabilises the packing arrangement in 15.

Figure 5.33 -  The packing of the molecular entities in 15 viewed in the direction of the crystallographic 
c-axis. Colour code: Mn'" blue, N dark blue, As orange, 0 red, C black, H white.
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Figure 5.34 -  The packing arrangem ent o f  15 viewed in the direction o f  the crystaliographic a-axis. C olour code; \  
blue, N cark blue. As orange, O red, C black, H white.
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F ig u re  5.35 Tiie packing arrangem ent o f  15 viewed in the direction o f  the crystaliographic />-axis. C olour code: 
M n'" blue, N dark blue. As orange, O red, C black, H white.

-  PHYSICOCHEMICAL CHARACTERISATION

-  FT-IR spectroscopy^-^

The infrared spectrum o f 15 presented in Figure 5.36 is com parable to those o f  13 and 14. 

The strong band at 1621 cm"' originates from the asym m etric stretching mode o f  the
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carboxylate groups and the weaker band at 1427 cm"' arises from the symmetric carboxylate 

stretching mode. The band at 1440 cm"' is most likely due to C -C  skeletal vibrations o f  the 

phenyl rings. As observed for 13 and 14, the IR spectrum o f 15 displays some bands at 1087 

cm '' and 802 cm"' due to As-C and A s-0  vibrations, respectively. The 0 - H  stretching 

vibrations o f  the crystallization water molecules engaged in H-bonds appear between 3356 

and 3066 cm‘‘.
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Figure 5 .36  - T he in frared  spectrum  o f  K (H 20)2[M n"'8(u2-0H )2(C H 30H )2(C 6H 5A s03)4(C 6H 5A s03H )6 
(d ip icolinate)4]C I- I8H 20- 4C H 3O H  (15).

-  T h erm ogravim etric  analysis

The thermal stability o f  compound 15 was investigated by TGA. The compound readily loses 

crystallisation solvent molecules when removed from the mother liquor. A sample that was 

dried at room temperature was used for the TGA experiments (and for elemental analysis and 

analysis o f  the magnetic properties). The TGA analysis was carried out in the tem perature 

range between 30 and 900 °C in air. The TGA curve o f 15 shown in Figure 5.37 exhibits an
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initial weight loss o f ca. 9.8% below 180 °C that can be attributed to the loss o f sixteen 

crystallization water molecules, two coordinated CH 3OH molecules and two coordinated 

water molecules (calcd: 10.7%). The other constitutional solvent molecules that were 

identified by single crystal analysis may have been lost prior to the analysis when the sample 

was stored at room temperature. The constitutional assignment of this dried sample 

corresponds well with the CHN analysis. The oxidative degradation o f the arsonate ligands 

commences above 200 °C and total oxidation o f the organic residues continues until ca. 600 

°C to give a Mn-oxide-type material.
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F igu re 5 .37  - The therm ogravim etric analysis o f  15.

- UV-Visspectroscopy

The UV-Vis absorption spectrum of 15 is not reported as the complex is insoluble in common 

solvents such as CH3CN, CH3OH and water. The cluster only dissolved at elevated 

temperatures whereby the molecular structure most likely decomposes.
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- Magnetism

The temperature dependence o f the magnetic susceptibility o f  15 was measured between 298 

and 1.8 K (Figure 5.38). At room temperature, the experimental xT  product reaches 24.4 cm^ 

K mol'' in agreement with the expected value of 24 cm^ K mol"' for eight S = 2 Mn'" metal

ions (C = S(S+1) with ^  = 0.12505 cm^ K mol"' and g = 2). Upon lowering the

temperature, the x T  product decreases to 23 cm^ K mol'' at 100 K and then finally decreases 

down to 8 cm^ K moF' at 5 K. This thermal behaviour suggests the presence o f dominant 

antiferromagnetic interactions between the spin centres. The experimental data can be fitted 

to a Curie-Weiss law with C = 25.4(4) cm^ K m oP' and 6 = -12(1) K. The deduced Curie 

constant is in agreement with the calculated value o f 24 cm^ K m oP' for eight S = 2 Mn'" 

metal ions. The / T  v.v. T  plot shows that / T  is not extrapolating to zero indicating a non-zero 

spin ground state.
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Figure 5.38 - Tem perature dependence o f  the /T "p roduct o f  15 at 1 and 0.1 7 '(10000 and 1000 Oe)

The field dependence of magnetisation for this compound has been measured at low 

temperatures between 1.9 and 8 K (Figure 5.39). The magnetization is not saturated at 7 T
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and 1.9 K  (14.5 |o,b ) suggesting the presence o f magnetic anisotropy and low lying excited 

states.
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Figure 5.39 - a) M  vs. / /  between 8K and 1.9K. b) Magnified view o f  the x T  product between 1 and 100 
K showing the best f it  o f  the experimental data with the Curie-Weiss law (C = 25.4(4) cm^ K mol"' and 6 
= - l 2 ( l ) K ) .
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Table 5.7- Selected bond lengths [A] and bond valence sum for compound 15.

Atom Bond Bond 
distances (A) BV BVS/ 

Assigned 
oxidation state

Mn(l) Mn(l}-0(12] 1.904(16] 0.678 3.166/+3
Mn(l)-0(14) 1.954(13) 0.592
Mn(l}-0(15] 1.922(15] 0.645
Mn(l}-0(18) 2.110(15] 0.388
Mn(l]-0(16) 2.281(15] 0.245
Mn(l]-N(l) 2.040(2] 0.618

MnCZ) Mn(2]-0(4] 2.202(15] 0.303 3.447/+3
Mn[2]-0(7] 1.804(15] 0.888
Mn(2]-0(8] 1.944(16] 0.608
Mn(2)-0(10) 1.880(15] 0.723
Mn(2]-0(16} 2.260(15] 0.259
Mn(2)-0(39] 1.910(14] 0.667

Mn(3) Mn[3]-(03) 2.220(15] 0.288 3.37S/+3
Mn(3}-0(5) 1.891(17] 0.702
Mn(3)-0(8) 1.952(16] 0.595
Mn{3]-0(13) 1.954(16] 0.592
Mn(3)-0(21) 2.17(2] 0.330
Mn(3]-0(22) 1.944(17] 0.608

Mn(4) Mn(4)-0(2'] 2.126(15] 0.372 3.378/+3
Mn(4)-0(3) 2.252(15] 0.265
Mn(4)-0(11] 1.875(16] 0.733
Mn(4)-0(20) 1.892(15] 0.700
Mn(4)-OC23) 1.885(17] 0.713
Mn(4)-NC2') 2.062(19] 0.595
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Table 5.8 -  Selected bond angles |°1 for compound 15.

Bond Angle Bond Angle
0fl21-M nfll-0 f l4 ') 91 .9 { 6^ G(151-Mn(ll-G(141 168.1(61
G flS l-M nfll-N fl) 89.2f71 G(121-Mn(ll-N(ll 174.7(71
Ofl21-Mnfl>Ofl8 ') 97.9f6) G(181-Mn(ll-G(161 151.1(61
O fl51-M n(ll-O fl8’) 95.2f61 G(71-Mn(21-0(101 175.5(71
0(14V M nfll-0 fl81 95.9(61 0(391-Mn(21-0(81 171.9(71
N flV M nflV O flS) 76.9C71 0(41-Mn(21-G(161 175.6(61
O fl2)-M nfll-Ofl61 H1.0f61 0(221-Mn(3l-0(8'1 176.5(71
Ofl5VM nfll-Ofl61 83.3f61 G(5'l-Mn(31-G(131 176.8(71
Ofl4')-Mnfl>Ofl6') 84.9f51 G(211-Mn(31-G(3'l 170.1(71
Nfll-Mnfll-Ofie] 74.2C7) G(ll>Mn(41-G(231 170.3(71
Gf71-Mn('2VOf39) 88.7f61 G(201-Mn(41-N(2'l 176.8(71
Gf71-Mnf2>Of39') 93.6f71 G(2'l-Mn(4)-G(3'l 150.8(61
OflOl-MnfZl-OfSl 88.4f61
Gfl01-Mnf21-Of4') 86.7f61
GfSl-Mnf2>Gf4') 98.U61
Gfyi-MnfZl-Gfiei 94.2(61
Gf391-Mnf21-Gfl6') 87.4f61
Gf8)-Mnf21-Gfl61 84.7f61
G(5) 'l-M n(3]-0(8 ') 88.5f71
Gf22)-Mnf31-Gfl3') 93.3(71
Gf8'l-Mnf31-Ofl31 88.4(71
Of5')-Mnf31-Gf211 93.2(71
Gf5'l-Mnf31-Gf21) 93.7(71
Gf8'VMnf31-Gf2n 86.6(71
Gfl31-Mnf31-Of21') 96.4(61
Gf5'>Mn(31-Gf3'l 88.4(61
Gf221-Mnf3)-Of3'1 88.8(61
0(8'VMn(3VOC3"l 83.8(61
Gfl31-Mnf31-Gf3'l 92.3(71
G(lll-Mn(4]-Gf20) 87.1(71
G('231-Mnf41-Nf2") 95.0(61
Gflll-M nf4]-0f2") 93.8(61
Gf231-Mnf41-Gf2'l 102.4(61
0(201-Mn(4]-G(2') 76.5(71
Nf2 'l-M n(4>0(2 'l 76.5(71
0fll]-M n(41-0f3") 85.7(61
Gf231-Mnf41-Of3") 84.6(61
Gf201-Mnf41-Of3") 106.8(61
Nf2'l-Mnf41-Gf3") 74.3(61

Table 5.9- Bond valence sum calculations for some 0 atoms in 15.

Atom BV BVS Assignment^'
Mn(21-G(81 0.608 1.203 //j-OH
Mn(31-0(81 0.595
A BVS of oxygen atom ranging betw een ~ 1 .8-2.0, and ~ 0 .2 -0 .4  is indicative o f non-, single- and double
protonation, respectively.^^. i3
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5.6 SYNTHESIS AND CHARACTERISATION OF A {Mn24} COMPLEX

5 .6 .1  {K2(H2O)2[MnIV4Mn'"20(Ai3-O)4(/i2-OH)4(//2-CH3O)4(H2O)8(C6H5FO3)20
(d ip ic o l in a t e ) i2][M n " (H 2 0 )6 ]}-3 6 H 2 0  (1 6 )

Com pound 16, {K2(H2O)2[(Mn24(//3-O)4(//2-OH)4(//2-CH3O)4(H2O)8(C6H5PO3)20(C7H3>O4)l2]

[Mn(H2 0 )6]} -36H20 formed as a result o f  replacing phenylarsonic acid in the reaction mixture 

that led to 15 with phenylphosphonic acid. The crystallisation process that occurs over a 

week affords reddish brown block crystals o f  16 which were characterized by single crystal 

X-ray diffraction m easurem ents (Yield ~  48%).

Com pound 16 crystallizes in the orthorhom bic crystal system in the space group Pnnl end its 

structure contains two co-crystallized species, a {Mn2 4 } coordination cluster 

{K2(H2O)2[Mn"^4Mn"’20(jU3-O)4(//2-OH)4(//:-CH3O)4(H2O)8(C6H5PO3)20(C7H3NO4)i2}^ and an 

isolated, octahedral [Mn"(H20)6]“  ̂ com plex. The potassium-stabilised Mn coordination cluster 

consists o f  twenty organo-phosphonate ligands, twelve dipicolinate ligands, four 

ligands, four /̂ 3-bridging 0 - ’ oxo-ligands, four coordinated methanol molecules, ten 

coordinated water m olecules and tw o ions (Figure 5.40).
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'igure 5.40 -  The polyhedral representation o f  16. Colour code: Mn blue, N dark blue. C black, P pink. K yellow, O red 
he H-atoms have been omitted for clarity).
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T he cluster core in 16 is cen trosym m etric  and is built o f  tw o sym m etry equ ivalen t bent 

(M rii2} units (F igure 5.41). The coord ination  com plex form s a w heel-like structure w ith tw o 

partially  hydrated  po tassium  ions (K ( l)  and K (2)) positioned at the centre; the alkali metal 

ions m ay possib ly  act as tem plates in the form ation o f  the com plex or during the 

crysta llisa tion  o f  the com pound.

w — ^ m I iM
Mn(6)Ori6)\ f |P (6 )

5^N (5)
Mn(10)

~ ^ 0 (5 7 )

0 ( 6 ) / o(36P(35)

2 )A » — •  0(34).

Mn(11)

Mn(12)
0 ( 2 9 /

F igu re 5.41 The sym m etry-independent {M n ^ } units in 16 highlighting the bridging O atom s. C olour code: 
Mn blue, N  dark blue, C black, P pink. O red (the H atom s and central K ions have been om itted for clarity).

Each bent {M ni2} unit can further be form ally  divided into tw o {Mn6} subunits and hence, 

the m anganese c luster in 16 can be considered  to be built-up o f  four hexanuclear units. 

W ithin  each {Mn6} subunit, the six M n ions are connected through five o rgano-phosphonate  

and three d ip ico linate  ligands, one y«2-O H ', one fX3-0^' and one //2-C H 3 0 ' ligands (F igure  

5.42). The phosphonate  ligands com prise o f  tw o outer bridging {PhP(2 )0 3 }, {PhP(4 )0 3 } 

functionalities w hich adopt triden tate  //b-;/'://’://' bridging m odes betw een  

M n (l)/M n (2 )/M n (4 ) and M n(4)/M n(5)/M n(6), respectively, and another ou ter b ridg ing  

{ P h P (l)0 3 } m oiety  w hich  adop ts a b identate jui-tj':rj^ :rj'̂  bridging m ode betw een M n (l)  and
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Mn(2). The remaining two phosphonate Hgands involving {PhP(3)0 3 } and {PhP(5 )0 3 } are 

located in the inner part o f the ring structure and bridge in bidentate fX2-r]̂ '.r}̂ '.rp modes 

between M n(2)/Mn(3) and Mn(5)/Mn(6), respectively.

P(2),
0 <6) 0<4)

0 (12) P(4)

0(1 r

- M„,5̂
^ 0 ( 5 8 )  \

0(8)

0(7)

0(16)
P(3)

Figure 5.42 - A  section o f  the hexanuclear subunit highlighting the bridging modes o f  the organo- 
phosphonate ligands and the bridging O donors o f  bridging hydroxo and oxo ligands. Colour code: Mn blue,
N dark blue. C black. P pink and O red (the phenyl rings o f  the phosphonate ligands and organic residues o f  
the dipicolinate ligands have been omitted for clarity).

The three dipicolinate ligands chelate to M n(l), Mn(4) and Mn(6) occupying meridional 

binding sites o f the distorted octahedral coordination environments; their remaining O-donors 

further link M n(l ) and Mn(6) within the hexanuclear subunit. One dipicolinate-moiety links 

M n(l), Mn(2) and Mn(3). The coordination polyhedra o f M n(l) and Mn(2) additionally 

share a common vertex supplied by 0(33) o f a carboxylate group o f a dipicolinate ligand 

while the polyhedra o f Mn(2) and Mn(3) share one common corner which is provided by 

0(55) o f the //2-0H‘ ligand. The second dipicolinate ligand links Mn(3), Mn(5) and Mn(6). 

The polyhedral o f Mn(5) and Mn(6) share a common vertex provided by 0 (39) o f a 

dipicolinate ligand. The polyhedra o f Mn(3) and Mn(5) share a common edge whereby the 

bridging donor atoms 0(58) and 0(57) are supplied by //2-CH3 0 " methoxy and 0^‘ oxo 

groups. The latter is a bridging jui-0^' ligand that further links the corner-sharing unit to the 

polyhedron o f Mn(4) to give a characteristic oxo-centred triangular motif. Figures 5.43 and 

5.44.
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N(2)

0(37)

Figure 5.43 -  A section o f  the hexanuclear subunit highlighting the bridging modes o f  the dipicolinate, hydroxo, 
0X0 and methoxy ligands in 16. Colour code: Mn blue, N dark blue. C black. P pink. O red (the organo-phoshonate 
ligands and H atoms have been omitted for clarity).
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F igu re 5 .4 4  -  T he connection  m odes o f  the polyhedra in the characteristic hexanuclear subunits in 16. C olour  
code: Mn blue, N  dark blue. C black. P pink, O red (the phenyl rings o f  the organo-phoshonate ligands, dipicolinate  
ligands and H atom s have been om itted for clarity).

The second hexanuclear subunit containing M n(7)-Mn(12) within the asymmetric unit o f  16 

is almost identical to the previously described unit. Both units are linked through 0 (1 5 )  and 

0 (1 6 )  o f  two phosphonate functionalities, {P(5 )0 3 } and {P(6 )0 3 } which double-bridge 

Mn(6 ) and Mn(7).

I'he {Mni2 } unit links to the symmetry-equivalent {Mni2 } unit through 0 (1 ) ,  O ( l ' ) ,  0(29), 

0 (2 9 ')  donor atoms o f  four phosphonate functionalities, {P(1 )0 3 },{P(1 0 )0 3 } and their 

symmetry equivalents. One o f  the central K ions, K (l) ,  further links M n (l)  and Mn(2) in the 

|M n i 2 } unit, and M n ( l ' )  and M n(2 ')  in the equivalent [M ni2 } unit through 0(1),  0 (2 )  and 

0 (7 )  and symmetry equivalent donor atoms. The binding environment o f  K (l)  is further 

completed by 0 (6 9 )  and 0 (6 9 ')  derived from two terminal water molecules. K(2) links
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M n (ll)  and M n(12) in the {M ni2 } unit to their symmetry equivalents in the symmetry

generated {Mni2 } unit through 0 (2 6 ), 0 (2 8 ) and 0 (2 9 ) donors and their symrr.etry 

equivalents. The binding environm ent o f  K(2) are further completed by 0(27) and 0 (2 7 ')  

derived from two phosphonate functionalities, {P(9 )0 3 } and {P(9 ') 0 3 }, Figures 5.45 and 

5.46.

.  Mn(6)

Mn 11

0(23 )

0 (2 1 ) 

0 (1 9 )

0 (10 ) 
P(4-

Figure 5.45 -  The core structure o f  16 showing the connection o f  the two {Mni2} units. Colour code: Mn 
blue, N dark blue, C black, P pink, K yellow, O red (the phenyl rings o f  the organo-phoshonate ligands and 
organic residues o f  the dipicolinate ligands and H atoms have been omitted for clarity).
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Mn(10)

Mn(12)

Mn(12

Mn(11

0  21 '

gure 5.46 -  The core structure o f  16 showing the connection o f  the two {Mni2} units through the central K* ions. 
) lour code: Mn blue, N dark blue, C black, P pink, K yellow, O red (the phenyl rings o f  the organo-phoshonate ligands, 
ganic residues o f  the dipicolinate ligands and H atoms have been om it ted  for clarity).
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All the Mn ions in 16 adopt distorted octahedral coordination geometries. As in the 

previously described structures, this distortion is significantly influenced by the restrained 

meridional binding m odes o f  the dipicolinate ligands. The coordination sites o f the distorted 

octahedral coordination environm ent o f  M n (l) and Mn(6) consist o f  0 ( l ) /0 (3 ) /0 (4 )  and 

0 (1 2 )/0 (1 3 )/0 (1 6 ) donors, respectively which originate from three distinct phosphonate 

ligands and 0 (3 1 )/0 (3 3 )/N (l)  and 0 (39)/0 (41)/N (3) donors, respectively derived from 

dipicolinate ligands. The coordination sites o f  the distorted octahedral coordination

environm ent o f  M n(2) consist o f  0 (2 ) /0 (5 ) /0 (7 )  donors originating from the phosphonate 

ligands, 0 (3 3 ) derived from a dipicolinate ligand, 0 (5 5 ) o f  a ^2-OW' and its coordination 

sphere is com pleted by 0 (5 6 ) o f  a term inal w ater molecule.

The coordination sites o f  the distorted octahedral coordination environm ent o f Mn(3) contain 

0 (5 5 ) o f  a //2-O H', 0 (5 7 ) o f  a bridging oxo-ligand, 0 (5 8 ) o f  a //2-CH3 0 ' ligand,

0 (3 4 )/0 (4 0 ) derived from two distinct dipicolinate ligands and 0 (8 ) originating from a

phosphonate ligand. The coordination sites o f  the distorted octahedral coordination

environm ent o f  M n(4) consist o f  0 (3 5 )/0 (37 )/N (2 ) donors derived from a dipicolinate ligand.

0 (6 )/0 (1 0 ) donors derived from the phosphonate ligands and its coordination sphere is 

com pleted by 0 (5 7 ) o f  a /^3-0^' bridging oxo-ligand. The coordination sites o f the 

coordination environm ent o f  M n(5) ion com prise one /^3-0^' bridging oxo-ligand, 0 (39 ) 

derived from a dipicolinate ligand, 0 (11)70(14) derived from phosphonate ligands, 0 (58 ) 

derived from a //2-CH 3 0 ' ligand and 0 (5 9 ) o f  a terminal water molecule. The {Mn6} subunit 

formally repeats four tim es to form the {Mn24} wheel cluster. Only slight minor geometrical 

differences exist between the {Mn6} subunits within a {M ni2} unit.

The M n-0  bond distances between Mn ions and O  donors originating from the phosphonate 

ligands vary between 1.713(17) A - 2.027(14) A while the M n-0  bond distances between Mn 

ions and O donors originating from the dipicolinate ligands vary between 1.910(12) A - 
2.261(12) A (Table 5.10). The M n-(//3-0^') distances vary between 1.859(10) - 1.926(11) A. 
The four Mn-(/^2-0H ) distances vary between 1.862(12) - 1.977(12) A. The Mn-(//2-CH 3 0 ') 

distances are 1.912(12) and 1.924(12) for M n(8)-0(61) and M n(9)-0(61), respectively. The 

Mn-N bond distances vary between 1.942(17) - 2.012(9) A. while the Mn-Owater distances 

vary between 2.171(15) - 2.250(14) A. The K -0  bond distances between K (l)  and 

surrounding 0 -donors 0 (1 ), 0 (2 ) , 0 (7 ), 0 (6 9 ) and their symmetry related partners vary 

between 2.884(13) - 3.26(4) A while the distances between K(2) and 0 (26 ), 0 (27 ), 0 (2 8 ),
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0 (2 9 ) and their sym m etry related partners deviate betw een 2.746(11) - 3.422(16) A.''^ The 

K^-HaO distance is 3.260(4) A for K (l)-0 (6 9 ) and its sym m etry equivalent.

The follow ing bond angles: 0 (3 )-M n (l )-0 (33), 0 (5 7 )-M n (3 )-0 (5 8 ), 0 (13 )-M n(6 )-0 (41 ), 

0 (1 5 )-M n (7 )-0 (4 5 ), 0(61 )-M n(8)-0(62), 0 (62 )-M n (1 0 )-0 (4 7 ), 0 (3 0 )-M n (1 2 )-0 (5 1 ) o f 

107.30(5)°, 81.10(5)°, 113.20(6)°, 101.40(5)°, 81.70(4)°, 100.00(5)° and 111.50(7)°, 

respectively, deviate m ost from the ideal octahedral angle o f  90°, while the bond angles 

0 ( 4 ) - M n ( l ) - 0 ( r ) ,  0 (7 )-M n (2 )-0 (5 ), 0 (58 )-M n (3 )-0 (5 5 ), 0 (35 )-M n(4 )-0 (37 ), 0 (5 8 )- 

M n(5)-0(11), 0 (3 9 )-M n (6 )-0 (4 1 ), 0 (17 )-M n(8 )-0 (62 ), 0 (5 2 )-M n (9 )-0 (4 6 ) and 0 (4 7 )- 

M n(10)-0(49  o f  167.10(5)°, 175.90(6)°, 172.30(5)°, 152.40(5)°, 173.10(6)°, 149.50(6)°, 

173.10(5)°, 175.60(5)° and 150.40(6)°, respectively, deviate m ost significantly from the ideal 

angle o f  180°. Selected bond angles are presented in Table 5.15.

The packing arrangem ent o f  the cluster in the crystal structure is stabilized by w eak H- 

bonding interactions between O atom s o f  the dipicolinate ligands and the constitutional 

solvent m olecules. This arrangem ent creates cavities that are occupied by the isolated 

octahedral com plex [Mn"(H2 0 )6]^^and the constitutional w ater m olecules (Figure 5.47). In the 

crystallographic c-axis, the clusters pack densely to form an assem bly in which the cluster 

cores are separated by the organic ligand m oieties and constitutional w ater m olecules (Figure 

5.48).

A BVS analysis suggests that the Mn centres o f  the coordination cluster in 16 adopt different 

valencies. The BVS analysis results in non-integer values characteristic for valence 

disordered or valence delocalised systems. The obtained BVS values may also be slightly 

influenced by the geom etrically restricted binding m odes o f  the dipicolinate ligands. Sim ilar 

phenom ena have previously been observed for Mn coordination c o m p o u n d s . A  

conclusive assignm ent o f  oxidation states to specific Mn centres was not possible. Charge 

neutrality can be achieved if  the cluster core is form ally considered to be com posed o f  twenty 

M n'" centres and four Mn'^' centres.
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Figure 5.47 — The packing arrangement o f  compound 16 viewed in the direction o f the crystallographic 6-axis. 
Colour code: Mn'" blue, N dark blue, P pink, O red, C black. H white, K yellow.

Figure 5.48 -  The packing arrangement o f compound 16 viewed in the direction o f  the crystallographic c-axis. Coloi 
code: Mn'" blue, N dark blue, P pink, O red, C black. H white, K yellow.
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F igu re  5 .4 9  -  T he packing arrangem ent o f  com pound 16 v iew ed  in the direction  o f  the crystallographic a -ax is  
C olour code; Mn'" b lue, N  dark blue, P pink, O red, C black, H w h ite , K y e llo w .

-  PHYSICOCHEMICAL CHARACTERISATION

- FT-IR spectroscopy^-^

The IR spectrum o f 16 (Figure 5.50) is similar to that o f 12 but slightly distinctive to those of 

13 to 15 . The strong vibrational bands at 1622 and 1594 cm'* can be assigned to the 

asymmetric stretching mode o f carboxylate group while the weaker band at 1390 cm '' arises 

from the symmetric carboxylate stretching mode. The bands between 1500 -  1437 cm"' are 

assigned to C -C  skeletal vibrations o f the phenyl rings while the bands between 1300 -  1000 

cm"' are due to the different P-O  stretching vibrations o f  the phosphonate groups. Typical C - 

H out-of-plane bending vibrations o f the aromatic rings can be found between 760- 679 cm"' 

as sharp bands. The sharp and medium bands at ca. 970 and 720 are assigned to PO3 and Mn- 

0  vibrations, respectively. The 0 -H  stretching vibrations o f  the crystallization water 

molecules in 16 involved in H-bonding appear as broad band centred at 3245 cm"'.
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Figure 5.50 -  The infrared spectrum o f  {K2(H2O)2[(Mn24(j«3-O)4(//2-OH)4(//2-CH3O)4(H2O)8(C6H5PO3)20 
(C 7 H 3 N 0 4 ) i2 ] [M n (H 2 0 )6 ]} -3 6 H 2 0 (1 6 ) .

-Thermogravimetric analysis

The thermal stability o f compound 16 was investigated by TGA in the temperature range 

between 30 and 900 °C in air. The TGA curve shown in Figure 5.51 reveals an initial weight 

loss o f ca. 13.3% between 30 -  200 °C attributed to the loss of thirty six crystallization water 

molecules, four coordinated CH3OH molecules and sixteen coordinated water molecules 

(calcd: 13.7%). The constitutional assignment of this dried sample corresponds very well 

with the CHN analysis. A further increase in temperature affected a gradual weight loss 

between 200 and 500 °C corresponding to the decomposition o f the organic ligands, followed 

by further oxidative degradation above 500°C.
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Figure 5.51 - The thermogravimetric analysis of 16.

- UV-Visspectroscopy

As for 15, the UV-Vis absorption spectrum of 16 is not presented as the compound is 

insoluble in most common solvents (CH 3OH, CH 3CN, H2 O).

- M agnetism

The temperature dependence of the magnetic susceptibility o f  16 was measured between 298 

(25°C) and 1.85 K (-271.3°C), Figure 5.52. At room temperature, the experimental ;^T 

product reaches ca. 8 6  cm^ K m ol'' which is higher than the calculated value o f 72 cm^ K 

m oP ' for the presence o f  one S = 5/2 Mn" , four S = 3/2 Mn''^ and twenty S = 2 Mn'"

carriers (C = S(S+1) where = 0.12505 cm^ K m ol’' and g  = 2). This discrepancy

could be attributed to the variations in the molecular weight o f  the compound which readily 

loses crystallisation solvent molecules when removed from the mother liquor. When the 

temperature was decreased. the;fT product value decreases slightly to 85 cm^ K mol"' at 100 

K and down to ca. 60 cm^ K mol"' at 10 K. This thermal behaviour signifies dominant anti-
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ferromagnetic interactions betweer the spin centres. The experimental data can be fitted to a 

Curie-Weiss law w ith C = 89(1) cm^ K moP' and d = -3.4(2) K. The deduced Curie constant 

is higher than the calculated value o f 72 cm^ K mol“ ' for one S = 5/2 Mn", four S = 3/2 Mn''^ 

and twenty S = 2 Mn"* metal ions for reasons stated earlier. T h e /F  vs. T plot shows th a t / r  is 

not extrapolating to zero indicating a non-zero spin ground state. The spin ground state could 

not be conclusively determined based on t h e / r  v.v. T data.
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Figure 5.52 - a) Temperature dependence of the /7 ' product of 16 at 10000 and 1000 Oe (1 and 0.1 T). 
b) Temperature dependence o f the xT  product of 16 showing the best fit of the experimental data w ith 
the Curie-Weiss law (C = 89( 1) cm  ̂ K mol ' and 6 = -3.4(2) K).

The field dependence o f magnetisation for this compound has been measured at low 

temperatures between 1.85 and 8 K (Figure 5.53). The magnetization is not saturated at 7 T 

and 1.85 K (85.4 jj,n) suggesting the presence o f magnetic anisotropy and low lying excited 

states.
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Figure 5.53 -a .) M  vs. H  between 8 K and 1.85 K and b) M  V5. H. T ' between 8 K and 1.85 K.
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Table 5.10 -  Selected bond lengths [A] for 16.

Atom Bond Bond 

distances (A )
Mn(l) M n(l)-0(4)

Mn(l]-0[r)
M n(l)-0(3)
M n(l]-N(l)

M n(l)-0(31]
M n(l]-0(33]

1.850(11)
1.897(11)
1.864(11)
1.974(10)
2.107(13)
2.263(13)

Mn(2) Mn(2)-0(7)
Mn(2)-0(55]
Mn(2]-0(5)
Mn(2}-0(2)

Mn(2)-0(56)
Mn(2}-0(33)

1.859(13)
1.862(11)
1.926(9)

1.909(11)
2.171(15)
2.313(15)

Mn[3) Mn(3}-0(58]
Mn(3)-0(57]
Mn(3)-0(8)

Mn(3}-0(55)
Mn(3)-0(34]
Mn(3)-0(40]

1.907(13)
1.859(10)
1.897(12)
1.977(12)
2.176(13)
2.256(13)

Mn(4) Mn(4)-0(57)
Mn(4)-0(6]

Mn(4)-0(10)
MnC4)-N(2)

Mn(4)-0(35)
Mn(4)-0(37)

1.906(11)
1.937(11)
1.956(12)
1.981(9)

2.152(14)
2.184(13)

Mn(5) Mn(5)-0(58]
Mn(5)-OC57]
MnC5)-0(14)
Mn(5}-0(11)
Mn(5)-0(59)
Mn(5)-0(39]

1.874(11)
1.910(12)
1.922(11)
1.951(10)
2.250(14)
2.314(13)

Mn(6] MnC6)-0(16)
Mn(6)-0(13)
Mn[6)-0(12)
Mn(6)-N(;3]

Mn(6)-0(39)
Mn(6)-0(41)

1.826(10)
1.865(13)
1.867(10)
2.009(10)
2.194(12)
2.201(14)

Mn(7) Mn(7}-0(15} 
Mn(7)-0(18) 
Mn(7)-0(20) 
Mn(7)-N(4) 

Mn(7}-0(43] 
Mn(7]-0(45)

1.873(11)
1.898(11)
1.855(10)
2.012(9)

2.217(12)
2.255(10)



Mn(8] Mn(8)-0(19]
Mn(8}-0(61]
Mn(8]-0(62)
Mn[8)-0(17)
Mn(8]-0(60)
Mn(8]-0(45)

1.928(11)
1.912[12)
1.926(11)
1.919(11)
2.173(13)
2.261(12)

Mn(9) Mn(9}-0(62)
Mn(9)-0(25}
Mn(9}-0(63)
Mn(9)-0(61)
Mn[9}-0(52)
Mn(9)-0(46)

1.889(10)
1.896(11)
1.951(11)
1.924(12)
2.196(15)
2.197(14)

Mn(lO) Mn(10)-0(23)
Mn(10}-0(62)
Mn(10)-0(21)
Mn(10)-N(5)

Mn(10)-0(47]
Mn(10)-0(49)

1.862(11)
1.889(10)
1.927(10)
2.011(11)
2.109(16)
2.212(17)

M n(ll] M n(ll)-0(63)
M n(ll)-0(28)
M n(ll)-0(26)
M n(ll}-0(22)
M n(ll)-0(51)
M n(ll)-0[64)

1.875(11)
1.879(13)
1.900(14)
2.027(14)
2.227(13)
2.204(16)

Mn(12J Mn(12}-0(30)
Mn(12]-0(29')
Mn(12)-0C24)
Mn(12]-N(6)

Mn(12]-0(53]
Mn(12}-0(51)

1.713(17)
1.892(14)
1.817(12)
1.942(17)
2.224(19)
2.193(12)

Mn(13] Mn(13)-066
M nl(3)-065
Mn(13)-068
Mn(13)-068
M nl(3]-067
Mn(13]-067

2.037(19)
2.070(2)
2.070(2)
2.070(2)
2.080(2)
2.080(2)

Table 5.11 -  Bond valence sum calculations for the terminal 0  atoms in 16.

Atom BVS Assignment
Mn(2)-0(56) 0.329 H2 O
Mn(5)-0(59) 0.266 H2 O
Mn(8)-0(60) 0.328 H2 O
M n(ll)-0(64) 0.301 H2 O
An o x y g en  BVS in th e  ~ 1 .8 -2 .0 , ~ 1 .0 -1 .2 , and  - 0 .2 - 0 .4  ran g es is in d ica tiv e  o f  non-, s in g le -  and  d o u b le  p ro to n a tio n ,

resp ec tiv e ly . ' 2. i3
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Table 5.12 -  Bond valence sum calculations for 0(62) bridging between Mn(8), Mn(9) and Mn(lO).

Atom BV BVS Assignment

M n(10)-0(62) 0.706 2.05 n , - 0 ^

Mn(9}-0(62) 0.706
Mn[8)-0(62) 0.638
An o x y g en  BVS in th e  ~ 1 .8 -2 .0 , ~ 1 .0 -1 .2 , an d  ~ 0 .2 -0 .4  ra n ges is in d ica tiv e  o f  non-, s in g le -  and  d o u b le  p ro to n a tio n , 
r e sp e c tiv e ly . ‘2. is

Table 5.13 -  Bond valence sum calculations for 0(57) bridging between Mn(3), Mn(4) and Mn(5).

Atom BV BVS Assignment
Mn(3]-0[57] 0.765 2.106 (1 , - 0 ^

Mn(4)-0[57] 0.674
Mn(5]-0(57] 0.667
An o x y g e n  BVS in  th e  ~ 1 .8 -2 .0 , ~ 1 .0 -1 .2 , an d  ~ 0 .2 -0 .4  ra n g es is  in d ica tiv e  o f  non-, s in g le -  and  d o u b le  p ro to n a tio n , 
r e sp e c tiv e ly , i3

Table 5.14 -  Bond valence sum calculations for 0(55) and )(63) bridging between (Mn(2)/Mn(3)) 
and (M n(9)/M n(ll)), respectively.

Atom BV BVS Assignment
Mn(2J-0(55) 0.759 1.315 ^ , ■ 0 H

Mnt3)-0(55) 0.556
Mn(9)-0(63) 0.597 1.33 l x , - O H

M n(ll)-0(63) 0.733
An o x y g en  BVS in th e  ~ 1 .8 -2 .0 , ~ 1 .0 -1 .2 , and  ~ 0 .2 -0 .4  ra n ges is in d ica tiv e  o f  non-, s in g le -  and  d o u b le  p ro to n a tio n , 
resp ec tiv e ly . '2. i3
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Table 5.15 -  Selected bond angles |°| for compound 16.

Bond Angle (°) Bond Angle (°)

0f41-Mnfl]-0f31 93.6f51 0(41-M n(ll-0(ri 167.1(51
0f3>M nfl]-0fl") 92.5f51 0(31-Mn(ll-N(ll 177.7(51
0('4>Mnfll-Nfl') 87.9f51 0(71-Mn(21-0(51 175.9(61
Ofl'l-M nfll-Nfl] 86.4f51 0(581-Mn(31-0(551 172.3(51
0(14>M nfl>0fl81 95.9f61 0(351-Mn(41-0(371 152.4(51
Of4)-MnfH-Of311 95.9f5) 0(581-Mn(51-0(111 173.1(61
OfSl-MnfH-OfSll 101.9(5') 0(161-Mn(61-0(121 172.1(61
O fl'l-M nfll-O pil 94.U51 0(391-Mn(61-0(411 149.5(61
NflVMnfll-0f311 76.2f51 0(201-Mn(71-0(151 172.0(51
Of41-Mn(ll-Of331 82.3f5) 0(171-Mn(81-0(621 173.1(51
Of31-MnflVOf331 loy.Bfsi 0(521-Mn(91-0(461 175.6(51
0(Tl-Mnfll-0f331 85.0f51 0(47}-Mn(101-0(49} 150.4(61
Nfll-Mnfll-OfSSl 74.6f51
Of7')-Mnf2')-Of2') 87.6f51
Of2>Mnf21-Of33) 86.4f5')
Of57>Mnf3>Of581 81.US')
Of551-Mnf31-Of34') 98.8f51
Of55>Mnf31-Of401 83.0(4')
0f57')-Mnf41-0f37') 107.8(5')
Of58')-Mnf5>Ofl4') 95.0(5')
Of57>Mnf51-Of59') 94.1(5^
Ofl3>Mn(6>Ofl2') 94.3(61
Ofl2>Mnf6>Nf31 85.6(6')
0fl3>Mn(61-0f41') 113.2(6]
0[18)-Mnf7]-0(43] 114.9(51
0(151-Mn(71-0(451 101.4(51
Of61)-Mnf8>Of621 81.7(41
0(621-Mnf9>0f611 82.3(51
Of621-Mnf9>Of631 94.6(51
Of21VMnfl01-Nf51 85.4(51
OC62>MnflO>Of471 100.0(51
Of63')-MnfllVOf51') 95.8(51
Of24)-Mnfl2')-Nf61 84.4(81
Of30')-Mnfl2')-Of511 111.5(71
Of29'|-Mnfl2)-Of511 82.9(51
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5.7 CONCLUSION AND FUTURE WORK

A facile synthetic approach to high nuclearity manganese coordination complexes with 

unparalleled core structures has been developed. This approach involves comproportionation 

reactions between Mn" and is/in'^" salts in mixed ligand systems. These efforts successfully 

produced five novel manganese coordination complexes, 12-16 reaching Mn nuclearities of 

up to 24 in 16.

The approach employed organo-phosphonate or organo-arsonate as primary ligands in 

combination with dipicolinic acid as co-ligands. We found that the nature o f the organic 

ligands imparts an important role, influencing both the nuclearity and topology o f the 

product. This could be observed for the {Mng} and {Mn2 4 } clusters in 15 and 16 whereby the 

substitution o f the organo-arsonate ligands with organo-phosphonate ligands led to different, 

however structurally related compound.

The work described in this chapter underlines how small changes in the reaction conditions 

can result in a radical change in both the nuclearity and topology o f the product. Under this 

preview we found that modified oxidizing agents can give rise to new complexes. This was 

demonstrated for the {Mnsl-arsonate-dipicolinate cluster in 15 and the linear {Mna}- 

arsonate-dipicolinate cluster in 14 which form selectively depending if KMn0 4  or 

NaMn0 4  H2O are used during the synthesis.

A literature search revealed no record o f any polynuclear manganese complexes that are 

stabilized by dipicolinate/arsonate or dipicolinate/phosphonate ligands. Therefore the class of 

complexes generated here can be regarded as unprecedented. 12 is the first example o f a 

polymeric Mn-phosphonate-dipicolinate complex. It represents the first structurally 

characterized ID Mn-phosphonate-dipicolinate polymer with distinctive ladder-type 

arrangement o f the repeating mixed-ligand-Mn units. The field dependence o f magnetization 

o f 12 reveals a canted antiferromagnetic order with a hysteresis M  V5. H loop below 5 K. No 

significant ac susceptibility signal was detected below 13 K suggesting an extremely small 

canting angle in the canted anti ferromagnetic phase. 13 is the result o f substituting 

phenylphosphonic acid and NaM n0 4 .H2 0  in 12 with methylphenylarsonic acid and KMn04, 

respectively. 14 is the first example o f a trinuclear Mn-dipicolinate complex that is further 

stabilized by organo-arsonate ligands.
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Our studies further reveal that a combination of arsonate or phosphonate plus dipicolinate 

ligands gives rise to unsymmetrical or bent structures. We found that in these systems, K* 

ions have the tendency to organize the resulting building units into ring and wheel structures; 

the ions may be regarded as templates that promote the formation of these high-nuclearity 

clusters. An example of this is represented by 15. The compound contains an octanuclear 

cluster in which two bent tetranuclear units assemble around a central alkali metal ion. 

Another example is represented by 16, a wheel-shaped {Mn24} cluster derived from four bent 

hexanuclear units that are organized around two central ions. This observed effect 

distinguishes the here reported compounds from the structures discussed in chapter 2 where 

C r ions gave rise to structure-directing influences. The role of the structure-influencing role 

of ions in the {Mng} and {Mn24} clusters in 15 and 16 motivated us to employ other alkali 

ions, e.g. Cs^ and Na^ ions to modify the nuclearity of the ring structures. However, all our 

efforts failed to produce any phase-pure products containing crystals of appropriate size 

suitable for single-crystal X-ray diffraction analysis.

The discovered {Mn24} cluster is one of the largest Mn coordination clusters reported so far. 

The highest nuclearity is observed in a {Mns4} cluster;'^ {Mnyo},''^ (Mn44},'^ {Mn4o},̂ ® 

{Mn32}. '̂ {Mn3o},^  ̂ {Mn2g},^  ̂ {Mn26} '̂* and {Mn25}^ '̂^* represent reported coordination 

clusters that contain a larger number of Mn centres than the here presented {Mn24} specie. 

The ring-shaped {Mns} cluster in 15 is also remarkable. The {Mnu}-arsonate cluster 

reported in chapter 2 and this {Mns} specie represent the largest Mn-arsonate coordination 

clusters reported to date.

Preliminary studies of the magnetic properties of 15 and 16 reveal dominant 

antiferromagnetic interactions between the spin centres and non-zero spin ground states. The 

spin ground state of these compounds could not be conclusively determined based on the xT  

vs. T data. The magnetization for both compounds is not saturated at ca. 2 K at 7 T ( 14.5 |xb 

for 15 and 85.4 |ib for 16) suggesting the presence of magnetic anisotropy and low lying 

excited states. The complex structure, mixed valence nature and the possible valence disorder 

significantly hampers the interpretation of the magnetic properties of 16. Further analyses 

(possible EPR data) are required.

Future work may exploit the possibility of generating high nuclearity clusters by further 

varying the here presented synthetic approach and using different organo-arsonate, - 

phosphonate and carboxylate ligands. The observation of ring and wheel structures in the
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here investigated systems is remarlcable and the role o f positively charged counterions as 

structure-directing agents may deserve further investigation.

5.8  OVERALL CONCLUSION

Chapter I o f this thesis introduces the reader to the subject area and gives an overview o f the 

recent developments in the field.

Chapter 2 describes the structures and physicochemical properties o f some novel Mn 

coordination clusters stabilised by organo-phosphonate or -arsonate ligands. We initially 

aimed to understand the hydrolytic condensation processes that occur during cluster 

formation and to investigate whether these ligands could be used to control hydrolytic 

processes and generate high nuclearity Mn-arsonate/phosphonate clusters. Indeed, it was 

found that the unique tetrahedral geometry and strong coordination ability o f these ligands 

upon binding with metal ions influence the topology and nuclearity o f the resultant species. 

We obtained four polynuclear Mn phosphonate/arsonate clusters with nuclearity ranging 

between 12 and 15 and a grid-like 2D Mn phosphonate polymer. In the coordination clusters, 

the Mn ions are bridged through donor atoms o f the phosphonate and arsonate ligands 

possibly giving rise to antiferromagnetic or ferromagnetic interactions between the Mn 

centres or produce other magnetically interesting materials such as single molecule magnets 

as confirmed in the highest nuclearity {Mm.s} phosphonate cluster herein reported. The 

{Mm5 } cluster exhibits single molecule magnet behavior with a high spin ground state o f 5  = 

17/2. The {Mni3 }-arsonate cluster obtained is also remarkable as it happens to be the largest 

Mn-arsonate coordination cluster to date.

In chapter 3, it was originally planned to use dipicolinic acid as a co-ligand in organo- 

phosphonate and -arsonate stabilised reaction systems in order to explore the possible 

bidentate, tridentate and bridging coordination modes o f the ligand. In our system, we 

observed that the ligand preferentially occupies the meridional sites in an octahedral 

coordination environment. This defined binding behaviour leaving three sites for 

condensational growth can be exploited to prepare Mn coordination complexes and clusters 

with unique topologies. In this chapter three Mn coordination complexes that are exclusively 

stabilised by dipicolinate ligands are described. A literature search reveals that only a few Mn 

dipicolinate complexes have previously been reported.'-^- One o f the clusters reported 

here happens to be the largest Mn-dipicolinate complex to date, consisting o f  co-crystallising
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tri- and heptanuclear complexes. The chapter gives a general idea o f the three novel 

complexes obtained with special emphasis on the binding modes o f the dipicolinate ligand.

A further aspect o f this work was concerned with exploring the possibility o f generating Mn 

coordination clusters that would incorporate both primary and co-ligands. We utilised a 

redox approach and used phosphonate and picolinic acid as primary and co-ligands, 

respectively to produce Mn-phosphonate-picolinate clusters. Surprisingly, picolinic acid has 

never been employed as a co-ligand to stabilise Mn-phosphonate clusters and Mn-picolinate 

clusters are rare in the literature. Picolinic acid unlike dipicolinic acid has only one 

carboxylic acid functionality which could result in different binding modes to that of 

dipicolinic acid. As it can bind through the N and O atoms to the central metal ions, it was 

anticipated that it would occupy two o f the Mn coordination sites leaving the remaining sites 

available for the phosphonate lig a n d s .In d e e d  in our systems, the picolinate ligands actually 

occupy two o f the six coordination sites o f the Mn ion through its O and N atoms while the 

available sites are occupied by the phosphonate l i g a n d s . A l t h o u g h  it was expected that 

the carboxylate moiety would have the ability to bridge between Mn centres, in our system, 

picolinate ligands perform as non-bridging ligands. We obtained three novel unique Mn- 

phosphonate-picolinate complexes in which the chloride ions act as //2-bridging ligands, 

occupying the Jahn-Teller sites and the Mn ions form triangular arrangements which could 

lead to magnetically attractive materials.

In chapter 5 o f this thesis, we aimed to use phosphonate/arsonate ligands as main ligands in 

combination with dipicolinic acid (instead o f picolinic acid) as a co-ligand. As for picolinic 

acid, no record o f Mn-arsonate/phosphonate-dipicolinate cluster was found in the literature. It 

was intended to use dipicolinic acid to modulate some o f the Mn-phosphonate and Mn- 

arsonate structures generated in chapter 2 and to investigate whether small changes in the 

reaction condition could give different cluster topologies. Our main target was to explore the 

possibility o f generating higher nuclearity Mn clusters that could function as single molecule 

magnets or possess other interesting magnetic properties. As observed in chapter 3, the 

dipicolinate ligand functions as a bidentate, tridentate, and/or bridging ligand, depending on 

the reaction conditions. We took advantage o f its propensity to occupy meridional binding 

sites in octahedral complexes to direct the formation o f four interesting polynuclear Mn- 

arsonate/phosphonate-dipicolinate clusters and attained nuclearity o f up 24. We also obtained 

a unique ladder-like ID polymeric Mn-phosphonate-dipicolinate complex whose magnetic 

data revealed a canted antiferromagnetic order. The highest nuclearity cluster, {Mn24}
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belongs to the class of high nuclearity Mn clusters reported in the literature. Likewise, the 

{MnsJ cluster in this chapter and the {Mni3}-arsonate cluster reported in chapter 2 represent 

the highest nuclearity Mn-arsonate coordination clusters to date. The magnetic properties of 

the {Mn24} and {Mng} clusters reveal dominant antiferromagnetic interactions between the 

spin centres and non-zero spin ground states. This chapter describes the synthesis, structures 

and physicochemical characterisation of these novel Mn-arsonate/phosphonate-dipicolinate 

complexes.
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CHAPTER 6

EXPERIMENTAL
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6.1 MATERIALS AND METHODS

6.1.1 Reagents

All the chemicals and solvents used in this project were o f analytical grade and were 

purchased from Sigma-Aldrich Ltd., Fluka Chemica-Biochemica (U.K.) and ABCR GmbH & 

Co. KG (Germany) and were used as received without further purification unless otherwise 

stated. Water was deionised before use.

6.1.2 Elemental Analysis

Elemental analyses were performed using an Exeter Analytical CE 440 at the analytical 

laboratory. University College Dublin. Belfield.

6.1.3 Infrared Spectroscopy

Infrared spectra w'ere recorded on a PerkinElmer Spectrum One FT-IR spectrometer using a 

universal Attenuated Total Reflectance (ATR) sampling accessory. All data were collected 

and processed by Spectrum vS.O.l (2002 PerkinElmer Instrument LLC) software. The scan 

rate was 16 scans per minute with a resolution o f 4 scans in the range 4000-650 cm"'. The 

acronyms used to describe the intensities are vs, very strong; s, strong; m, medium; w, weak; 

vw. very weak; sh, shoulder; br, broad and vbr, very broad.

6.1.4 Ultraviolet -  Visible Spectroscopy

UV/vis spectra were recorded in the range 200-800 nm on a Cary 300 Scan 

spectrophotometer at 20 °C with quartz cells o f 1 cm path length.

6.1.5 Thermogravimetric Analysis

Thermogravimetric analysis was carried out with a Perkin Elmer Pyriss ITGA in air using ca. 

2 mg sample at a heating rate o f 10 °C/min in the range 25-900 °C. The instrument was 

calibrated to Ni and Fe standards in air.
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6.1.6 Single Crystal X-ray Diffraction

The single crystal x-ray analyses of all the compounds described in this thesis were either 

carried out by me. Dr Brendan Twamley or Dr Tom McCabe with a Bruker SMART APEX 

CCD diffractometer, a Rigaku Satum-724 diffractometer or a Bruker APEX2 Duo 

diffractometer.

The Bruker SMART APEX CCD and the Rigaku Satum-724 diffractometers employ a 

graphite-monochromated Mo-Ka radiation (k = 0.71073 A) source, while the Bruker APEX2 

Duo utilises two radiation sources, a Mo-Ka source and a high intensity Cu-Ka source (A. = 

1.5418 A) generated from a micro-focus anode. The Cu source was particularly used for the 

analysis o f very small crystals. The omega and phi scans method was used to collect either a 

full sphere or hemisphere of data for each crystal with a detector to crystal distance of either 

5 or 6 cm. The data sets collected from the Bruker SMART APEX CCD diffractometer were 

processed and corrected for Lorentz and polarisation effects using SMART' and SAINT- 

PLUS^ software. The structures were solved using direct methods with the SHELXTL^ 

program package. The data sets from the Rigaku Satum-724 diffractometer were collected 

using Crystalclear-SM 1.4.0 software. Data integration, reduction and correction for 

absorption and polarisation effects were all performed using the Crystalclear-SM 1.4.0 

software."' Space group determination, structure solution and refinement were obtained using 

the Crystalstructure ver.3.8 and the Bruker SHELXTL^ software. Datasets collected on the 

Bruker APEX2 Duo were processed and the structures solved using Bruker APEX v2011.8-0 

software.^

All atoms except H atoms were refined anisotropically. Hydrogen atoms (excluding water) 

were assigned to calculated positions using a riding model with appropriately fixed isotropic 

thermal parameters. The SQUEEZE/PLATON program was used in the structural refinement 

in the case where there were a large number of solvent molecules disordered within the 

structure.^

6.1.7 Magnetic Measurements

All the magnetic data collection were performed and analysed by Prof. Rodolphe Clerac at 

Centre de Recherche Paul Pascal (CRPP), Pessac, France. The magnetic susceptibility 

measurements were obtained with the use of a Quantum Design SQUID magnetometer 

MPMS-XL and susceptometer PPMS-9. The MPMS-XL magnetometer operates between 1.8
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and 400 K for dc applied fields ranging from -7 to 7 T. Measurements were performed on 

polycrystalline samples. ac-Susceptibility measurements were performed with an oscillating 

ac field of 3 Oe with a frequency between 1 to 1500 Hz or 1 Oe with a frequency between 10 

to 10000 Hz (PPMS-9). The magnetic data were corrected for the sample holder and the 

diamagnetic contributions.

6.2 SYNTHESIS OF THE METAL COMPLEXES

6.2.1 Synthesis of [K2(H2 0 ) 2Mn"(PhP0 3 H2)4 (PhP0 3 H)4]oo (1)

MnCl2 *4 H2 0  (0.198 g, 1 mmol), KMn0 4  (0.040 g, 0.025 mmol), dipicolinic acid (0.084 g. 

0.05 mmol) and phenylphosphonic acid (0.095g, 0.06 mmol) were dissolved in 20 mL 

CH3CN under stirring for 5 h at room temperature (RT). Within two weeks, light brown 

block crystals o f 1 crystallised. Yield ~ 10%. FT-IR (cm“') Vmax: 3350(b), 161 l(vs), 1444(m). 

1376(m), 1249(w), 1142(w), 1082(w), 917(w), 766(m). Compound 1 co-crystallises with a 

white un-identified microcrystalline powder. Crystals of 1 were separated manually.

6.2.2 Synthesis of [Mn"'i2(Ai3-0)6(CH30H)2(H20)4(C6H5P03H)9(C6H5P03)6] 
(C5H4NO)Cl2 1 8 H2O (2)

A mixture of MnCh ^HiO (0.198 g, 1.000 mmol), KMn0 4  (0.040g, 0.025 mmol), 

phenylphosphonic acid (0.095 g, 0.06 mmol) and hydroxypyridine (0.048 g, 0.05 mmol) 

were dissolved in 20 mL CH3OH under vigorous stirring for 5 h at room temperature. Brown 

block crystals were obtained during a time period of two weeks. Yield ~ 41%. Anal. Calc. 

C9 7 Hi4 oCl2 Mni2N 0 7 6 Pi5 , Expected: C% = 31.22, H% = 3.78, N% = 0.38. Found: C% = 

30.90, H% = 2.69 N% = 1.22. FT-IR (cm '') Vmax: 3345(b), 1614(vs), 1519(m), 1428(m), 

1142(m), 1091(m). 958(b), 852(s), 712(m), 694(m). UV/Vis (CH3 CN): W  (e) = 280 (440 L 

moL' cm"'), 480 nm (4000 L mol"' cm"').

6.2.3 Synthesis of [Mn'''i2(Ai3-0)6(H20)6(CH3P03H)7(CH3P03)8]Cl 9 H2O (3)

MnCl2 '4 H2 0  (0.198 g. 1.000 mmol), NaMn0 4 .H2 0  (0.040g, 0.025 mmol), methylphosphonic 

acid (0.058 g, 0.06 mmol) and dipicolinic acid (0.0840 g, 0.05 mmol) were dissolved in 20 

mL CH3 OH under vigorous stirring for 5 h at room temperature. Brown block crystals were 

obtained during a time period of two weeks. Yield ~ 10%. Anal. FT-IR (cm~') Vmax: 

3285(vbr), 3170(vbr), 2952(br), 2870(br), 1668(m), 1632(m), 1479(m), 1394(w), 1363(w),
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1020(sh), 960(vs), 832(m). Compound 3 co-crystallises with a white un-identified 

microcrystalline powder. Crystals of 3 were separated manually.

6.2.4 Synthesis of [Mn"Mn">i2Q/4-0)8(//4-Cl)6(PhAs03)8]-xH20-xCH3CN (4)

A sample o f 0.198 g of MnCl2 ‘4 H2 0  (1.000 mmol), 0.040 g of KMn0 4  (0.025 mmol), 0.120 

g of phenylarsonic acid (0.06 mmol) and 0.045 g of phenanthroline (0.25 mmol) were 

dissolved in 20 mL CH3OH under vigorous stirring for 5 h, filtered and left undisturbed at 

room temperature. Brown block crystals were obtained during a time period of two weeks. 

Yield ~ 37%. Anal. Calc, for Mni3Cl6C4 8H4oAs8 0 3 2 , Expected: C% = 21.71, H % = 1.52, N% 

= 0.00. Found: C% = 21.96, H%= 1.84, N% = 0.07. FT-IR (cm"') Vmax: 3067(vbr), 1581(S), 

1519(vs), 1429(s), 1313(m), 1262(m), 1152(w), 876(m), 851(m), 787(vs).

6.2.5 Synthesis of [[Mn''3Mn'"i2(A/3-O)2(|i4-O}6Qi2-CH3O)4(CH3OH)20BuPO3H2)2 
O B u P 0 3 ) io (//4-C1)2] (C 5 H 6 N 2 )2 -8 H 2 0  (5)

MnCl2 -4 H2 0  (0.198 g, 1.000 mmol), KMn0 4  (0.040 g, 0.025 mmol), tertbutyl phosphonic 

acid (0.138 g. 1 mmol), 2-amino pyridine (0.188 g, 2 mmol) and Cr0 3  (0.01 g, 0.1 mmol) 

were dissolved in 25 mL CH3OH under vigorous stirring for 5 h, filtered and left undisturbed 

at room temperature. Brown block crystals were obtained during a time period of two weeks. 

Yield ~ 10%. FT-IR (cm"') Vmax: 3342(vbr), 3054(vbr), 1645(s), 1520(w), 1484(w), 1439(m). 

1344(m), 1094(w), 1050(w), 978(s), 750(w), 723(m), 691(m). Compound 5 co-crystallises 

with a white un-identified microcrystalline powder. Crystals of 5 were separated manually.

6.2.6 Synthesis of [MnCl(dipic)(H20)2] (6)

The following reagents: MnCl2 '4 H2 0  (0.198 g, 1.000 mmol), CsMn0 4  (0.128 g, 0.05 mmol), 

phenylphosphonic acid (0.095 g, 0.6 mmol) and dipicolinic acid (0.085 g, 0.5 mmol) were 

stirred for 5 h in 20 mL CH3CN, filtered and left undisturbed at room temperature. 

Rectangular block blue crystals of 6  formed within two weeks. The crystals were filtered and 

dried in air and characterised by X-ray diffraction measurements. Yield ~ 45%. Anal. Calc, 

for MnClCvHvNOb, Expected: C% = 28.84, H% = 2.42, N% = 4.80. Found: C% = 28.29, 

H%= 1.98, N% = 4.24. FT-IR (cm"') Vmax: 3489(b), 3429(b), 1635(s), 1592(s), 1440(s). 

1381(s), 1286(m), 1156(s), 1080 (s), 826(s), 677(m).
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6 .2 .7  Synthesis o f {K2(H20)2[Mn'"6(dipicolinate)2(dipicH)4]Cli2]{K2(H20)2[Mn'"6 
(dipicolinate)4(dipicolinateH)2]Cli2][Mn"(H20)2(CH3CN)2]oo-14H20-6CH3CN (7 )

The sam e synthetic procedure as for 6  was used except that 1,2-ethanebisphosphonic acid 

(0 .1 14g, 0.06 m m ol) was used instead o f  5,6-dim ethylbenzotriazole. Rectangular dark blue 

crystals o f  7 crystallised w ithin two weeks.Yield ~  38%. Anal. Calc, for 

CiooHio6Cl24K4 M ni3N 2o0 6 8 , Expected: C%  -  27.31, H% = 2.43, N%  = 6.37. Found: C % =  

28.36, H% = 2.43, N%  = 4.45. FT-IR (cm "') Vmax: 3416(vbr), 3307(vbr), 1675(vs), 1632(vs). 

1472(m), 1429(m), 1321(vs), 1088(vs), 919(s), 770(s), 673(s).

6 .2 .8  S y n th e s is  o f  [M n" 2 C e '''2 ( d ip ic ) 6 ]-4 H 2 0  ( 8 )

M nC b-4 H 2 0  (0.198 g, 1.000 m m ol), CeCl3.6H20(0.093 g, 0.25 m mol), N aM n0 4 .H2 0  (0.039 

g, 0.25 m m ol), methyl arsonic acid (0.083 g, 0.6 m mol), dipicolinic acid (0.084 g, 0.05 

m mol) were stirred for 5 h under stirring in 20 mL CH3CN, filtered and left undisturbed at 

room tem perature. Rectangular light brown crystals o f  8  crystallised w ithin two weeks. Yield 

~  12%. FT-IR (cm -') Vmax: 3425(vbr), 3322 (vbr), 2652(vbr), 2275 (br), 1595(s). 1499 (m), 

1446 (m). 1400(m), 1187 (3), 1096 (vs), 863 (m), 764 (vs). UV/Vis (CH 3 OH): W  (e) =280 

nm (25000 L mol"' cm '') . Com pound 8  co-crystallises with a white un-identitled 

m icrocrystalline powder. Crystals o f  8  were separated manually.

6 .2 .9  S y n th e s is  o f  [M n '"3(C H 3P 03)2(p ico lina te)3 (H 20)3C l2] CH 30H -8H 20 (9 )

M nCl2 ' 4 H 2 0  (0.198 g, 1.500 m m ol), N aM n 0 4 'H 2 0  (0.040 g, 0.250 mmol), 

m ethylphosphonic acid (0.058 g, 0.600 m m ol) and picolinic acid (0.063 g. 0.500 m m ol) were 

dissolved in C H 3 OH (20 mL) at room  tem perature and stirred for 5h. The resulting dark 

brown solution was filtered and left undisturbed for slow evaporation. Brown block crystals 

were obtained w ithin a tim e period o f  fourteen days. Yield ~  31%. Anal. Calc, for a dried 

sample with the expected form ula C 2 iH4 2Cl2M n3N 3 0 2 9 P2 , Expected: C%  = 24.72. H% = 4.35, 

N%  = 4.12. Found: C%  = 22.87, H% = 2.45, N%  = 3.68. FT-IR (cm “') Vmax: 3332(vbr), 

1670(vs), 1607(s), 1453(m), 1337(m), 1291(m), 1073(sh), 1012(vs), 859(m), 761(m). 

657(m).
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6.2.10 Synthesis of ([{Mn"(H20)4Cl}{Mn'"3(H3-0)(n2-Cl)3(picolinate)3(CH3P03)] 
11H2O (10)

The same synthetic procedure as for 9 was used except that KMn0 4  (0.040 g, 0.250 mmol) 

instead of NaMn0 4 'H 2 0  was used and the reaction was carried out in CH3 CN (20 mL). Small 

black inter-grown crystals were obtained within two weeks in low yield o f == 10%. Anal. 

Calc, for a dried sample with the expected formula C38H4 4ClgMn8N6 0 2 7 P2, Expected: C% = 

25.33, H% = 2.46, N% = 4.66. Found; C% = 26.94, H% = 2.39, N% = 4.88. FT-IR (cm“') 

Vmax: 3330(vbr), 1669(s), 1607(s), 1453(m), 1337(m), 1079(s, br), 1013(s, br), 685(m), 

657(s).

6.2.11 Synthesis o f [H30][Mn'"7(BenzylP03H)4(BenzylP03)4(picoIinate)4(/i3- 
0 ) 2Cl2 (H2 0 ) 2]- ca. I 6 H2O (11)

The same synthetic procedure as for 9 was used except that benzyl phosphonic acid (0.103 g, 

0.600 mmol) instead of methyl phosphonic acid was used and the reaction was carried out in 

a mixture of CH3CN/CH3OH (10/10 mL). Brown block crystals of 11 formed within ten 

days. Yield ~ 33%. Anal. Calc, for a dried sample with the expected formula 

C8oHi2 3 Mn7N4 0 5 7 P8Cl2 , Expectedi C% = 35.85, H% = 4.17, N% = 2.09. Found: C% = 34.59, 

H% = 2.99, N% = 2.67. FT-IR (cm"') Vma.x: 3335(vbr). 1671(s), 1607(s), 1485(m). 1453(m). 

1337(m), 1258(m), 1071(sh), lOlO(vs), 859(m), 715(m), 685(m), 657(m).

6.2.12 Synthesis o f {(H30)[Mn‘"(C6H5P03)(dipicolinate)]-5(H20)}cx) (12)

MnCl2 -4 H2 0  (0.198 g, 1.000 mmol), NaMn0 4 .H2 0  (0.040 g, 0.250 mmol), 

phenylphosphonic acid (0.095 g, 0.6 mmol) and dipicolinic acid (0.085 g, 0.5 mmol) were 

dissolved in water (20 mL) under stirring for 5h. The mixture was filtered and left 

undisturbed at room temperature. Rectangular light red crystals formed within two weeks. 

Yield ~ 40%. Anal. Calc, for CuHisMnNOioP, Expected: C% = 32.18, H% = 4.36, N% = 

2.89. Found: C% = 31.85, H% = 2.74, N% = 2.75. FT-IR (cm"') Vmax: 3416(vbr), 3307(vbr), 

3089(vbr). 1674(vs), 1631 (vs), 1472(m), 1430(m), 1321(vs), 1144(s), 1088(vs), 919(s), 

753(s), 672(m).
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6.2.13 Synthesis o f [Mn"*(CH3PhAs03H2)2(dipicolinate)Cl]-6H20 (13)

MnCl2-4H20 (0.198 g, 1.000 mmol), KMn04 (0.039 g, 0.250 mmol), methylphenylarsonic 

acid (0.129 g, 0.6 mmol) and dipicolinic acid (0.085 g, 0.500 mmol) were dissolved under 

stirring in water (20 mL), at room temperature. The reaction mixture was stirred for 5h, 

filtered and left undisturbed for slow evaporation. Reddish-brown block crystals were 

obtained during a time period o f two weeks. Yield ~ 41%. Anal. Calc, for 

C2 iH2 iAs2ClM nNOi3 , Expected: C% = 31.62, H% = 4.42, N% = 1.76. Found: C% = 31.11, 

H% = 2.59, N% = 1.64. FT-IR (cm“') Vma.x: 3268(vbr), 2307(br), 1622(vs), 1576(vs), 1429 

(m), 1377(s), 1279(m), 1188(m), 1091(m), 1036(w), 802(vs), 729(m), 676(m).

6.2.14 Synthesis of [Mn'"3Cl2(C6H5As03H)4(dipicoIinateH)(dipicoIinate)]-5H20- 
3CH3CN (14)

MnCl2-4H20 (0.198 g, 1.000 mmol), CsM n0 4  (0.063 g, 0.250 mmol), phenyl arsonic acid 

(0.121 g, 0.600 mmol) and dipicolinic acid (0.084 g. 0.500 mmol) were dissolved under 

stirring in CH3CN (20 mL) at room temperature. The reaction mixture was stirred for 5h, 

filtered and left undisturbed for slow evaporation. Rectangular, dark blue block crystals were 

obtained within fourteen days. Yield ~ 41%. Anal. Calc, for C44H5oAs4CbMn3025N5, 

Expected: C% = 33.36, H% = 3.18, N% = 4.42. Found: C% = 33.73, H% = 2.18. N% = 4.73. 

FT-IR (cm -') Vmax: 3331(vbr), 3200(vbr), 2879(br), 1587(vs), 1439(s), 1373(s), 1280(m), 

1189(m), 1016(m), 910(m), 813(m), 720(m), 699(m), 659(w). UV/Vis (CH3 OH): Xmax (s) = 

260, 270, 290, 400 nm (e =2800, 3000 and 2400, 200 L mol"' cm’’, respectively).

6.2.15 Synthesis o f [(H20)2[Mn'"8(jU2-0H)2(CH30H)2(C6H5As03)4(C6H5As03H)6 
(dipicolinate)4]C118H20-4CH30H (15)

The same synthetic procedure as for 14 was used except that KMn04 (0.039 g, 0.250 mmol) 

instead o f CsMn04 was used and the reaction was carried out in CH3OH. Rectangular red 

brown crystals were obtained within one week. Yield ~ 64%. Anal. Calc, for a dried sample 

with the expected formula C9 4H i34AsioClKMn8N 4 0 7 4 , Expected: C % = 29.97 H% = 3.59 N% 

= 1.49 Cl% = 0.94. Found: C% = 29.63 H% = 2.02 N% =1.21 Cl% = 1.06. FT-IR (cm '')  

Vmax: 3356(vbr), 3066(vbr), 1621(vs), 1440(m), 1427(s), 1387(m), 1279(w), 1186(m), 

1087(w), 802(vs), 731(w), 684(m).
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6.2.16 Synthesis of {K2(H2O)2[Mn'V4Mn"'20(/i3-O)4(Ai2-OH)4(Ai2-CH3O)4(H2O)8 
(C6H5PO3)20(C7H3NO4)i2][Mn"(H2O)6]}-36H2O (16)

The same synthetic procedure as for 15 was used except that phenyl phosphonic acid (0.095 

g, 0.600 mmol) instead of phenyl arsonic acid was used. Reddish brown block crystals were 

obtained after one week. Yield ~ 48%. Anal. Calc, for a dried sample with the expected 

formula C208H256Mn25P20K2Oi72Ni2, Expected; C% = 32.25, H% = 3.33, N% = 2.17. Found: 

C% = 31.74, H% = 2.70, N% = 2.33. FT-IR (cm”') Vmax: 3245(vbr), 1622(s), 1487(w), 

1390(m). 1281(m), 1135(m), 970(vs), 752(m), 720(m), 679(s).
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Appendix 1

Crystallographic Tables for compounds 1 to 16

Table 1- Crystal data and structural refinement parameters for 1.

Empirical formula

Formula w eight/gm ol^
Tem pera tu re /K

Crystal system

Space group

a /A

b /A

c /A

a /°

P/°

Y/°
Volume/A^

Z
pcaicmg/mm^

F(000]

Crystal size/m m ^
Radiation
20  range for data collection 

Index ranges 

Reflections collected 
Independent reflections 

D a ta /restra in ts /p aram eters  
Goodness-of-fit on F‘̂

Final R indexes [I>=2a (I)] 
Final R indexes [all data] 

Largest diff. peak/hole  /  e A'^

C 4 s H 5 6 K 2 M n 0 2 6 P 8

1429.88

99.94

triclinic

P-1

7.8010(3]

12.0929(4)

16.9120(6)

74.185(2)

83.195(2)

86.405(2)

1523.44(9)

1

1.558

735.0

0.40 X 0.40 X 0.40 

CuKa (A^ 1.54178)
5.46 to 61°
- 4 < h < 8 , - 1 2 <1 <<1 3 , - 1 8 < 1 < 1 8  

9660

4420 [Rint = 0.0391, Rs.gma = 0.0520]

4 4 2 0 /0 /3 9 5
1.090

Ri = 0.0579, w R2 = 0.1552 

Ri = 0.0587, w R2 = 0.1563  

1.59/-0.75
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Table 2 - Crystal data and structural refinement parameters for 2.

Empirical formula 
Formula wcight/gm ol’ 
Temperature/K  
Crystal system 
Space group 
a/A
b/A
c/A
a /°

P/°
y / °
Volume/A^
Z
pcaicg/cm^

n / m m ‘
F(OOO)
Crystal size/mm^
Radiation
20 range for data collection/” 
Index ranges 
Reflections collected 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on 
Final R indexes [l>=2a (I]] 
Final R indexes [all data] 
Largest diff peak/hole /  e A-̂

C 9 7 H l4 0 C l2 M n i2 N O 7 6 P l5

3730.89
100.01
monoclinic
P2i/c
12.786(4)
32.551(11)
34.689(11)
90
94.197(6)
90
14398(8)
88
2.075
27.313
8712.0
0.05 X 0.05 X 0.01 
CuKa (X= 1.54178)
3.726 to 54.604
-7 < h < 7,-19 < k <  18,-20 <1 <20  
22090
3177 [Rint = 0.2064, Rsigma = 0.1208]
3177 /0 /916
1.083
Ri = 0.0867, w R2 = 0.2292 
R i = 0.1281, w R2 = 0.2708 
0.89/-0.44
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Table 3- Crystal data and structural refinement parameters for 3.

Empirical formula
Formula weight/gmol'*
T em perature/K
Crystal system
Space group
a /A
b /A
c/A

ar
p /°
Y/°
Volume/A^
Z
pcaicm g /m m 3

F(OOO)
Crystal size/m m ^
Radiation
2 0  range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
D ata /re stra in ts /p aram ete rs  
Goodness-of-fit on 
Final R indexes [l>=2a [1)] 
Final R indexes [all data] 
Largest diff. peak/hole  /  e A-3

C 2 l H 8 9 C l M n i 2 N 0 6 3 P l 5

2509.2
105(2)
rhom bohedral
R-3c
18.2256(7]
18.2256(7}
50.278(2}
90.00
90.00
120.00 
14463.3(10}
90
1.936
8100.0
0.03 X 0.02 X 0.02 
CuKa (A = 1.54178}
6.62 to 109.98°
-13 < h <  19,-19 < k <  1 9 ,-E 
13497
2012 [Rjnt = 0.0435, R.sigma =
2 0 1 2 /2 4 /1 9 2
1.046
Ri = 0.0577, w R2 = 0.1713 
Ri = 0.0601, w R2 = 0.1745  
1.20/-0.60

2 <1< 53 

0.0268]
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Table 4 - Crystal data and structural refinement param eters for 4.

Empirical formula C 4 8 H 4 0 O 3 2 C l 6 K M n i 3 A S 8

Formula w e ig h t/g m o l' 2655.1
Tem perature/K 103.75
Crystal system trigonal
Space group R-3c
a/A 15.6274(6)
b /A 15.6274(6)
c/A 58.567(2)
a /° 90.00

P/° 90.00

y / ° 120.00
Volume/A^ 12386.8(8)
Z 75
p c a i c m g / m m 3 2.488
F(OOO) 8700.0
Crystal size/m m ^ 0.40 X 0.40 X 0.40
Radiation MoKa (A = 0.71073)
20  range for data collection 3.08 to 47.1°
Index ranges -16 < h < 17, -17 < k < 17, -65 < 1 < 65
Reflections collected 35272
Independent reflections 2062 [ R in t  = 0.0437, Rsigma = 0.0161]
D ata /restra in ts /p aram eters 2 0 6 2 /1 5 /1 8 6
Goodness-of-fit on 1.070
Final R indexes [I>=2o (I)] R i  = 0.0331, w R 2  = 0.0982
Final R indexes [all data] R i  = 0.0409, w R 2  = 0.1015
Largest diff. peak/hole  /  e A ^ 0.69/-2.82
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Table 5 - Crystal data and structural refinement parameters for 5.

Empirical formula
Formula weight/gmol^
Temperature/K
Crystal system
Space group
a /A
b /A
c/A

a /°

3/°

y/°
Volume/A^
Z
Pcaicm g/m m 3

F(OOO)
Crystal size/mm^
Radiation
20 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on 
Final R indexes [I>=2o (I)] 
Final R indexes [all data] 
Largest diff. peak/hole /  e A ^

C 5 4 H l7 6 C l2 M n i5 0 6 6 P l2

3180.62 
293(2) 
monoclinic 
P2i/c 
17.984(4)
19.293(4)
26.533(8)
90.00
129.798(19)
90.00 
7073(3)
1
1.451
3142.0
0.50 X 0.40 X 0.50 
MoKa (A =0.71073)
3.62 to 51°
- 24 < h <  24,-26 < k <23,- 
62643
13103 fR in t = 0.0569, Rsigm^

13103/0/713
1.187
Ri =0.1073, w R2 = 0.2842 
Ri = 0.1165, w R2 = 0.2922 
2.11/-0.89

35<1<38 

, = 0.0631]
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Table 6 - Crystal data and structural refinement param eters for 6.

Empirical formula 
Formula weight/gm ol'^ 
T em perature/K  
Crystal system  
Space group 
a/A
b /A

c /A

a/°
P/°

Y/°
Volume/A^
Z
Pcakmg/mm^

F(OOO)
Crystal size/m m ^
Radiation
20 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
D a ta /restra in ts /p aram eters  
Goodness-of-fit on 
Final R indexes [l>=2o [1]] 
Final R indexes [all data] 
Largest diff. peak/hole  /  e A'^

C7H7CllVInN06
291.53
10 0 (2)
orthorhom bic
Pbcn
6.1224(3]
18.0557(9]
9.1828(4]
90
90
90
1015.11(8]
4
1.908
584.0
0.04 X 0.04 X 0.02 
CuKa (X= 1.54178]
9.796 to 104.846° 
- 4 < h < 6 , - 1 7 < k <  1 7 ,-9 : 
4507
541 [ R i n t  = 0.0424, R s i g m a  =
5 4 1 /0 /7 6
1.119
R i  = 0.0297, w R 2  = 0.0763 
R i  = 0.0341, w R 2  = 0.0791 
0.45/-0.47

< \ < 8

0.0247]
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Table 7 - Crystal data and structural refinement parameters for 7.

Empirical formula C l 0 0 H l 0 6 C l 2 4 K 4 M n i 3 N 2 0 O 6 8

M olecular w e ig h t/g m o l' 4397.48
T em perature/K 104(2)
Crystal system triclinic
Space group Pi
a/A 14.096(2)
b/A 14.956(3)
c/A 27.347(5)

o t / ° 75.360(4)

p/° 76.534(5)

y/° 63.495(4)
Volume/A^ 4943.5(14)
Z 2
P c a i c m g / m m 3 1.429
F(OOO) 2111.0
Crystal size/m m ^ 0.40 X 0.30 X 0.30
Radiation CuKa (X= 1.54178)
20 range for data collection 6.7 to 82.78°
Index ranges -11 < h <  12,-11 < k <  12 ,0  <
Reflections collected 6200
Independent reflections 6200 [ R in t  = 0.0000, Rsigma = 0
D ata /re stra in ts /p aram ete rs 62 0 0 /1 1 3 /1 0 0 0
Goodness-of-fit on 1.078
Final R indexes [I>=2o (1]] R i  = 0.0766, w R2 = 0.2092
Final R indexes [all data] R i  = 0.1050, w R2 = 0.2284
Largest diff peak/hole  /  e 0.70/-0.54
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Table 8 - Crystal data and structural refinement parameters for 8.

Empirical formula

Molecular w e ig h t/g m o l'
T em perature/K

Crystal system

Space group

a /A  

b /A  

c /A

a /°

P/°

y / °
Volume/A^

Z
pcakmg/mm3

F(OOO)

Crystal size/m m ^
Radiation

20 range for data collection 

Index ranges 

Reflections collected 

Independent reflections 
D ata /restra in ts /p aram eters  

Goodness-of-fit on 

Final R indexes [l>=2a (1)] 
Final R indexes [all data] 

Largest diff peak/hole  /  e

C 4 2 H 3 a C e 2 M n 2 N 6 0 3 4

1560.85

1 0 0 (2 )

triclinic

P-1

10.6706(10)

17.4242(18)

17.4862(16)

113.882(7)
99.261(5)

105.076(5)
2736.9(5)

2

1.960

1600.0

0.40 X 0.40 X 0.40 

MoKa (A = 0.71073)
4.06 to 51°

- 1 2 < h <  12,-21 < k <  21,-2 
39942

9730 [Rint  — 0.0620, Rsigma =

9 7 3 0 /1 8 /8 2 3
1.113

R i  = 0.0793, w R2 = 0.1937 

R i  = 0.1053, w R2 = 0.2214 

2.16/-2.25

1 < 1 < 2 1  

0.0576]
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Table 9 - Crystal data and structure refinement parameters for 9.

Empirical formula
Molecular weight/g mol '
Tempera ture/K
Crystal system
Space group
a /A
b/A
c/A

a/°
P/°
yr
V olum e/A^

Z
pcaicmg/mm^
F(OOO)
Crystal size/mm^
Radiation
20 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
D ata/restraints/param eters 
Goodness-of-Fit on 
Final R indexes [I>=2o (1}] 
Final R indexes [all data] 
Largest diff peak/hole /  e A'̂

C 2 l H 4 4 C l 2 M n 3 N 3 0 2 4 P 2

1020.25
1 0 0 (2)
triclinic
P-1
10.8801(16)
13.2311(18)
15.104(2)
69.427(3)
71.350(3)
70.444(3)
1867.1(5)
2
1.525
866.0
0.30 X 0.30 X 0.30 
MoKa (A =0.71073)
2.96 to 51°
- 1 2 < h < 1 3 , - 1 4 < k < 1 6 , - ]
15935
6887 [R in t = 0.0499, Rsigma =
6887/18/456
1.048
Ri = 0.0714, wR2 = 0.1858 
R, = 0.1132,wR2 = 0.2118 
2.10/-1.98

8<1< 18 

0.0750]
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Table 10 - Crystal data and structure refinement parameters for 11.

Empirical formula
Formula w eight/gm ol'
Tempera ture/K
Crystal system
Space group
a/A  

b/A  

c/A

a /°

P/°

y/°
Volume/A^

Z

Pcak(m g/m m 3)

F(OOO)
Crystal size/mm^
Radiation
20 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on 

Final R indexes [I>=2a (I)] 
Final R indexes [all data] 
Largest diff. peak/hole /  e A ^

CsoHniMnyN+OssPsCh
2732.17

100(2)
triclinic
P-1

11.411(3}
13.473(4}
17.875(5}

109.307(10)
101.465(11)
93.540(12}

2517.6(13}
1

1.601

1228.0
0.30 X 0.40 X 0.30 

CuKa (A = 1.54178}
5.38 to 60°
-13 < h <  10,-15 < k <  11,-20 <1< 19 
15548

7568 [R .nt = 0.0343, R.,igma = 0.0481]
7568/0/641
1.078

R i = 0.0627, w R2 = 0.1835 
R i = 0.0737, w R2 = 0.1926 
2.61/-1.22
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Table 11- Crystal data and structure refinement parameters for 12.

Empirical formula 
Formula weight/gmol'^ 
Temperature/K 
Crystal system 
Space group 
a/A
b/A
c/A

ar
p /°
Y/°
Volume/A^
Z
P c a lc g /C m 3

F(OOO)
Crystal size/mm^
Radiation
20 range for data collection/'' 
Index ranges 
Reflections collected 
Independent reflections 
Data/restraints/parameters 
Goodness-of-fit on 
Final R indexes [I>=2a (I)] 
Final R indexes [all data] 
Largest d if f  peak/hole /  e A'^

Ci3H2iMnNOi3P
485.22
100.05
orthorhombic
P2i2i2i
6.3355(2)
11.7355(4)
19.7023(8)
90
90
90
1464.87(9)
4
1.873
840.0
0.3 X 0.3 X 0.2 
CuKa (X= 1.54178)
8.77 to 132.374
-5 < h <  7,-12 < k <  13,-20 <1 <23 
10832
2434 [Rint = 0.0433, Rsigma = 0.0344]
2434/6/233
1.069
Ri = 0.0260, w R2 = 0.0648 
Ri = 0.0274, w R2 = 0.0656 
0.23/-0.30
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Table 12- Crystal data and structure refinement parameters for 13.

Empirical formula 
Formula w eight/gm ol'^ 
T em perature/K  
Crystal system  
Space group 
a/A
b /A  

c /A  

ar 
p / “
y / o

Volume/A^

Z
P c a lc g /C m 3

H /m m '
F(000]
Crystal size/m m ^
Radiation
20  range for data collection/” 
Index ranges 
Reflections collected 
Independent reflections 
D a ta /restra in ts /p aram eters  
Goodness-of-fit on 
Final R indexes [I>=2o (I)] 
Final R indexes [all data] 
Largest d iff peak/hole  /  e A'^

CziHssAszClMnNOie
797.74
1 0 1 (2 )

orthorhom bic
Pbcn
6.5656(4)
17.8888(9)
21.5346(11)
90.00
90.00
90.00 
2529.3(2)
4
1.806
8.625
1368.0
0.30x  0.30 x 0.20 
CuKa (A = 1.54178)
8.22 to 119.98
- 6 < h <  7 ,-20 < k < 1 8 , - 2 4 < l <  24 
11589
1875 [ R i n t  = 0.0740, R s i g m a  = 0.0514] 
1 8 7 5 /0 /1 6 7  
1.100
Ri = 0.0528, w R2 = 0.1226 
Ri = 0.0591, w R2 = 0.1256 
0.95/-0.91
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Table 13 - Crystal data and structure refinement parameters for 14.

Em pirical form ula C44H5oAS4Cl2Mn302sN5
Form ula w e ig h t/g m o l'i 1584.3
T em p era tu re /K 101.74
Crystal system m onoclinic
Space group P 2 i/n
a/A 16.623(3}
b/A 15.458(3)
c/A 20 .445(3)
a /° 90

P/° 105 .436(4)

y/° 90
Volume/A^ 5064 .1 (15)
Z 4
p c a i c g / c m 3 1.8454
H/mm*i 10.576
F(000] 2765.2
Crystal s ize/m m ^ 0.3 X 0.1 X 0.15
R adiation Cu Ka (X= 1 .54178)
2 0  range fo r d a ta  c o llec tio n /” 6.12 to 76.8
Index ranges - 1 3 < h <  1 2 ,-1 2  < k <  1 2 ,-1 6
Reflections collected 11154
In d ep e n d en t reflections 2601 [ R in t  0.0751, Rsigma = 0.
D a ta /re s tra in ts /p a ra m e te rs 2 6 0 1 /1 2 /5 8 0
G oodness-of-fit on 1.086
Final R indexes [I>=2a (I)] R i  = 0.0767, w R 2  = 0.1948
Final R indexes [all data] R i  = 0.0990, w R 2  = 0.2147
L argest diff. p e a k /h o le  /  e A'^ 2 .5 4 /-1 .1 2
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Table 14 - Crystal data and structure reflnement parameters for 15.

Empirical formula
Molecular w eight/g  m o l’
T em perature/K
Crystal system
Space group
a/A  
b/A
c/A

ar
p/°
y/°
Volume/A^
Z
praicmg/mm^

F(OOO)
Crystal size/m m ^
Radiation
20 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
D ata /restra in ts /p aram eters  
Goodness-of-fit on 
Final R indexes [l>=2o (1)] 
Final R indexes [all data] 
Largest diff peak/hole  /  e A ^

C 9 4 H l 3 4 A S l o C l K M n 8 N 4 0 7 4

3767.34
1 0 0 (2 )

monoclinic
C2/c
32.098(4)
13.8495(18)
31.596(4)
90.00 
93.699(5)
90.00 
14016(3)
4
1.763
7324.0
0.40 X 0.40 X 0.40 
CuKa (X= 1.54178)
5.52 to 92.62
-29 < h <  29 ,-10  < k <  12,-2 
29749
5596 [ R in t  — 0.1190, R sig m a  =

5 5 9 6 /0 /4 4 6
1.046
Ri = 0.1215, w R2 = 0.2956 
Ri = 0.1529, w R2 = 0.3207 
1.40/-1.48

9 < 1 < 2 9

0.0907]
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Table 15 - Crystal data and structure refinement param eters for 16.

Em pirical form ula C208H256Mn25P20K2Ol72Nl2
M olecular w e ig h t/g  m ol'i 7747.37
T em p era tu re /K 100.06
Crystal system o rth o rh o m b ic
Space g roup Pnn2
a/A 47 .920(9)
b/A 13.810(3]
c/A 25.552(5]

ar 90.00

p /° 90.00

Y/° 90.00
Volume/A^ 16910(6]
Z 2
pcaicmg/mm3 1.470
F(OOO) 7550.0
Crystal s ize/m m ^ 0.4 X 0.3 X 0.3
Radiation CuKa (A = 1 .54184)
2 0  range for d a ta  collection 3.68 to  117.5°
Index ranges - 4 8 < h < 4 0 , - 1 4 < k <  10,-:
Reflections collected 30239
In d ep en d en t reflections 16782 [Rint = 0 .0579, Rsigma
D a ta /re s tra in ts /p a ra m e te rs 1 6 7 8 2 /9 7 0 /1 6 2 2
G oodness-of-fit on 0.952
Finai R indexes [l>=2o (1)] Ri = 0 .0859, wR2 = 0.2187
Final R indexes [all data] Ri = 0 .1334, wR2 = 0.2492
Largest diff. p e a k /h o le  /  e A'^ 0 .9 0 /-0 .4 8
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A B S T R A C T

ELSEVIER

Rheological characteristics of linear copolymers of acrylamide (AM) and acryloyloxyethyltrimethyl ammonium chlo
ride (09), differing in molar mass and chemical composition, have been studied in distilled water (DW) and industrial 
water (IW) obtamed from a paper mill. For all copolymers, the shear viscosity, (i, was much lower as the ionic strength 
of the water increased, with near Newtonian behaviour observed at high ionic strengths. In DW, the polymer solu
tions were yield pseudoplastic. Comparison of the behaviour of all flocculants at the same shear rate in the two 
media was accomplished by modelling the rheological data.

The characteristics of the copolymers could be related with their flocculation performance in IW. The rate of 
flocculation in the IW was generally higher than in the DW. In general, flocculants with higher charge density were 
effective at lower concentrations exhibiting a lower value for the optimum PEL dosage. The flocculation data were 
supported with zeta potential measurements. In all cases floes break under shear with an inability to recover the 
floe size with time. Overall, the polyelectrolyte behaviour in flocculation as a function of molar mass, charge density 
and quality of the medium could be correlated. This is of particular importance for papermaking due to the modem 
tendencies for water closure.

© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords. Flocculation; Cationic polyelectrolyte; Copolymers; Rheology; Papermaking

1. Introduction

Flocculants are preferably charged polymers used to facil
itate separation processes. Cationic and anionic polymers, 
generally with molar masses above lO^g'moI, cause col
loidal m atter to aggregate, forming particles large enough 
to sediment under gravity or submitted to other driving 
forces. The overall environmental impact of flocculation is 
important for global sustainable development since the down
stream burdens associated with the water life cycle are 
also influenced. Cationic polymers usually involve quaternary 
ammonium compounds and protonated amines (Bourdillon 
et al,, 2006; Kemer, 1988; Chen, 1993; Mortimer, 1991; Ayol et al., 
2005).

In papermaking, the addition of flocculants is vital for con
trolling the equilibrium between the retention of fillers and

the drainage of water on the wet-end of the paper machine. 
Usually, these flocculants are cationic [ralyelectrolytes, which 
can also be combined with non-ionic polymers or inorganic 
micro particles. The entire process of papermaking is typi
cally performed under extremely harsh conditions. Thus, the 
initial properties of the flocculants could be subjected to mod
ification. Such severe conditions include turbulence, which 
could cause high shearing, temperature, pH and ionic content 
of the circulating water (Gregory, 1985; Berlin and Kislenko, 
1995; Berlin et al., 1997; Biggs et al., 2000). Hence, there is an 
important need for evaluating the behaviour and stability of 
polyelectrolytes under real process conditions. Such an evalu
ation was the aim of the study reported here, following studies 
from other authors which tried to relate the rheological prop
erties of PEL solutions with the cationic content of the aqueous 
media (Lauten and Nystrom, 1999; Rashidi et al., 2010).
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Fig. 1 -  Chemical structure of the
acrylamide/acryloyloxyethyltrimethylammonium chloride 
(AM/Q9) copolymers.

T he behav iour o f  som e com m ercially available flocculants 
w as stud ied  as a function  of th e ir  chem ical com positions 
and  m acrom olecu lar characteristics no t only in distilled w ater 
(DW), bu t also in a real industria l w ater (IW) from  a paper 
mill, since it is well know n th a t  th e  polyelectrolyte confor
m ation  d epends on th e  ionic co n ten t of th e  m edia (Jachimska 
e t a l ,  2010). S ubsequen t to th e  theological characterization , 
flocculation te s ts  w ere perform ed in DW and  IW. To su p 
port th e  corre la tion  of th e  polym er so lu tion  flow behaviour 
w ith  flocculation perform ance, the  chem ical com positions, 
m acrom olecu lar and  electrochem ical characteristics of the  
copolym ers w ere analysed.

2. Experimental

2.1. M aterials

T he cationic flocculants: Alpine-Floc™  El, Alpine-Floc™  E2, 
Alpine-Floc™  E4, and  Alpine-Floc™  G l, all copolym ers of 
acrylam ide (AM), and  acryloyloxyethyltrim ethyl am m onium  
chloride (Q9) w ere supplied  by AQUA + TECH (Switzerland) as 
em ulsions. The E series are linear copolym ers ob tained by 
copolym erizing m onom er batch  w eight com positions AM:Q9 
in 1:1 ratio  w hile G l w as obtained  from  AM:Q9 in 4:1 ratio. The 
chem ical s tru c tu re  o f the  copolym ers is schem atically  show n 
in Fig. 1.

The m edian  size of th e  precip ita ted  calcium  carbonate 
(PCC) particles w as 0.5 |i.m, m easured  w ith  Laser Diffraction 
Spectroscopy (IDS) (M astersizer 2000, Malvern Inst., UK).

2.2. Copolymer isolation and  solution p reparation

For th e  copolym er m acrom olecular characterization  by 
d ilu tion  v iscom etry  and  com position  analysis, th e  poly
electrolytes w ere iso lated  from  th e  em ulsions by repeated  
p recip itation  in acetone and re-d issolu tion  in w ater. After 
com plete evaporation  of acetone, th e  sam ples w ere gently 
dried re ta in ing  about 10% residual hum idity. The sam ple 
hum id ity  w as considered  for th e  final precise so lu tion  con
centration . The dry  co n ten t w as determ ined  gravim etrically 
by vacuum  drying a portion  of each sam ple for 72 h a t 45 "C in 
the  presence o f P2O5 .

Solutions for d ilu tion  viscom etry w ere p repared  w ith 
0.05 M an d  0.1 M NaCl as solvents. To avoid basic hydrolysis 
of the  e s te r  group (Babazadeh, 2006; Ochoa et al., 2007), the 
sam ples w ere dissolved in acidic w ater (pH 3.5 ad justed  w ith 
HCl) and th en  m ixed w ith  double co n cen tra ted  NaCl acidic 
solution (volume ra tio l:l) .

2.3. M ethods

2.3.1. Dilution uiscometry
The in trinsic  viscosity, [r;], of sam ples dissolved in 0.05 M and 
0.1 M NaCl w as determ ined  a t 20± 0 .1°C  using a Viscologic 
T il capillary viscom eter, capillary 0 .58m m  (Sem atech, Nice 
France), [ij] w as ob tained  as the  in tercep t from  plots according 
to Schulz and  Blaschke (1941) and  Huggins (1942).

2.3.2. Analysis o f the copolymer composition
The com positions o f th e  copolym ers w ere analysed by 
argentom etric titra tion  using a 736 GP Titrino (Metrohm, 
Switzerland). Potentiom etric titra tion  of AM/Q9 copolym er 
so lutions o f know n copolym er dry co n ten t directly yields the 
copolym er com position.

2.3.3. Characterisation 0/  the industrial uiater
The com position  of th e  IW collected from  the  pap er mill was 
analysed by the Atomic A bsorption techn ique (PerkinElmer 
3300, USA).

The conductivity  an d  pH w ere m easu red  w ith  a conductiv
ity m ete r (Crison Inst., Spain, Basic 30) an d  pH m e te r  (Hanna 
Inst., USA, 8417), respectively

2.3.4. Sam ples/or/iocculation tests
Solutions con tain ing  1 wt.% of th e  flocculants w ere prepared 
from  th e  original em ulsions w ith  DW and IW. Prior to use, 
the  IW w as filtered u n d e r vacuum  using  a 0.2 ^m  pore size 
m em brane, to rem ove traces of susp en d ed  m aterial. For all 
m edia, th e  flocculants w ere added drop-w ise, first to half of 
the  to tal volum e and shacken vigorously. Subsequently  the 
rem aining half of the w ate r w as added  gradually, shaken  till 
th e  so lu tion  becam e hom ogeneous, and  left over n ight before 
use. Solutions w ere freshly prepared daily.

S uspensions of 1 wt.% of the PCC w ere prepared  in DW and 
IW. The suspensions w ere first m ixed by m agnetic stirring 
and subsequently  son icated  a t 50 kHz for 15m in to obtain a 
good d ispersion  of th e  PCC particles T he pH of th e  PCC su s
pensions, p repared  under these conditions, was 7.5. The zeta 
p o ten tia l w as m easured  w ith  a Zetasizer ZS (Malvern Inst., 
UK) and  th e  values w ere -3 0 m V  and -3 7  mV in DW and IW, 
respectively.

2.3.5. Rheological m easurem ents
T em perature controlled rheological characteriza tions of all 
flocculants w ere carried o u t using  a Brookfield program m able 
v iscom eter DV-II+ w ith coaxial cylinders configuration. Spin
dle 18 w as used  for all m easu rem en ts, w hich w ere repeated  
five tim es. Each experim ental se t involved m easuring  the  so lu
tion  viscosity a t 25 and 40°C for a sh e ar ra te  range from  5 to 
264 s - i .

2.3.6. Flocculation experiments with £1 and G l in distilled 
and industrial uiater
The flocculation, deflocculation and reflocculation using El 
and  G l as flocculant, both in DW and  IW w ere carried out fol
lowing the  sam e procedure reported  by Rasteiro e t  al. (2008a,
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Table 1 -  C hem kal composition and intrinsic viscosity of the flocculants according to Huggins and Schulz-Blaschlce: [i;]h 
and  [/flsii (Ish: Muggins param eter, k<>B: bchulz-Blaschke parameter).
Sam ple Q9 (W t.% ) 0.05 M NaCl 0.1 M NaCl

[ i)1h  (mlVg) »!H (»;IsB (mI7g) k s B 1i)]h  (mUg) k H ( i ) l s B  (mlVg) k s B

El 45.5 2505 0.12 2515 0.11 1679 0.26 1692 0.21
E2 46.2 1558 0.20 1564 0.17 1304 0.30 1312 0.25
E4 46.5 1250 0.08 1250 0.08 808 0.28 810 0.25
G1 19.0 1510 0.51 1547 0.35 1154 0.81 1188 0.S3

2008b). LDS was used to m onitor the flocculation process. 
The PCC suspension was used for the flocculation tests in 
DW and IW with a concentration of 0.05% (w/w). Floccula
tion was conducted under turbulence, the stirring conditions 
having been kept constant throughout the tests, w ith an aver
age shear rate in the vessel of 312s~'. The volume of the 
suspension in the LDS equipm ent vessel was 700 ml. The floc
culation kinetic curve, optim um  flocculant concentration, floe 
structure and floe resistance were determ ined with the LDS 
equipm ent (Rasteiro et al., 2008a, 2008b)

3. Results and discussion

3.1. Intrinsic uiscosity and copolymer composition 
analyses

Table 1 sum m arizes the chemical composition of the copoly
m ers and the results of the dilution viscometry.

The analysed cationic m onomer content of the E series 
copolymers is approximately 46 wt.%. It is slightly lower than 
w hat the supplier indicated (SO wt.%). The reason could be 
incomplete quatem ization of the cationic m onom er used to 
produce the copolymers The sam e holds for the G1 sample 
for which 20 wt.% cationic m onom er content was indicated.

As intended for the E series, the intrinsic viscosity, (>;], 
which correlates with the molar m ass according to the rela
tion: (i;| =  K,M“, is in the order E1>E2>E4 for the two ionic 
strengths (0.05 and 0.1 M NaCl). However, as expected for such 
polyelectrolytes, (;;| is lower at higher ionic strength. Neverthe
less, the Schulz-Blaschke and Huggins coefficients, I?h and ksB, 
confirm good solubility in 0.1 M NaCl. Comparing these coeffi
cients for G1 in 0.05 and 0.1 M NaCl, the decrease of the solvent 
goodness with increasing ionic strength becomes visible.

It should be noted that the ionic strengths of the dilution 
viscometry (0.05 and 0.1 mol/L) are m uch higher than  the ionic 
strength of the IW, as will be presented in a subsequent sec
tion.

3.2. Chemical analysis and characteristics of the media

Table 2 presents the results of the chemical analysis, the con
ductivity and the pH of the DW and IW. The m uch higher 
conductivity of the IW results from the ionic content of the 
circulating w ater in the paperm aking process.

3.3. Rheological behauiour of the flocculants in 
distilled water a t 25 °C

Figs. 2 and 3 show the rheograms (shear stress versus shear 
rate and apparent viscosity versus shear rate) of all flocculants 
in DW at 25 °C. All flocculants displayed a yield pseudoplas
tic behaviour, exhibiting a lower apparent viscosity at higher 
shear rates. The apparent viscosity of a shear thinning fluid 
decreases with rising shear rate from the zero shear viscos
ity to the infinite shear viscosity. With increasing shear rate, 
the macromolecules are progressively aligned, instead of the 
random  intermingled state  which exists when the fluid is at 
rest. The major molecule axes are brought into line with the 
direction of flow and the viscosity decreases (Chhabra and 
Richardson, 1999).

El and G1 exhibited higher viscosity and more clearly yield 
pseudo-plastic behaviour than  E2 and E4. Despite the lower l̂ j] 
of G1 compared to E2, the solution viscosity of the G1 copoly
m er is higher. This likely results from the lower charge density 
along the G1 copolymer chains (see Table 1), which leads to 
less extended coils in 0.05 and 0.1 mol/L NaCl solution, while 
in DW the chain is more extended reflecting better the molar 
mass when compared to the E PEL series, since less interaction 
between the chain charges is present.

For the E series, the viscosity decrease of El as shear rate 
increases was m ost pronounced decreasing from 311 to 58 
mPa s, followed by E2, from 89 to 29 mPa s, and then E4 from 40 
to 19 mPa s. Thus, for E2 and in particular for E4, the behaviour 
was close to Newtonian.

3.4. Rheological behauiour of the flocculants In 
industrial luater a t 25 °C

All flocculants dem onstrated much lower viscosity in the IW 
(Fig. 4) in comparison to the DW (Fig. 3). In general, the rhe- 
ology of all polymer solutions was still yield pseudo-plastic, 
though in the case of E2, E4 and C l, the  behaviour was closer 
to Newtonian. The presence of not quantified colloidal com 
ponents, in addition to the Inorganic salts in the IW (Rasteiro 
et al., 2008b) may further Influence the copolymer confor
m ation and interaction and consequently, the viscosity (see 
Lauten and Nystrom, 1999). The influence was more impor
tant for El, the polymer with higher (ij). E2 and E4 behaved 
similarly in both media. So, lower m olar mass PELs proved to 
be less affected by the m edium  composition.

W ater Ca '̂^ Mg2^ K* Na+ (mg/L) Al̂ ^̂ a - S04^“ <t ((iS/cm) pH

IW 46 
DW

6 4 101 0.4 153 32 734
IS.l

7.8
5.9

2 6 2
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Pig. 2 -  Shear stress versus shear rate: El, E2, E4 and G1 in the distilled water at 25
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Pig. 3 -  Viscosity versus shear rate: El, E2, E4 and G1 in the distilled water at 25 *’C.
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Pig. 4 -  Viscosity versus shear rate: El, E2, E4 and G1 in the industrial water at 25 "C.
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Fig. 5 -  Viscosity versus shear rate; El, E2, E4 and G1 in the distilled water at 40 °C.

3.5. Temperature dependence o f the viscosity

The viscosity of most fluids decreases with increasing tem 
perature. Accordmgly, the viscosity of the flocculants studied 
decreased for the highest temperature (compare Figs. 3 and 5 
and Figs. 4 and 6). All flocculants were tested in DW and IW 
at 25 and 40°C. in all cases, a simultaneous decrease in yield 
stress and viscosity at mfinite shear rate was observed at the 
higher temperature. The differences were more pronounced 
in the DW, At 40 "C, the apparent viscosity of El in DW var
ied from 290 to 50 mPa s, as shear rate increased, lower than 
the values at 25 °C, 311-57 mPa s, for the same shear rate span. 
For E2 in DW, the effect of temperature was more prominent 
For a shear rate interval between 25 and 65 s'*, the apparent 
viscosity varied from 46 to 29 mPa s at 25 °C and 17-12 mPa s at 
40 °C. E4 likewise displayed a significant decrease of the viscos
ity at higher temperature. For a shear rate interval between 45 
and 95 s “*, the apparent viscosity varied from 25 to 19 mPa s at 
25 °C and 10-8 mPa s at 40°C. The effect of temperature on the 
theological behaviour of G1 was also significant. For a shear 
rate interval between 30 and 50s"^. the apparent viscosity

varied from 80 to 72mPas at 25 °C and 16-14 mPas at 40 ̂ C, 
as shear rate increased.

Due to equipment limitations, the shear rate interval could 
not be Icept constant for all m easurements because a certain 
level of signal to noise ratio must always exist for an accu
rate m easurement (torque percentage should always be above 
10% ),

The major observable feature in Figs. 3 and 5 is that 
increasing the temperature from 25 to 40 °C led to an almost 
Newtonian behaviour of the solutions of the flocculants E2, 
E4 and G1 in the DW, The influence of temperature was much 
less evident for El, which is the copolymer with the highest
I ' l l

For the solutions in IW, the decrease of the viscosity, with 
increasing shear rate, of all flocculants at 40’’C, was slightly 
less than at 25 "C (Figs. 4 and 6), As in DW, the behaviour of E2, 
E4 and G1 became closely Newtonian at higher temperature. 
Moreover, the influence of temperature was less pronounced 
in IW than in DW. This was because the initial viscosity at 
25 °C was already much lower than in DW and the theological 
behaviour of E2, E4 and G1 almost Newtonian.

b

4

9

2.S

2

1.5

1

0,»

0
100 110 120 130 140 160 160 170 180 1W 200 210 220 230 240 260 260 270 2*0 290 300

S hearratt |1^)

Fig. 6 -  \flscosity versus shear rate: El, E2, E4 and G1 in the industrial water at 40 °C.
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Table 3 -  r and /i of all flocculants in the two media: 
distilled water (DW) and industrial water (IW) at two 
shear rates 10 and 100 s~‘ and 25 C.

Sample DW IW

y (s - ') T (N/m^) /I (mPa s) T (N/m2) (mPa s)

El 10 2.05 0.205 0.16 0.016
100 4.37 0.044 0.47 0.0047

E2 10 0.61 0.061 0.10 0.01
100 2.21 0.022 0.33 0.0033

E4 10 0.48 0.048 0.11 0.011
100 1.75 0.018 0.37 0.0037

Gl 10 1.15 0.115 0.11 0.011
100 6.06 0.061 0.33 0.0033

3.6. M athematical m odel/or the yield pseudoplastic 
fluid behaviour

To com pare the shear stress (r) at the sam e shear rate (y) 
for all flocculants in the different media, the rheograms were 
adjusted to an equation using the Herschel-Bulkley model 
(Herschei and BuUcley, 1926)

r =  t ,  + ky" (1)

The yield stress (ly) was hrst extrapolated from the 
rheogram by fitting a polynomial of 2nd order. Afterwards, the 
rheogram was fitted to Eq. (1) using the Curve Expert 1.3 soft
ware. Knowing the  values of ly, k (consistency mdex) and n 
(flow behaviour index), the shear stress at y 10 and 100 s “ ' 
were calculated for each flocculant in the three media. Like
wise the apparent viscosity {ti) was calculated for these shear 
rates (Table 3).

From Table 3, the values of z and pi at a shear rate of 10 s ’ 
in the DW decreased in the  order: El > G1 > E2 > E4 according to 
the previous observations, whereas in the IW, the r and ^  of 
E2, G1 and E4 were alm ost the sam e with only th a t of El being 
significantly higher.

At 100 s " ' in the  DW, all the flocculants exhibited very sim 
ilar values for both r and ii. This was already apparent from 
the rheograms since the m ajor difference in the theological 
behaviour, mainly betw een El and Gl, is in the yield stress 
and not in the viscosity a t infinite shear rate

For the IW, the r and ii of El were higher, followed by that of 
E2, E4 and Gl, which show similar values of t  and /i at 100s" ' 
as at 10 s“ '.

3.7. Flocculation o/PCC u;ith E l and G l in distilled 
and industrial water; relationship u)ith viscosity

Here, previously reported data on the flocculation of El in both 
the DW and IW (Rasteiro et al., 2008b) will be used for com
parison with Gl. In both media, the correlation betw een the 
viscosity of the copolymer solutions of El and Gl and floccu
lation perform ance is the subject of discussion

Fig. 7 shows the flocculation kinetic curves of PCC with El in 
both DW and IW. The optim um  polymer concentration, which 
is defined as the one leading to the largest floes, was much 
higher in IW than in DW (20 and 4 mg of copolymer/g of PCC 
respectively).

For the lower charged Gl (Fig. 8), the sam e tendency was 
observed, with the optim um  polymer concentration being 
50 mg/g of PCC in IW and only 10 mg/g of PCC in DW. There-

250 E l-20kH z
6 mg/g indutlnal water

20 019^ Industrlai water

4mg/gdittlled water 

8 mg/g distilled water

200 -

I
150 -a>

N
«
e

E
50 -

200 105 15
tim e (min)

Fig. 7 -  Flocculation of PCC with El, deflocculation and 
reflocculation after sonication (at 15 min) in the distilled 
and industrial water (Rasteiro et al.» 2008b).

Gl - 20KHZ
14 m9>g industnalwater 

50 mg/g industnalwaler 

10 mg^g disoHed water 

14 mg/g distiHed water

0 5 10 15 20
tim e (min)

Fig. 8 -  Fiocculatlon of PCC with Gl, deflocculation and 
reflocculation after sonication (at 15 min) In the distilled 
and industrial water.

fore, in th is particular system, the optim um  concentration 
increases as the charge on the polymer is reduced.

This is reasonable since the IW contains several con
tam inants, the surface charge of the precipitated calcium 
carbonate particles in the IW will be more negative than  in 
the DW and so more copolymer is required to neutralize those 
charges (Vanerek et al., 2000). The difference of the zeta poten
tial of th e  PCC in DW and IW can be observed in Figs. 9 and 10.

In IW the polymer becomes more coiled (Jachimska e t al., 
2010). Subsequently, in the IW, a larger am ount of poly
electrolyte was required to obtain the sam e particle surface 
coverage with the copolymer. Higher concentration was 
required for Gl than  for El because of the  lower content of 
cationic m onom er units in Gl. Nevertheless, it is interesting

8 mg/g industrial water 
20 mg/g rdustrial water 
4 mg/g distilled wala
6 mg/g distilled water

Fig. 9 -  Zeta Potential of precipitated calcium carbonate 
suspension during flocculation with El in DW and IW: 
three different times after addition of flocculant (Rasteiro 
et al., 2008b).
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Table 4 -  Floe break up percentage for E l and G1 in 
distilled w ater (DW) and  in dustria l w ater (IW).

I
Ti
1«
&.

I

Fig. 10 -  Zeta Potential of precipitated calcium carbonate 
suspension during flocculation with G1 in DW and IW; 
three different times after addition of flocculant

to notice th a t th e  optim um  dosage increased by a factor of five 
for both copolymers

Moreover, polym er adsorption is enhanced by reducing the 
salt concentration (Stoll and Chodanowski, 2002; Shubin and 
Linse, 1997; Bremmell e t al., 1998). Thus, for both  flocculants, 
flocculation was faster in IW than  in DW and th is w as more 
apparent for El. This m ust be also related to the  fact that 
repulsion betw een the  particles decreased in the  IW due to the 
depletion of the  electric double layer resulting from the  higher 
cationic content. This also agrees w ith the different viscosities 
of the flocculant solutions in both m edia since El and  G1 had 
lower viscosities in the  IW, especially El.

The lower viscosity of the copolymer solutions in the  IW 
IS related to the reduced Debye length and to th e  resulting 
lower hydrodynam ic radius of the  copolymers m  the  m edium . 
Hydrolysis of the  copolymer m olecules a t the relatively high 
pH could also have an im pact. Due to the lower hydrody
nam ic radius (Jachimska et al., 2010), the degree of coverage 
is reduced hence requiring higher polym er concentration for 
flocculation, as referred previously. Though higher polym er 
concentration was used for flocculation, the  zeta  potential was 
lower in IW (see Figs. 9 and 10) as already show n by Rasteiro 
et al. (2008b).

Regarding the size of the flocs there is an increase of the 
size m IW w ith El, while the  size decreases, com paring the 
results in DW and IW, w ith C l. The increase of the  cationic 
content of the  m edia can have a double effect: on  the one 
hand reduction of the electric double-layer thickness favours 
aggregation and larger flocs are expected, on the  o th er hand 
flocs can be m ore com pact and become smaller. Thus, there is 
not a m onotonic trend regarding the variation of the  flocs size 
with the ionic con ten t of the m edium , in line w ith the results 
presented in Figs. 7 and 8. This tendency can  be observed 
either if we com pare results for the optim um  PEL concentra
tion for each m edium  or for a com m on concentration value 
(Figs. 7 and 8). Moreover, w hen the charge density is low the 
polym er conform ation becom es less extended in IW. This cor
responds to a lower hydrodynam ic radius and, thus, sm aller 
flocs are obtained.

Additionally, because of the  relatively high pH of the  IW. 
hydrolysis of the  copolym er chains can occur. This effect is 
expected to be m ore significant in the case of C l, having 
an intrinsic lower num ber of charges per chain, resulting in 
a lower activity of th is polym er in IW and leading, then , to 
sm aller aggregates.

Floe resistance was also studied  based on the  m ethodol
ogy discussed in Rasteiro e t al. (2008b) applying ultrasound 
(20 kHz) to the  flocs at 15 min over a period of 30 s. Sonication

. 14 mg/g industnal water 

50  mg/g industrial water 

10 mg/g distilled wc^er 

.14 mg/g distilled water

Polymer Concentration (mg/g) Break up % at 20kHz

DW IW DW IW

El 4“ 8 39 40
8 20» 43 55

G1 10« 14 82 48
14 50" 55 47

” Refers to the optimum flocculant dosage.

leads to floe fragm entation. Figs. 7 and 8 show the break
age and reflocculation stages after sonication. The effect of 
sonication w as sim ilar in both m edia and flocs break up w as 
m ainly related to flocs size. Larger flocs are m ore suscepti
ble to breakage (Table 4). In the  case of El, floe break up was 
higher in IW since these flocs are larger, while for G1 the  oppo
site was the  case because larger flocs were obtained in the 
DW.

Reflocculation w as generally low for both flocculants, esp e
cially in the DW, possibly because bridging is the  m ain 
flocculation m echanism . Hence, floe breakage resulted from 
the  detachm ent of the copolym er chains from the  particles 
leading to rupture of bonds betw een the particles in the aggre
gate. However, refloceulation w as som ew hat higher in the IW 
for both El and G1 though m ore prom inent in El. The lower 
viscosity of El in the  IW, which can  be related to the  more 
coiled conform ation of the polymer, and a decrease In the 
significance of the bridging m echanism , explains the  more 
extensive refloceulation of El in the  IW.

4. Conclusions

The influence of the  m edium  quality on the  solution viscosity 
and theological behaviour was quantified for four flocculants 
varying either in regards to the  m olar m ass or the charge d en 
sity. The differences observed w hen using DW and IW likewise 
governed the optim um  flocculant dosage and the perform ance 
during the  PCC particles flocculation.

A good correlation betw een copolymer com position, 
m acrom olecular characteristics, solution behaviour, and 
perform ance in flocculation was identified. Furtherm ore, 
analyses of the  perform ance of El and G1 in the  floccula
tion of precipitated calcium carbonate in both the  DW and 
IW show ed that larger dosages of El and C l were required In 
the IW. Foeeulation was faster in the IW due to the  a tten u a 
tion of the  repulsive forces betw een the PCC particles. In IW 
the  viscosity of the copolym er solutions decreased rem ark
ably, approaching an alm ost Newtonian behaviour. The effect 
was m ore pronounced for the copolym er of higher intrinsic 
viscosity and cationic charge con ten t (£1).

The strategy of testing  the rheologieal behaviour of the floc
culants in different m edia proved to be im portant in assessing 
their perform ance during flocculation. It was confirm ed th a t 
for proper evaluation of flocculant perform ance testing only 
in DW is insufficient. Instead, the m edium  Intended for the 
practical flocculation should preferably be used in the  tests. 
This can  be particularly im portant in the  case of paperm ak- 
ing, w hich was taken here as exam ple, since w ater closure 
strategies contribute to dram atic changes In the  su sp en d 
ing m edium  characteristics which influence the  flocculation 
processes. Nevertheless, characterization In DW can provide
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preliminary information which remains useful in flocculant 
evaluation.
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.Abstract — The interactions of aqueou.s solutions of ionic surfactants and anionic ptjlyelectrolytes 
with trivalem lanthanide ions. aluminium(III). iron(III) and chromium(III) are reviewed, with 
particular reference to phase behaviour and interactions between anionic head groups and the 
metal loas. It will be shown that various factors contribute to metal ion binding, including 
electrostatic interactioas, cation dehydration and outer-sphere ass<x:iation. The importance of these 
systems for future directions in materials and colloid science will be highlighted.

Keywords : Trivalem metal soaps. Metal ion flocculation, Sodium dodecylsulfate, Anionic 
polyelectrolytes, DNA compaction.

INTRODUCTION

ITie interactions o f metal ions in colloidal systems are relevant for a wide range of 
chemical and biological systems and processes [1]. We are particularly interested in 
the case of higher valent cations, which show marked differences in their effects on 
phase behaviour compared to their monovalent counterparts. In this review we will 
concentrate on interactions o f trivalem metal ions with oppositely charged surfactants 
and polyelectrolytes. The high charge o f the cations means that they are likely to 
bind strongly to anions. In addition, in aqueous solutions the metal ions are sasceptible 
to hydrolysis [2], which can lead to particularly rich phase behaviour. Colloidal 
systems involving trivalent metal ioas have applicatioas in detergency [1), wastewater 
treatment [3,4], gel formation and development o f thickeners and dispersants [5,6],

•AuUior for correspoiideuce. Tel. +351239854482: Fax : +351239827703; E-uiail : burrows(2pci.uc.pt
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catalysis [7,8], analytical chemistry [9], froth flotation for metal ion recovery [10], 
and contrast agents for magnetic resonance imaging [11], These systems also have 
considerable potential in materials science, including templated synthesis of meso- 
porous m aterials [12,13], production o f lanthanide-based glasses for photonic 
applications [14,15], preparation of nanoparticles [16], and formation of metal-organic 
frameworks (MOFs) [17]. Interaction of trivalent cations with biologically relevant 
polymers and polyelectrolytes are also relevant to structure and function of a number 
of biological systems, such as synthesis and hydrolysis of the nucleic acids DNA and 
RNA [18], identification of sequences in oligonucleotides [19], and may be implicated 
in toxicity and other physiological effects [20].

In this review, we will concentrate particularly on four trivalent metal systems, 
trivalent lanthanide(III) ions, the structurally important aluminium(III) cation, iron(III), 
which is relevant for both thermal and photochemical catalysis, and the common, but 
toxic, chromium(III) system. These four cations have been chosen to encompass the 
most important properties of hydrated trivalent metal ions. The three ions Al(III), 
Fe(III) and Cr(III) all have six coordinated water molecules, but while aluminium(III) 
and iron(III) are k inetically  labile non-transition  and transition m etal cations, 
chromium(III) is a kinetically mert metal ion [21]. In contrast, tlie trivalent lanthanides 
generally have 8-9  coordinated water molecules, and are kinetically labile [21]. The 
lanthanides are particularly interesting since they form a coherent group with similar 
strucmral chemistry, but with a wide range of useful physical properties, including 
valuable lummescent (Ce(III), Eu(III), Tb(III), Er(III), Nd(III)) and magnetic (Gd(III)) 
characteristics [22]. We will consider anionic surfactant and polyelectrolyte moieties 
having conjugate bases derived from both strongly (sulfate, sulfonate) and weakly 
(carboxylate) acidic groups, and show the effect that these have on the aggregation. 
Because o f lim itations o f space, we will give particu lar em phasis to our own 
con tribu tions. H ow ever, we hope that th rough  the re ferences we have also 
demonstrated the major contributions made by other groups to this fascinating area, 
and apologize in advance if we have inadvertently missed any other im portant 
publications related to this topic.

TRIVALENT M ETAL IONS W ITH LONG CHAIN ALKYL CARBOXYLATES

The addition of salts of trivalent lanthanide ions to aqueous solutions of long chain 
sodium or potassium alkylcarboxylates almost invariably leads to precipitation, due 
to formation of the trivalent metal carboxylate (metal soap). As has been discussed 
elsewhere [23,24], the stoichiometry of these systems depends on both the nature of 
the metal ion and the precipitation conditions (pH, temperature, etc). With lanthanide
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ions, stoichiometric La(0 2 CR ) 3  compounds are formed, as anhydrous, monohydrated 
or hemihydrated compounds [1 1 ,2 5 -2 7 ]. The amount o f  hydration water depends on 

both the alkyl chain length and the lanthanide ion [26 ,27]. The lanthanide(III) soaps 
generally have very low  solubility in water, although with lanthanum(III) laurate there 

are m dications that this m ay d isso lve in an excess o f  aqueous potassium  laurate 
solution [23]. These compounds do, however, dissolve in mixed organic solvents, and 
a number o f studies have been reported on the aggregation behaviour [2 8 -3 2 ], and 
critical m icelle concentrations (CM C), which are summarized elsewhere [27]. Although 

the nature o f the aggregates is still unclear, it is likely, as with solutions o f  lead(II) 
carboxylates in organic solvents [33], that these contain polydisperse species rather 
than sim ple spherical m ice lles. The solid  lanthanide carboxylates have lam ellar  
structures, and frequently show formation o f one or more mesophases before melting 
to an isotropic liquid phase [26,27], As with other long chain metal carboxylates [34], 
phase transition temperatures decrease upon introduction o f  either unsaturation [11] 
or chain branching [35]. Solubility is directly related to phase transition enthalpies 
[36], and these modifications are also likely to increase solubility in common solvents. 
For exam ple, colloidal dispersions are seen with trivalent lanthanide oleates in water 
[11]. Various m odes exist for metal carboxylate interaction [37]. With cerium (lll) 
acetate , a predom inantly  b identate m ode has been  found [3 8 ], and a sim ilar  
symmetrical bidentate mode o f binding is suggested with longer chain carboxylates 
from infrared spectroscopic studies [26],

Rather different behaviour from that seen with the lanthanides is observed on 
interaction o f  long chain sodium or potassium carboxylates with salts o f  other trivalent 
m etal io n s in aqueous so lu tio n s . W ith the im portant a lu m in iu m (III) sy stem , 
p r e c ip ita t io n  from  a q u eo u s so lu t io n s  o f  lo n g  ch a in  so d iu m  or p o ta ss iu m  

alkylcarboxylates involves a com plex, pH dependent process, which forms mainly a 
basic aluminium(III) dicarboxylate, with differing degrees o f  polym erization [39 -43 ]. 
These form  gels in organic solvents, one o f  the best known being Napalm [44]. 
A lthough it has gen era lly  been b e lieved  that gelation  in v o lv es  form ation o f  a 
polym eric, chain-like structure through the hydroxyl groups [45], there are recent 
indicatioas that formation o f networks o f nano-sized m icelles might be involved iastead 

[46]. G iven the importance o f  this area for the developm ent o f  novel alumina based 
ceram ics [47], there is, c learly , a need for further research on these system s. 
A nh yd rou s a lu m in iu m  tr iso a p s , A U O jC R )^, can  be prepared by reaction  o f  
organoalum inium  com pounds w ith  fatty acids in organ ic  so lv en ts  [4 8 -5 0 ] .  A 
particularly good  route in v o lv es  reaction  o f  alum inium  isop rop ox id e w ith the 
coiTesponding fatty acid [50].
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The precipitates formed by interaction of iron(III) [41,51] and chromium (III) 
[23,52] with alkali metal carboxylates in aqueous solution also generally involve basic 
soaps, possibly with an excess of acid. However, it is possible to obtain anhydrous 
iron(III) carboxylates by removing the water from precipitates without heating [53]. 
These can be dissolved in organic solvents to give, apparently, monomeric species 
[54]. However, the unusual magnetic susceptibility observed with these systems [53] 
suggests that, as with other iron(III) carboxylates [55], there may be formation of 
trigonally bound iron(III) carboxylate species. As with the lanthanide soaps, increased 
solubility is expected on introduction of unsaturation or branching into the alkyl 
chains. This has recently been made use of with iron(III) hydroxyl-oleates in boiling 
organic solvents, which undergo thermal decomposition to produce alpha-iron(III) 
oxide nanoparticles [56].

INTERACTIONS BETW EEN TRIVALENT CATIONS AND ALKYL SULFATES/ 
SULFONATES

Rather different aggregation behaviour is observed when trivalent metal ions interact 
with sodium alkylsulfates or sulfonates. We will consider, first, the behaviour of 
aluminium(III), and then discuss the other cations. The Al(III)/sodium dodecylsulfate 
(SDS)/water system is of particular importance for the synthesis of mesoporous solids 
[57], and shows a rich phase behaviour [58]. Through a combmation of NMR, small 
angle X-ray scattering (SAXS), rÂ ’o-Transmission Electron Microscopy and optical 
polarization microscopy techniques, lamellar, hexagonal liquid crystalline phases, and 
micellar solutions have been identified [58]. In addition, there is a region of the phase 
diagram in which spontaneous vesicles are formed [58]. To obtain further information 
on this system, the effect of adding SDS to aluminium(III) nitrate (1 mM) in water 
at its natural pH has been smdied using electrical conductivity, turbidity, pH and ^^Al 
NMR spectroscopy measurements [59]. At low surfactant concentrations, the turbidity 
o f the solution increases, and this is accom panied by a decrease in the free 
dodecylsulfate concentration in solution and an increase in the bulk pH resulting from 
flocculation of Al(III) dodecylsulfate aggregate. At higher surfactant concentration, 
the turbidity decreases due to redissolution. From electrical conductivity measurements, 
it has proved possible to determine the thermodynamic parameters of the aggregation 
p rocess, w hile at the atom ic level, com bination o f ’̂ Al NM R spectroscopy 
measurements with the pH results provides information on changes in the metal ion 
coordination sphere, and shows that dodecylsulfate tends to replace hydroxyl ions in 
binding to the Al(III) cation.
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Detailed studies have been made on the interaction between sodium 
dodecylsulfate and various trivalent lanthanide ions in aqueous solutions [60-65]. A 
variety of techniques has been employed, including electrical conductivity, turbidity, 
luminescence, NMR, and inductively coupled plasma-atomic emission (ICP-AE) 
spectroscopies. The same trends are observed as with the aluminium(III)/sodium 
dodecylsulfate system, with an initial interaction between DS' and metal ions leading 
to precipitation to form a lamellar floe having an approximate metal : surfactant ratio 
of 1 : 3. This has been treated as a three-step process, and association constants have 
been calculated. For all systems the interaction between DS~ and metal ions follows 
an associative process with K  values ranging between K, = 10 and = lO'*, 
depending on the physical-chemical characteristics of the metal ions [63,65]. It should 
be noted that lyotropic mesophases have also been observed with lanthanide 
dodecylsulfates in water or ethylene glycol [66]. In water, lamellar and hexagonal 
structures are observed, whilst the system in ethylene glycol leads to normal hexagonal 
and cubic phases.

Increasing surfactant concentration in the ternary SDS/lanthanide/water system 
at constant metal ion concentration leads to redissolution of the floe, which is 
attributed to formation of mixed lanthanide/sodium dodecylsulfate aggregates, with 
the relative lanthanide fraction in these aggregates decreasing upon increasing SDS 
concentration. The normal SDS micellization is observed, but the apparent CMC value 
is found to increase in the presence of lanthanide ions due to removal of SDS in 
the formation of these mixed aggregates. After correction for this effect, the CMC 
values are less than in pure water due to increasing ionic strength in the presence 
of the trivalent lanthanide ions. A detailed thermodynamic analysis has been made 
on the interaction of the trivalent metal ions La(III), Gd(III), Al(III) and Cr(III) and 
sodium dodecylsulfate using electrical conductance measurements [64]. Although 
qualitatively similar behaviour is observed for all the cations, leading to the overall 
flocculation-redissolution process shown schematically in Fig. 1, quantitative 
differences are seen, as shown by the critical aggregation concentration, which 
decreases in the order Cr(III) > Al(III) > Gd(lII) > La(III) [64]. Differences in 
both the electrostatic interactions and the hydration sphere of the cations are thought 
to be involved.

The association behaviour of trivalent lanthanide ions with SDS micelles above 
the CMC has been studied using the luminescence of Tb(III), Eu(III) and Ce(III) [67]. 
In particular, electronic energy transfer was observed from Ce(III) to Tb(III) in the 
presence of surfactant micelles. The behaviour has been analysed using Monte Carlo
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Fig. 1. Schematic representation of the interaction o f sodium dodecylsulfate with trivalent metal 
ions in aqueous solution. The free metal ion is plotted as a function of surfactant concentra
tion. (Adapted from ref. 65)

simulations [67], and a snapshot o f the system is given in Fig. 2, showing the 
proximity of the trivalent lanthanide ions to the micellar surface.

The interaction of trivalent lanthanide ions has also been studied with the 
surfactant bis(2-ethylhexyl) sulfosuccinate (Aerosol-OT) [68-70], This forms reversed 
micelles in organic solvents, and small-angle neutron scattering (SANS) experiments 
have revealed that spherical reverse micelles form in dry cyclohexane. Luminescence 
measurements show a progressive lanthanide ion hydration on addition of water [68]. 
In this context, it is also worth noting that trivalent lanthanide ions also form 
interesting micellar and liquid crystalline stractures with non-ionic alkyloxyethylene 
surfactants, which may have promising applications in catalysis [71],

BEHAVIOUR WITH POLYELECTROLYTES

We will now discuss the interaction of trivalent metal ions with polyelectrolytes. 
C a rb o x y lic  ac id  c o n ta in in g  sy s te m s , such  as p o ly (a c ry lic  a c id ) , PAA,  
-(CH^CHCOOH)^-, and poly(methacrylic acid), PMA, -(CH,C(CH 3)C00H)^-, are 
particularly important water soluble polymers [1,72], which produce the coitesponding 
carboxylate anions at neutral or basic pH values. The cations Al(III), Cr(III) and
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Fig. 2. Snapshot o f the equilibrated SDS/lanthanide (III) system in water above the CMC from 
Monte Carlo simulations showing the proximity o f the counter ions to the micelle surface. The 
larger radii ions correspond to lanthanides and the smaller ones represent the sodium ions. Nega
tive ions have been omitted for clarity. (Adapted from ref, 67.)

Fe(III) tend to hydrolyse under these conditions [2], which can lead to gels and other 
coinplex structures. Although many of these systems are likely to have important 
materials applications, interpretation of the results is not trivial, and we will 
concentrate on the interaction of trivalent lanthanide ions with carboxylate based 
polyelectrolytes. This has the considerable advantage that the lanthanide luminescence 
provides direct evidence on carboxylate-m etal ion interactions. Quenching of 
cerium(III) fluorescence is observed upon binding to carboxylate groups [73], and in 
a study on the interaction of Ce(III) with successive quantities of either low or high 
m olecular weight poly(acrylic acid) at pH 7 [74], a m arked decrease in the 
luminescence has been observed. The Stern-Volmer plot of the fluorescence intensity 
ratio as a function of polyelectrolyte concentration shows curvature, in agreement with 
static fluorescence quenching due to the cation binding. Further information on 
interaction of lanthanides with polycarboxylates comes from studies of complexation 
of thallium (I), calcium(II) and terbium(III) with an N-vinylanthracene labelled 
methylmethacrylate-methacrylic acid copolymer [75]. In aqueous solution, at neutral 
or basic pH, the extent of binding increases with increasing charge of the cation, 
or of the polymer (varied by changing either the fraction of carboxylic acids or the 
pH) [75], strongly suggesting that electrostatic interactions play a dominant role. 
However, as we will discuss later, these are not the only factors. Changes in 
lanthanide luminescence have also been used to follow the binding of Eu(III) and 
Tb(III) to poly(acrylate) [74,76,77], poly(methacrylate) [77], styrene-acrylic acid.
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styrene-maleic acid and methyl methacrylate-methacrylic acid copolymers [76], Binding 
constants have been measured with Tb(III) and PA A alkali metal salts, and have values 
of 300, 390, 500 and 610 M'* for the poly(acrylates) of L i^, Na + , and Rb+, 
respectively. Further information is obtained from viscometric measurements [74,78], 
and for PAA in the presence of a large excess of sodium bromide, a large decrease 
in intrinsic viscosity has been observed on addition of Tb(III). Because of the high 
charge density, polyacrylates are normally present in water in a highly extended 
conformation [79], The decrease in viscosity is interpreted in terms of dramatic 
conformational changes leading to condensation to form a coil, with a corresponding 
decrease in the mean end-to-end distance of the polymer chain. NMR studies on 
polyacrylates in DjO solution at neutral pH in the presence of Eu(III) or Tb(III) 
support this idea of conformational changes in the polyelectrolyte backbone on binding 
the metal ions [74], In addition, binding of Tb(III) or Eu(III) by PAA leads to an 
increase in lanthanide luminescence intensity, which is attributed to substitution of 
coordinated water by carboxylate in the lanthanide coordination sphere. This is shown 
schematically in Fig. 3. Quantitative information can be obtained on changes in the 
number o f coordinated water molecules for Eu(III) and Tb(III) on binding to 
polyelectrolytes from isotope effects on their luminescence lifetimes [74,78,80], as 
will be discussed later.

Fig. 3. Schematic depiction of europium (III) dehydration on binding to poly(acrylate) ion in 
aqueous solution.

H.O
HiOH:0

Potr’tcrylic j o d
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Studies have been reported on the interaction of various trivalent lanthanides 
with poly(styrenesulfonate) (PSS) [81,82], poly(vinyl sulfonate) [77,83,84], and 
poly[(vinyl alcohol)-co-(vinyl sulfate)] [85,86] in water. Stability constants are at least 
an order of magnitude lower than with polycarboxylates [77, 84], due to the weaker 
binding tendency of strong poiyelectrolytes compared with weak ones. However, 
lanthanide ion binding has been confirmed in the poly(vinylsulfonate) case by a slight 
blue shift in the emission of cerium(III), broadening of the Gd(III) EPR signal, effects 
on the decay of Tb(III) luminescence, and by energy transfer from Ce(III) to Tb(III) 
[83]. Q u an tita tiv e  m easu rem en ts  have been made on ion b ind ing  w ith 
poly(styrenesulfonate) using electrical conductivity combined with transport number 
m easu rem en ts, and show [82], as w ith the behav iou r observed  for the 
methylmethacrylate-methacrylic acid copolymer [76], that the charge of the cation 
plays a dominant role on the binding, confirming the importance of electrostatic 
effects. Various theoretical models have been developed to model counterion binding 
and distribution in poiyelectrolytes, including Manning condensation theory [87], 
application of the Poisson-Boltzmann equation within the cell model [82,88-90], the 
scaling theory of de Gennes [91], Monte-Carlo [92-94] and molecular dynamics 
[95,96] simulations. Quantitative data on lanthanide ion binding has been obtained 
both for La^^ with poly(styrenesulfonate) [82] and for La^'^, Ce^^ and Nd^“̂ with 
poly[(vinyl alcohol) co-(vinyl sulfate)] [85]. Studies of the competitive binding of H^ 
and La^^ by PSS show that virtually all the trivalent lanthanide ions are bound to 
the polyelectrolyte, with experimental data in good agreement with either analytical 
or numerical solution of the Poisson-Boltzmann equation within the cell model [82], 
Further, studies of the average number of counterions released per chain for 
poly[(vinyl alcohol)-co-(vinyl sulfate)] copolymers as a function of the sulfate content 
show that, in contrast to the behaviour of mono- and di-valent cations, this tends to 
approach a constant value [85]. This contradicts the predictions o f Manning 
condensation theory [87]. However, this theory is based on the assumption that the 
polyelectrolyte chains are infinitely long rods with uniform charge, whereas, as we 
have noted for the polycarboxylates, the systems studied possess considerable 
conformational flexibility, and tend to form condensed structures on binding. Monte 
Carlo simulations are proving to be an excellent way of modelling such flexibility 
[94]. Whilst we have indicated the difficulties associated with the study of interaction 
of poiyelectrolytes with other trivalent ions due to the problem of hydrolysis, work 
in progress in our laboratories is currently looking at the binding of iron(III), 
chromium(III) and aluminium(III) to poly(vinyl sulfate) in water under acidic 
conditions. In this case, the metal ions are present as their hexahydrates [MCHjO)^]^"^, 
and preliminary results show significant differences in the binding with the three 
cations, indicating that other factors than purely electrostatic effects must also be 
involved. This may be related to the behaviour within the primary hydration sphere
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of these cations. Possible effects of dehydration of metal ions on binding to surfactants 
and polyelectrolytes will be addressed in the next Section.

DEHYDRATION

Metal ions exist in solution with a reasonably well defined primary hydration sphere, 
[M (H20)J^^, and a more diffuse secondary hydration shell [21]. There is increasing 
evidence that association of counter ions with surfactants or polyelectrolytes in aqueous 
solutions may be accompanied by loss of coordinated water molecules [97-100]. The 
luminescence behaviour of trivalent lanthanides, such as Eu(III) and Tb(III), is strongly 
dependent upon the number of coordinated water molecules as a consequence of 
efficient nonradiative deactivation of excited states through 0 -H  oscillators. The 
differences in reduced mass between the 0 -H  and 0 -D  vibrations lead to changes 
in the efficiency of this deactivation pathway, and, hence, by measuring luminescence 
lifetimes in H^O and DjO solutions, it is possible to obtain a quantitative measure 
of the number of coordinated water molecules [101,102]. Lanthanide ions in aqueous 
solutions typically have 8 or 9 water molecules in their primary hydration sphere [96]. 
From studies on solvent isotope effects on luminescence lifetime studies of lanthanide 
ions in various surfactant [66,68,69] and polyelectrolyte [18,73,77,79,82,98] solutions, 
it has been shown that trivalent metal ion binding normally leads to loss of one or 
more coordinated water molecules. Typical data are summarised in Table 1.

TABLE L

Luminescence lifetimes 
pH 7.

and numbers o f coordinated water molecules in aqueous solution,

System T(H20)/ms i(D .,0)/m s n Ref.

Tb(III) 0.43 4.02 9 74

Eu(III) 0.11 1.78 9 74

Tb(III) +  PAA(A) 0.80 3.30 4.5 74

Eu(III) +  PAA(A) 0.30 2.40 4.5 74

Tb(III) + PAA(B) 0.27 2.50 4 74

Eu(III) +  PAA(B) 0.94 3.30 4 74

Tb(III) +  SDS 0.4 2.3 8 67

Tb(III) +  PVS 0.5 0.7 3 83

Tb(III) +  long ds-DNA 0.42 2.01 8 98

Tb(III) +  long ss-DNA 0.58 0.63 3 98

2 7 7

I
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From this Table we can note two important observations. Firstly, a decrease 
in the number o f coordinated water m olecules is seen in all cases on binding o f  the 
trivalent lanthanide ion to surfactants or polyelectrolytes, strongly supporting the 
importance o f  counter ion dehydration. Secondly, we note that a much bigger change 
in hydration number exists with the polyelectrolytes than with the surfactants. A lso, 
the change is more marked with single strand (ss-D N A ) than with double strand (ds- 
D N A ) deoxyribonucleic acid [98]. A s w e have noted above, conformational changes 
can occur with these polyelectrolytes on binding leading to coiling o f  the polym er 
chain around the metal ion.

A further com ment is relevant on the behaviour with nucleic acids, where 
significant differences are observed in the dehydration between ss-D N A  and ds-D N A  
[18,98]. Interaction o f  high valent cations with D N A  is one o f  the ways o f inducing 
condensation and com paction in aqueous solutions [103], and trivalent ions show a 
stronger compaction than divalent ones [104], Although the present results may suggest 
that dehydration is an important factor for com paction, results with other trivalent 
ions suggest that it is not the only driving force. In particular, it is found that the 
trivalent metal com plex [CoCNHjjg]^^, which is inert to ligand substimtion, is also 
a strong compacting agent [105]. We also note that [CoCNHj)^]^^ binds fairly strongly 
to poly(acrylate) and acrylic acid-methyl acrylate copolymers [106,107]. Thus, ligand 
exchange is not necessarily a pre-requisite to metal ion binding to polyelectrolytes. 
The [C o(NH 3)g]^+ cation undergoes second-sphere coordination [108], and it seems 
probable that interaction o f trivalent metal ions with surfactants or polyelectrolytes 
can invo lve either inner-sphere or outer-sphere coordination to the m etal. For 
reversible com paction o f  D N A , there may be advantages in the latter scenario.

CONCLUSIONS

Within the HSAB description, trivalent metal ions can be considered to act, like the 
proton, as hard acids [109]. As a consequence, the tendency o f  these metal cations 
to bind to anions in surfactants or polyelectrolytes is related to the acid strength o f  
the latter. It is, therefore, no surprise that binding o f  the metal ions to carboxylates 
is stronger than that observed with the more strongly acidic sulfate or sulfonate 
groups. This is seen, for exam ple, in the tendency o f  precipitates o f  trivalent metal 
dodecylsulfates to redissolve in excess aqueous SDS [59-65], while addition o f  excess 
sodium alkylcarboxylates to suspensions o f  trivalent metal soaps does not, in general, 
lead to redissolution. Similarly, there are strong indications that binding constants for 
interaction o f  trivalent lanthanide ions to polyelectrolytes containing sulfate or sulfonate 
groups are low er than those having carboxylate groups [77,84]. N evertheless, strong 
interactions are observed in all cases between trivalent metal cations and oppositely

278



208 Burrows et al.

charged surfactants and polyelectrolytes. Although these are due in large part to 
electrostatic effects, in many cases, interaction is accompanied by loss of one or more 
water molecules from the primary hydration sphere of the cation. This may either 
increase the electrostatic interactions or lead to an entropy increase, both of which 
will favour binding. Although more quantitative data are still needed to fully 
characterize binding in these systems, the qualitative information obtained so far 
provides a reasonable understanding of the aggregation occurring in aqueous solutions 
containing anionic surfactants or polyelectrolytes. We believe this will provide a good 
basis either for the design of novel colloidal systems for use in areas of materials 
science, such as templated synthesis of mesoporous materials, or for the development 
of nanoparticles or metal-organic frameworks containing these trivalent metal ions.
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Exploring the coordination chemistry of 
bifunctional organoarsonate ligands: syntheses 
and characterisation of coordination polymers 
that contain 4-(l,2,4-triazol-4-yl)phenylarsonic 
acidt
Jian-DI Lin,® Rodolphe Clerac,'^ Mathieu Rouzleres,*^ Munuswamy Venkatesan,'* 
Theresa O  Chimamkpam® and Wolfgang Schmitt*®

This account describes the coord ination chem istry of a novel b ifunctiona l arsonic acid ligand, 

4-(1.2.4-triazol-4-yOphenylarsonic acid (HjTPAA) that contains a tnazole group. Hydrothermal reactions of 

transition nr»etal salts w ith  H?TPAA produced five unprecedented coord ination  polymers: (CodHjTPAA) 

(HTPAAj^l-HjO (1). M(HTPAA]CI-2H20 (M = Cu (2), Co (3)) and MIHTPAA)? (M -  Mn (4). Cd (5)). These five 

polymers have been fu lly charactenzed by single crystal and pow der X-ray diffraction, thermogravim etnc 

ar«tysis, infra-red spectroscopy and elemental analysis. Single crystal X-ray diffraction reveals that 1, 2 and 3 

adopt 2 -D  layered structural m otifs whereas 4 and 5 are 3 -D  frameworks. 1 and 3 are the first examples 

o f arsonate-stabilised cobalt(ii) coord ination  polymers Likewise. 4 is recognised as the  firs t record o f a 

Mn“  arsonate coord ination polym er v^nth 3 -D  fram ework topo logy Its isostructural Cd analogue 5 shov^ 

characteristic ligand-centered fluorescence properties Magnetic m easurements o f 2 and 4 reveal pre

dom inant antiferrom agnetic in teractions between their respective spin centers while, in agreem ent w ith  

its chain structure, 3 exhibits one-dim ensional m agnetic behavior w ith  weak ferrom agne tic in teractions 
between the spin centres

1. Introduction
Over rcccnt years, there has been a s i^ i f ic a n t  interest in  the 
design and synthesis o f m etal phosphonates due to  th e ir 
po ten tia l app lications in e lectro-optical deviccs, in  catalysis, 
sensors o r as ion-exchange materials.**^ Several synthetic strate
gies have been explored to  prepare and isolate ciystalline metal 
phosphonates w ith  diverse structural and electronic attributes. 
The applied synthetic m ethodologies include the attachm ent 
o f functiona l auxilia ry  groups (crown ether, am ine, hydroxyl, 
or/and carboxylate, etc.) to  the phosphonic acid backbone thus 
in trod u c ing  a second potentia l lin ke r to  increase the d im e n 
sionality o f the resulting frameworks o r tune th e ir properties.'

“  School o f  Chemistry &  CRASN, UnivcrsUy o f  Dublin. T rin ity  College, D ublin  2.

Ireland. E-mail: s c h m it tw ^ d . ie ;  Fax: *.1S3 1 671 2826; Tel; *353 1 S96 349S

^CNRS, CRPP, UPR 8M 1. F‘33600 Pessac, France

*Univ. Bordeaux, CUPP, UPR8t>4i, F-33bOO Pessac, France

*  School o fPhysics &  CRASN, Unrverstty o f  Dublin, T rin ity  College, D ub lin  2,

Ire land

t  El«ctmnic supplementaiy information (ESI) available. (X^DC' 958075-958079, 
974651. For ESI and crystallographjc data in CIF o r other electronic format see 
IXM; 10.10.19/c4ce0055.)h

However, to  date, most o f the reported extended metal 
phosphonates display layered structures in  w hich  the metal 
centers arc bridged by the phosphonate groups. One
d im ensiona l (1-D) and porous three-d im ensiona l (3-DJ ne t
works have rarely been reported.^ Very recently, a ligand that 
com bines a triazolc m oiety w ith  a phosphonate functiona lity , 
4 -(l,2,4-triazo !-4 -yl)phenylphosphonic acid (H ip tz ) has been 
exploited to prepare three two-dim ensional (2-D) coord ination 
polymers conta in ing Ni(u), Co(ii) o r Mn(ii) metal ions.®

M etal arsonates are expected to  show structura l a ttributes 
tha t are s im ila r to  those o f the metal phosphonates. However, 
the larger ion ic radius o f As(v) compared to  that o f P(v) can be 
expected to  result in  d ifferent molecular architccturcs and phys
ical properties. Most o f the reported metal organoarsonates are 
hybrid  polyoxometalatc (POM) clusters based on V, Mo or W.*' 
In  particular, Zubieta exten.sively explored the formatk)n o f such 
hybrid  POMs.*’®’* ’*^'"’"  Recently, we reported several capsular 
arsonate-stabilised polyoxovanadates tha t incorporate substi
tu ted phenylarsonate and investigated th e ir .3*D assembly.^ 
In such POMs, each arsonate functionality bridges several metal 
centers and shows a coordination behaviour that is closely com
parable to  that o f the corresponding phosphonate-stabilised 
POMs. '* ’  ̂Ma et a i  have reported several tin  oxo-compkrxes that

7894 I OysffngComm. 2014,16. 7894-7905 Thispurnal is©  The Royal Soaety of Chemistry 2014
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contain o i^anoarsonatcs and w hich were isolated by solvothcr- 
m al techniques.® Synthetic approaches to  Pd-bascd arsonate  
com plexes w ere also explored u n d er th e  hydrotherm al eondi- 
tions.** Recentiy, Sun et al. rep o rted  the  first exam ples o f 
uranyl arsonates th a t em ploy phenylarsonic acid as stabilising 
l i g a n d . T o  d a te , arsonate-stab ilised  tran sitio n  m eta l (TM) 
coo rd ina tion  polym ers are significantly  less developed and  
investigated com pared to the  corresponding phosphonate  com 
pounds. A CCDC search  reveals tha t a rso n atc 's tab ilised  TM 
coordination  polym ers m ainly adop t 1-D and  2-D s tru c tu re s"  
while corresponding 3-D structures are ra ther rare. Rem arkable 
exam ples o f th e  la tter arc a Zn(ii)-based fram ew ork w ith crb 
topology, Zn(4-apa) (4 -apaH 2 = 4-am inophcnyIarsonic acid)‘  ̂
an d  a Cd(ii)-based fram ew ork, Cd{H2L)2*2 H 2 0  (H ,L  = 2-(4- 
a rsonphenylam ino)ace tic  acid).^^ O ther relevant 3-D m etal 
coordination polymers th a t incorporate mixed organoarsonate 
an d  carbo)^ la tc  ligands arc two lead-based and  th ree  iso- 
structural lan th an id c 'b ased  com pounds: Pb5(SIP)2(L l)2(H2 0 ), 
Pb,(SIPXL2)(H20)*^ an d  Ln2(HL2 )2(C2 0 4 )(H2 0 ) 2  (Ln = Nd, Sm 
o r Eu, H2LI -■ phenylarsonic  acid , HiL2 -  4-hydroxy-3- 
nitrophenylarsonic acid and  NaH2SlP = S-sulfoisophthalic acid 
m onosod ium  salt).*'^ In  o rd e r to explore th e  synthesis o f 
a rsonate-bascd  coo rd ina tion  polym ers with 3-D fram ew ork 
topology, we successfully synthesized  a novel b ifunctional 
ligand 4-(l,2 ,4-triazol-4-yl)phenylarsonic acid (H 2TPAA) th a t 
re la tes  to  the  previously m en tioned  pho sp h o n ate  ligand, 
H2ptz. The preparation  of the extended coordination  polymers 
w as carried out under hydrotherm al conditions. O ur synthetic 
app roach  led to  a series o f transition  m etal coo rd ina tion  
polym ers, [CovHzTPAAKHTPAAjzj HzO ( 1 ), M(HTPAA)Cl-2 H 2 0  

(M = Cu (2) a n d  Co (3)), M(HTPAA)2 (M = Mn (4) and  Cd (5)). 
Among these  five coordination polymers, 1, 2 and  3 adop t 2-D 
layered struc tu res w hilst 4 and  5 are 3-D fram ew orks. H erein, 
we report th e ir  syntheses, crystal structure's, lum inescen t and  
magnetic properties.

2. Experimental section
2.1 M aterials and  in s trum enta tion

The novel H 2TPAA ligand, 4-(l,2 ,4-triazol-4-yl)phcnylarsonic 
acid , was syn thesized  from  N ,N *dim ethylform am ide azine 
d ihyd roch lo ride  using  a general lite ra tu re  p ro ced u re .'^  All 
reagen ts  w ere p u rch ased  from  Sigm a-Aldrich an d  used  as 
received w ith o u t fu r th e r p u rification . *H an d  nuc lear 
m agnetic  reso n an ce  (NMR) d a ta  were recorded  on  a B ruker 
DPX 400 sp ec tro m ete r (400.13 MHz for *H. 100.63 MHz for 
*^C). F ourier tra n sfo rm  in fra red  spectroscopy (FTIR) d a ta  
w ere collected  o n  a Perkin-E lm er Spectrum  on e  FT-IR Spec
trom eter. T herm ograv im etric  analysis (TCiA) was perfo rm ed  
u n d e r  an  a ir  a tm o sp h ere  o n  a Perkin-E lm er Pyrus 1 T(M  
from  ."50-800 at a h e a tin g  ra te  o f 10 min"*. Powder 
X-ray diffraction (PXRD) data  were recorded on a  S iem ens D.SOO 
X-ray d iffractom eter a t 40 kV, 30 mA using  Cu-Ka rad iation  
(/ = 1..S40.S6 A), w ith  a scan  speed o f 3<̂  m in '*  and  a  step  size 
o f 0.05® in Iff  a t room  tem pera tu re . The s im ula ted  pa tte rn s  
were derived from the program m e M ercury Version 1.4

This journal is © The Royai Society erf Chemistry 2014
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software. Elem ental analyses (C, H, and N) were obtained from 
the M icroanalysis Laboratory, School o f Chem istry and  C hem i
cal Biology, University College Dublin. The m agnetic suscepti
bility m easu rem en ts  o f 2, 3 and  4 were ob ta ined  with the  use 
o f  MPMS-XI, Q uantum  Design SQUID m agnetom eter. M easure
m en ts  were perform ed on  polyciystalline sam ples of 20.3, 
18.87 and 8.5 mg for 2, 3 an d  4 respt*ctively, which were mea- 
surt*d in polyethylene bags (3 x 0.5 x 0.02 cm); ac susceptibility 
m easurem ents for 3 were recorded using an  oscillating ac field 
o f 3 Oe w ith frequency o f 1000 Hz. M  vs. H  m easu rem en ts a t 
1 0 0  K were perform ed to confirm  the  absence of potential fer
rom agnetic im purities. The m agnetic da ta  were corrected for 
the  sam ple  ho lder and  the  d iam agnetic  con tribu tions. Solid 
state  fluorescence m easu rem en ts were carried  out using  
Fluoroiog<S>-3 Sp>cctrofluoromcter.

2.2 Synthesis of 4-(l,2,4-triazol-4*yl)phcnytarsonic acid 
(HjTPAA)

250 mL o f benzene was add ed  to a m ixture  o f N,N-dimcthyl- 
fo rm am ide  azine d ihydroch lo ride  (17.21 g, 80 m m ol) and  
4 am inophcny larson ic  acid (17.36 g, 80 m m ol) an d  the 
resu lting  turb id  so lution was refluxed at 1 2 0  °C for three days. 
Afterwards, the solvent was decanted  off, 100 ml. e thano l was 
added and the mixture was stirred for ten m inutes. The form ed 
solid product was collected by filtration and  w ashed w ith e tha
nol un til the filtrate becam e colorless. The p roduct was p u ri
fied by reciystallization from  boiling water. T hin plate crystals 
were ob tained  after cooling a n d  were filtered off and  d ried  at 
room  tem pera tu re  (Schem e 1, yield: 6.37 g, 30.5%  based on 
4-am inophenylarsonic acid). IR (v/cm"*): 3134 (vw), 2985 (vw), 
2677 (vw), 2281 (w), 1700 (w), 1597 (w), 1528 (w), 1417 (vw), 
1380 (vw), 1330 (w), 1268 (vw), 1229 (vw), 1103 (w), 1040 (vw), 
990 (vw), 932 (s), 850 (w), 825 (s), 747 (vs), 722 (s), 6 6 8  (w). ‘H 
NMR (DMSO-dft), i5: 9.25 (2H, S. triazole), 7.97 (2H, m, phenyl) 
and  7.94 (2H, m. phenyl) (ESI.t Fig. S9). *’c  NMR (DMSC)-dfi), 
*  141.3, 137.3, 133.3, 131.9, 121.8 (F.Sl,t Fig. SIC).

2.3 Syntheses o f the  transition  m etal comple«^s

[C:o{H2TPAAXHTPAA)2]*H2 0  (l). Co(NO,,)2-6 H 2 0  (0 .2  m mol), 
HjTPAA (0.1 m m ol) and  4 mL of H2O were added in to  a 10 mL 
reaction vial and  sealed. The m ixture was heated to 100 °C and 
kept a t this tem perature for one day. Pink colum nar crystals of 
1 were ob ta ined  and  washed with H 2O before drying in  a ir at 
room  tem pera tu re  (yield: 25 mg, 85% based on  H2TPAA). 
Elemental analysis (%): calcd. for C24H24ASiCoNqOio, C 32.68 H 
2.74 N 14.29; found C .32.82 H 2.51 N 14..53. IR (if/cm "'): 
3120 (vw), 1738 (v w ), 1599 (w), 1531 (s), 1418 (vw), 1372 (vw), 
1324 (vw), 1250 (m), 1103 (s), 1028 (w), 1014 (w), 978 (vw), 
859 (s), 825 (s), 764 (m), 726 (m), 705 (m).

Cu(HTPAA)CI-2 H 2 0  (2). CuCl2-2 H 2() (0.2 m m ol), H^TPAA 
(0.1 m m ol), 0.1 mL o f  36.5%  H(;laq an d  5 mL o f H 2O were 
add ed  in to  a 20 mL T eflon-lined  s ta in less  s teel au toclave. 
The mbcture was heated to  100 °C and  kept a t th is  tem p era 
tu re  for two days before  it w as allow ed to  cool to  room  
tem p era tu re . The re su ltin g  pale blue so lu tion  was left to

CrystEngComm. 2014, 16. 7894-7905 | 7895
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\ - C H = N - N = C H — I HCI  + M O ,H
\  y 120*C reflux ^ __y

Scheme 1 Synthetic route to HjTPAA

evaporate a t room  te m p e ra tu re  p ro d u c in g  pale b lue  needle 

crys ta ls  o f  2, w h ic h  were washed th o ro u g h ly  w ith  H 2O, and 
d ried  in  a ir  a t ro om  tem pera ture  (yield : 25 mg, 62%  based on 

H jTPAAI. E lem ental analysis (% ): calcd. fo r C »H ,,A s(;lC uN ,0 5 , 

C 23.84 H 2.75 N 10.42; fo u n d  C 23.90 H 2.46 N 10.59. IR 
(v‘ /cm “ ‘ ): A409 (w), 3143 (w), 2394 (w), 1640 (w), 1597 (w), 1549 (m), 

1425 (vw), 1338 (w), 1305 (vw), 1253 (m ), 1226 (m |, 1110 (m ), 

1064 (m ), 1019 (vw), 981 (w), 846 (s), 832 (s), 774 (s), 722 (m ), 
707 (m).

to (H T P A A )C i-2 H jO  (3). C oC l2 -6 H jO  (0.2 m m o l), H^TPAA 

(0.1 m m o l), 0.1 m L  o f 36.5%  H C l^ . , 1 m L  o f D M F and 5 m L 
o f  H 2O were placed in  a 20 m L  T e flo n -lin e d  s ta in less  steel. 

The m ixtu re  was heated to  100 °C and kept at th is  tem perature 

fo r two days and cooled to  room  tem perature in  one day. V iolet 
p rism  crystals 3 were co llected, washed th o ro ug h ly  w ith  H 2t), 

and dried  in  a ir  a t room  tem perature (yieldt 30 m g, 75%  based 

o n  H jTPAA). D M F is necessary fo r  the  c rys ta llisa tion  o f  the 
co m po u n d ; i f  the  reaction  o f  CoC l2'6H 20 and H jTP A A  Is 

carried  out in  pure H jO  at 100 “ C, 1 is rcp rod u c ib ly  obta ined. 

Elem ental analysis (%): calcd. fo r CgHnAsClCoNjOs, C 24.11 H 
2.78 N 10.54; fo und  C 24.23 H 2.51 N 10.62. IR ( v /c m '‘ ); 

3543 (w), 3225 (w), 3133 (w), 2393 (w), 1646 (w), 1600 (w), 
1546 (m ), 1421 (w), 1385 (vw), 1332 (w), 1300 (w), 1251 (m ), 

1108 (m ), 1053 (m ), 1020 (vw), 999 (vw), 981 (w), 853 (s), 
829 (s), 762 (s), 725 (w), 676 (vw),

Mn(HTPAA)j (4). Mnc:l2-4HiO (0.2 m m ol), HjTPAA (0.1 mm ol), 
4,4 ' b ip y r id in e  (0.1 m m o l) and 4 m L o f H 2O were added in to  

a 10 m L reaction  v ia l and sealed. The m ix tu re  was heated to  
100 “C and kept a t th is  tem pera ture  fo r two davs before i t  was 
a llow ed to  cool to  room  tem pera ture . C olourless needle-like 

crystals o f 4 were obta ined, filte red  o ff  and washed tho rough ly  
w ith  H 2O and d rie d  in  a ir  at room  tem pera ture  (y ie ld : 18 mg, 
30% based on H 2TPAA). A lthough 4 ,4 '-b ipyrid ine was no t inco r

porated in to  th is  com pound , its  absence in  the  reaction  m ix 
tu re  gives rise to  lower y ie ld  o f the  product. E lem ental analysis 
(% ): calcd. For C isH nA S zM nN fiO t, C 32.51 H 2.39 N 14.22, 
found, C .32.61 H 2.55 N 14.31. IR  (v /cm ‘ ‘ ): 3127 (vw), 3114 (w), 
.30.59 (vw), 2314 (w), 1681 (w), 1595 (m), 1.538 (s), 1522 (s), 1418 (w), 
1383 (w), 1365 (w), 1332 (w), 1289 (w), 1253 (w), 1239 (m ), 

1099 (m ), 1083 (w), 1028 (w), 1013 (w), 1007 (w), 850 (w), 
806 (s), 7.34 (s), 723 (s), 706 (w).

Cd(HTPAA )2  (5). C d (N « ,) 2 -4 H 2 0  (0.2 m m o l) and H 2TPAA 

(0.1 m m o l) and  4 m L  o f H 2O were added in to  a 10 m L 
re a c tio n  v ia l and  sealed. The m ix tu re  was heated to  100 °C 
and  kept at th is  te m p e ra tu re  fo r  tw o  days be fo re  it  was 

a llow ed  to  cool to  ro om  tem pera ture . C olourless need le-like  
crysta ls  o f  5 w ere o b ta in e d , filte re d  o ff,  w ashed th o ro u g h ly  

w ith  H 2O and d ried  in  a ir  at room  tem pera ture  (yield: 30 mg, 

46%  based o n  H 2TPAA). E lem enta l ana lysis (% ): ca lcd . fo r 
C ifcHnASzCdNjOs, C 29.63 H 2.18 N 12.96; Found C 29.51 H

2.31 N 12.85. IR  ( v /c m '‘ ): 3113 (w), 2259 (w), 1674 (w), 

1596 (m ), 1536 (s), 1524 (s), 1418 (w), 1381 (vw), 1367 (vw), 
1331 (w ), 1290 (w ), 1241 (s), 1101 (s), 1084 (w), 1029 (w ), 
1015 (m ), 938 (s), 814 (s), 723 (s), 706 (w).

2.4 X-ray c iysta llography

The data c o lle c tio n s  o f 1, 4 and  5 were ca rrie d  o u t u s in g  

a B ruker Smart APEX C:CD X-ray d iffra c to m e te r at 200 K 

while  those o f 2 and 3 were carried out using a Rigaku 724 CCD 
X-ray d iffra c to m e te r at 150 K, us ing  g raph lte -m onoehrom ated 

M o-Ka rad ia tion  (/i = 0.71073 A). The data co llection  o f H 2TPAA 
was carried  out on a B ruker APEX D uo CCD X-ray d iffrac tom e
te r a t 100 K us ing  g raph ite -m onoch rom a ted  M o-K a  ra d ia tio n  
( /  = 0.71073 A). The s tructu res o f  the  five c o o rd in a tio n  com 

pounds and 4 -( l,2 ,4 -triazo l-4 -y l)pheny la rson ic  acid (H jTPAA) 
were solved by d ire c t m e thods u s in g  .SHELXS-97, in tegra ted  

us ing  the OLEX2 so ftw are '^ and re fined  us ing  the SHELXL-97 

p ro g ra m m e .A l l  the non-hydrogen atom s were re fined aniso- 
tro p ica lly . The hydrogen atom s o f 1, 2 and  H jTPAA were 

treated us ing  a m ix tu re  o f independent and constra ined refine
m en t param eters. The pos itions  o f  the  hydrogen atom s o f 

the  HTPAA an ion  in  2 and 3 were ca lcu la ted; the  H -atom s o f 
the  la ttice  w ater m o lecu les  in  2 and 3 were n o t re fin e d . The 
H -p o s itio n s  o f  4 and  5 were ca lcu la ted  and  re fine d  iso- 
tro p ie a lly  u s in g  fixe d  th e rm a l fac to rs . The A s lO , g rou p  in  I  

exh ib its  a p o s itio n a l d i.w rd e r over tw o  sites (A s lA , U 1 1, 012 , 
0 1 3  and A s lB , O i l ,  0 1 2 ', 0 1 3 ') . The site  occupancies o f 
(A s lA , 0 12 , 0 1 3 ) and (A s lB , 0 1 2 ', 0 1 3 ')  in  1 a rc (0.83, 0.89, 
0.86) and  (0.17, 0.11, 0.14), respective ly . 0 1 2 ' and 0 1 3 ' in  1 
were re fined  iso trop ica lly . The hydrogen a tom  (H13') o f 0 1 3 ' 
in  1 was n o t in c lu d e d  in  the  f in a l re fin e m e n t to  avoid a le rts  
th a t resu lt from  short H -H  contacts th a t arise fro m  the re fine 
m e n t o f  the p os itio n a l d iso rd e r o f  the  A s lO , g roup. The ben
zene r in g  in  H 2TPAA a lso reveals a p o s itio n a l d iso rd e r over 

tw o sites (C3, C4, C5, C6 , C7, C 8  and  C3, C 4', C5', C6 , C7', 
C;8 '). The  s ite  occupancies o f  (C4, C5, C7, C 8 ) and (C4’ , C5', 

C7', C 8 ') are (0.54, 0.54, 0.51, 0.51) and  (0.46, 0.46, 0.49, 0.49), 
respectively. The A s l- O l ,  A s l-0 2  and A s l-0 3  bond lengths in 
H jTPAA arc 1.719(5), 1.721(5) and 1.627(5) A, consequently 01 

and 0 2  are assigned as hydroxyl oxygen atom s (ESLt Fig. S l l) .  

D e ta ils  o f X-ray ana lys is , in c lu d in g  the  c iys ta l param eters, 
data  c o lle c tio n  and  re fin e m e n t param e te rs  fo r  com pounds 

1-5 are sum m arized  in  Table 1. Selected bond lengths, angles 

and hydrogcn -bond  in te ra c tio n s  are g iven in  the  Tables S l . l  
to  S5.2 (ES It). Fu rthe r de ta ils  o f the  crystal s truc tu re  d e te rm i

n a tio n  have been d epos ited  w ith  the  C am bridge  C rysta llo - 

g raph ic  Data Centre. CCDC No. fo r  1, 2, 4, S and H 2TPAA are: 
958075-958079, and 974651 fo r  3.
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Table 1 Crystal d a ta  and stn ic tu re  refir>ement inform abon for H2TPAA and c o m p o u n d s 1-S

C o m p o u n d  H 2 ITAA 1 2 3 4 5

E m pirical C , H ^ N , 0 3 C^24HmAs jCoN ,0 ,H 2 0 CsH tAsCICuN jO,
f(H’m ula
Form ula 269.09 882.21 403.11
w eight
C iystal system M onoclin ic M onoclin ic M onoclin ic
Space ^ u p FZilc P 2 ,/n C21m
a ,  A 6.0120(9) 11.019(2) 20.454(4)
b ,A 21.594(3) 12.676(3) 7.7512(16)
C, A 8.9646(9) 21.167(4) 8.4433(17)

126.135(7) 98.13(3) 102.15(3)
I '(A ’ ) 9.39.9(2) 2927.0(10) 1.308.7(5)
L 4 4 4
T em p era tu re 100 200 150
(K)
H (m m ”*) 3.61 4.03 4.40
Dm  (g cm '^) 1.902 2.002 2.026
Reflec'tion& 9217 1 7467 7137
co llected
In d ep en d tm t 1738 5440 12.54
reflec tio n s
R eflections 1710 4862 88H
[ / >  M l) ]

0.0266 0.0240 0.0393
Ki,° w « 2* 0.0593, 0.1344 0 .0259, 0.0737 0.0500, 0.1663
[/ >  M l) ]
K , ‘  w « 2* 0.0601, 0 .1348 0.0298, 0 i)758 0.0601, 0.1736
(all d a ta )
G oodness-of-fir 1.068 1.055 0.999

“ «i = Efi ôi - ‘ wK,= -  f„T/Ew(>oTf’■

3. Results and discussion
The com pounds I-.? were p roduced reproducible in m ixierate 
y ields u n d e r hydro therm al reaction  co n d itio n s  a t a tem p era 
tu re  o f 100 °C {vide supra). A s tru c tu ra l re a rra n g e m e n t 
betw een th e  Co(ii) co m p o u n d s  2 an d  is p ro m o ted  by the  
p resen ce  o f DMF as co-solvent. All co m p o u n d s  form  u n d e r 
acid ic  c o n d itio n s  th a t a rc  co m p arab le  to th o se  app lied  for 
the  fo rm ation  o f  TM organophosphonate  com plexes. Elevated 
pH values generally  re su lted  in  m ie ro c ry sta llin e  o r  am o r
p hous p recip itau 's  under the app lied  reaction  cond itions.

.1.1 S tructural descrip tion  o f th e  com plexes

[C o(Hj ITAA)(HTPAA)j] H ,0  (1). C om pound  1 crystallizes 
in th e  m o n o c lin ic  space g ro u p  P2iln.  The asy m m etric  u n it 
co n sis ts  o f o n e  C:o(ii) ion , o n e  fully p ro to n a tc d  Ha'I'PAA 
ligand, (wo HTPAA an io as  (denoted  as L/uii, ^nd  Lu.,i) 
an d  one la ttice  w ater m oleeulc (ESI,t Fig. .Sla). The Co(ii) ion 
ad o p ts  an  o c ta h ed ra l c o o rd in a tio n  geom etry  an d  its  
c o o rd in a tio n  s ite s  a re  o ccup ied  by th re e  n itro g en  ( N l l “ , 
N 2 l‘“ and  N.31) a n d  th ree  oxygen a tom s (O i l ,  02 1  an d  0 .3 l‘) 
th a t  derive  from  six d iffe ren t ligands. The C o-O  a n d  Co-N  
bond  leng ths  a rc  in th e  range o f 2 .074(19)-2 .1152(18) A a n d  
2.1.'}7(2)-2.181(2) A, respectively, an d  are com parab le  to  those 
o f rep o rted  Co(ii) ph o sp h o n ates .* ’  The As -O b o n d s  a re  in  a 
ran g e  o f  1 .6543(19)-1 .729(2) A (th e  above q u o te d  bond

This journal rs G  The Royai Society of Chem istry 2014

•2(H20) C,H,AliCICoN303-2(H201 C„^,4As,MnN,0, C.eH.iAs^CdNsOs

:i98.50 591.11 648.57

M onoclin ic M onoclin ic M onoclin ic
C U m P2,/c P l j c
20.875(4) 8.5378(17) 8.6818(.5)
7.6129(15) 17.151(3) 17.1961(9)
8.5776(17) 12.690(3) 12.8662(7)
101.41(3) % .98(3) 96.906(1)
1336.2(5) 1844..5(e) 1906.90(18)
4 4 4
150 2(X) 200

3.959 4.33 4.64
1.961 2.129 2.259
4634 10 927 11.347

1196 .1423 3.541

1188 3092 3.342

0.0272 0.0281 0.0245
0.0365. O.lOl.S 0.0257, 0 .0598 0.0206, 0.0513

0.0366, 0 .1016 0.0296, 0 .0615 0.0221, 0.0.524

1.075 1.0.37 1.029

leng ths  do n o t include th e  d iso rd e red  a rsen a te  functionality  
w ith  lower s ite  occupancy). The lo n g e r As-O  b o n d s  in  th e  
respective  AsO, g roups a re  A slA -013  1.729 (2), As21-02.1 
1.699 (2) a n d  As.31-03.3 1.726(2) A, th u s  0 1 3 , 0 2 3  an d  03 3  
w ere a ss ig n ed  as hydroxyl m o ie tie s  o f p ro to n a tc d  a rso n ate  
func tiona lities . C onsidering  the  charge balance o f 1, and  the 
fac t th a t th e  A s2 l-0 2 2  (1.684(2) A) b o n d  is longer th a n  ihe  
AS21-021 (1.6.S43 (19) A) b o n d , 0 2 2  w as a lso  ass ig n ed  as a 
hydroxyl oxygen a tom . T he th ree  d iffe ren t ligands  all adop t 
th e  sam e (kO-icN)-h co o rd in a tio n  m ode  (Pig. la ) . I-ahu and  
L u 2 i lin k  th e  c:o(u) ions in to  a 1-U co o rd in a tio n  assem bly  
(Fig. lb )  w hich e x tends  in th e  d ire c tio n  o f  (he crysuillo- 
g raph ic  a-axis, and  w hich is fu r th er linked  by L*,.,, to form a 
2-D netw ork (Fig. le) th a t a ligns parallel to the  ab-planc. The 
c losest d is tan ce s  betw een the  n e ig h b o rin g  c:o(ii) ions w ith in  
th is  layer s tru c tu re  are 11.0190(21) A (b rid g ed  by L *,n and  
L a » 2 i )  and  12.676(3) A (bridged by L*,,u). S trong n  - n  In terac
tio n s  prevail w ith in  th e  1-D a rra n g e m e n t a long  th e  a-axis 
w ith cen tro idal distancc-s between the  phenyl and  the  triazole 
rin g  be ing  3,640.5(7) an d  3.6.591(8) A (Fig. lb ). T here  are two 
d is tin c t, s tro n g  hyd rogen -bond  in te ra c tio n s  in 1 th a t  occur 
w ith in  the 2-D netw ork betw een OH func tiona litie s  (013  and  
03 3 ) o f th e  AsO., g ro u p s  a n d  d e p ro to n a te d  oxygen a tom s 
(031 and  0 2 1 ) of n e ig h b o u rin g  AsO, groups. These H-bonds 
a re  ch arac te rised  by 0 1 3 -H 1 3  0 3 1 ' a n d  0 3 3 -H 3 3 ’ ■02l'''
d is tan ce s  o f 2.659(3) a n d  2.771(3) A, respectively  [sym m etry 
codes: (i) i ,  j; -  1, z; (iv) x, ji + 1, z]. S tronger in te rm o lecu la r

CrystfngComm 2014 16, 7894-7906 I 7897
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(a)

(b)

(c)
Fig. 1 (a) The coordination environm ent o f Co(ii) ion and the coordination modes o f the (igands in 1. Symmetry codes; (i) x. y  -  1. z; (II) x + 1, y, 2: 

(iii) X 1. y, z; (iv) x. y  + 1. z, (b) Polyhedral representation o f the 1 -D  substructure in 1 comprising Co{«) ions and La,u. La*2i ligands {view in the  
direction o f the crystallographic c-axis). (c) Polyhedral representation o f the 2 -D  structure in 1 (view in the  direction of the crystallographic c-axis)

789 8  I CrystEngComm. 2014 16, 7894-7905 This purnai is ©  The Royal Soaeiy of Chemistry 2014
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hydrogen -bond  in te rac tio n s  a lso  occur in a s im ila r  fash ion  
betw een 0 2 3 -H 2 3  •032 '' ot ad jacen t layers to give a n  0 - 0  
d is tan ce  o f 2.473(3) A [sym m etry codes: (v) - x  + 3/2, y  -  1/2, 
- z  + 1/2] (ESI,t Fig. S ib ) . To th e  best o f ou r know ledge, no  
organoarsonate-s'tabilised cobalt(u) c'oordination polym er has 
previously been  reported.

M(HTPAAH:I-2H20 (M = Cu (2), Co (3)). c:om pounds 2 and 3 
are  iso structu ra l, crystallising  in  the  space g roup  C2/m  an d  
adop ting  s im ila r cell param eters  (Table 1). Therefore, only the 
struc tu re  o f 2 will be d iscussed  in detail. The asym m etric un it 
o f 2 con ta in s  a h a lf occup ied  a to m  position  o f a Cu(ii) ion, a 
HTPAA an ion , a C l' and  half-occupied a tom  positions o f two 
la ttice w ater m olecules (ESI,t Fig. S2a).t In 2, th e  C u l a tom  
locates on  an  inversion  cen tre , th e  C ll a tom  lies on  a m irror 
p lane  a n d  th e  HTPAA' ligand lies across a m irro r p lane w ith 
a tom  positions  A sl, 0 2 , C l, C4, N2 located on th e  m irro r 
plane. The Cu(n) ion has a slightly d istorted  octahedral coordi
na tio n  env ironm ent w hose coord ination  sites a rc  occupied by 
two nitrogen a tom s (N l“‘ and  Nl*^, two o y g c n  a tom s (01  and 
O l" )  th a t derive from  four d ifferen t H T P /^  an io n s  and  two 
ch lo rine  a to m s (C ll an d  C ll''" ). The C u l-O l and  C ul-N l*“ 
bond leng ths range betw een 1.991(5) an d  2.055(6) A, respec
tively w hilst th e  C u l-C ll  bo n d  is 2.6801(18) A long. The 
lengths o f these  Cu-O, Cu-N and  Cu-Cl bonds in 2 are s im ilar 
w ith repo rted  values of com parab le  coppcr phosphonates.^^  
The longest As-<J bond o f th e  A slO , func tionality  is A s l-0 2  
(1.691(7) A), an d  th u s  0 2  was assigned  as a hydroxyl o^^gen 
atom . The HTPAA’̂ an ion  adopts a  (icO, O'-icN, coordina
tio n  m ode (Fig. 2a). The A slO j g roup  and  ^ -b ridg ing  CT 
an io n s  link  th e  Cu(ii) ions in to  a  1-D su b stru c tu re  (Fig. 2b), 
w hich is fu rther crosslinked by HTPAA" an io n s  to form  a 2*D 
coo rd ina tion  netw ork th a t ex tends parallel to the  crystallo- 
g raph ic  ab  p lane. The d is tance  o f ad jacen t Cu(ii) ions w ithin 
th e  I 'D  assem bly  is 3.8576(8) A; the  closest d is tance  betw een 
Cu(ii) ions o f ad jacent chains is 10.227(2) A. Strong intram olec
ular n- 71 interactions exist w ithin the layer. The centroidal d is
tance betw een the  phenyl and  the  triazole ring is 3.5112(12) A 
(Fig. 2c). S trong in tram olecu la r hydrogen-bond in te rac tions  
occur w ith in  th is  2-D s tru c tu re  and  prevail betw een the 
hydroxyl functionality  o f a As0.i g roup  (02 ) an d  one o f the 
lattice w ater m olecules (04W ) to  give a  0 2 -H 2  04W  distance 
o f 2.661(12) A. Two d is tin c t in te rm o lecu lar hydrogen-bond 
in te rac tions  o c cu r betw een th e  ad jacen t layers; th e se  involve 
th e  la ttice  w a ter m olecules as well as the d ep ro to n a ted  
a rso n ate  func tiona lity  (O l) to  give charac te ris tic  d is tances  o f 
04W  0 3 W ' a n d  04W  O l ''"  o f 2.845(11) and  2.8394(65) A, 
rcspcctivcly [symmetiy codes; (iv) x  + 112,y  -  1/2, z; (viii) -x  + 3/2, 
y  -  1/2, -z]. Fu rtherm ore , paralle l aligned layers stack  in  the 
direction of the  ciystallographic c-axis in an AA fashion to form 
a 3-D sup ram olccu lar a rch itcctu rc  th rough  hydrogcn bonds 
involving the H -bond donor/accep to r pairs 0 2 -H 2  • 04W  and 
04W  0 1 ' '“ (ESl.t Fig. S2b). A search  in the C am bridge Ciys- 
ta llograph ic  D atabase, CXDC, u nderlines  the  novelty o f the 
here presen ted  structu re  as only a  few coppcr(ii) a rsonate  coor
d ina tion  polym ers that are stabilised  o-sulfophenylarsonatc 
have previously been reported .*“*

View A r tk is  0 n tln «  
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(a)

fig. 2 (a) The coordinatton environm ent of the  Cu(ii) ion and the 
coofdination  m ode of the  ligand in 2. Symmetry codes: (I) x. y. 2 . 
(ii) -jr + 3/2, ~y + 1/2. -z + 1; (iii} x + 1. y, - r  + 1; (iv) x + 1/2, -y  + 1/2, z: 
(v) - X  + 3/2. y  -  V2. -z  + 1; (vi) x -  1/2, y  -  1/2, z; (vii) ~x + 3/2, y  + 1/2, 
-2 -f 1. (b) Poiyhedral representation of the 1-0 substructure along the 
b-axis in 2 irwolving Cu(h) and, C t' and the AslOj moiety (cj Polyhedral 
representation of the 2* 0  stnjcture in 2 (vtew in the direction of the crys- 
taUographic c-axis).

M(HTPAA)2 (M -  M n, 4; M = Cd, 5). C o m pounds 4 an d  5 
a rc  iso s tru c tu ra l and  he re in  we only dep ic t th e  s tru c tu ra l 
details for 4. Single crystal X-ray diffraction studies reveal that 
th e  asym m etric u n it o f  4 consists o f one Mn(ii) ion and  two 
HTPAA an ions (denoted as La*u and  Las2i) (ESI.t Fig. S4a). Ttie 
Mn(o) ion adop ts  a d istorted octahedral coordination gcom etiy 
w hose coord ina tion  sites arc occupied  by two n itrogen a tom s 
(N i l  and  N21) an d  four oxygen a tom s (O il*, 0 2 l “, 021*“ an d  
0 2 1 '^) th a t altogether derive from  six d ifferent organic ligands. 
The M n-O  (2.090(2)-2.255(2) A) and  M n-N (2.279(2)-2..135(2) A) 
distances a re  com parable  to those o f structu rally  related M n" 
p h o sp h o n a te s .^ ' T he a to m s 01 3  an d  0 2 3  were a ss ig n ed  as 
hydroxyl oxygen a tom s as th e  A s l l -0 1 3  (1.7217(19) A ) and  
/VS21-023 (1.7306(19) A) b o n d s re p re sen t th e  longest As-O 
b onds in th e ir  respective AsO.  ̂ g roups. Lasu an d  ad o p t 
(kO, 0 '-kN )*h., a n d  (kO, 0-icN)-n., c o o rd in a tio n  m odes, 
respectively (Fig. 3a). 02 1  of Ly^ii and  its sym m etiy equivalent

This purnal is © The Royal Society of Chemistfy 2014 C/ystEngComm. 2014,16, 7894-7905 1 7899
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(d) (e)
Fig. 3 (a) The coordination environment of th e  Mn(ti) ion and the  coordirwtion m odes of the ligands in 4. (b) Polyhedral representation of 1-D sub
structure m 4 w hereby Mn(ii) ions are linked th rough arsonate functior>alities. Symmetry codes: (i) -x  + 1. y  - 1/2, z  + 1/2; (ii) x, -y + 3/2, z  + 1/2; 
(iii) X. -y + 172, z  V2. (iv| -x, y  + V 2 . - z  + 5/2; (v) x + 1. y  + 1/2. z  + 1/2; (vi) x. y  + 3/2, z  1/2; (vii) x, -y  + 1/2, z  + 1/2; (viii) -x, y  - 1/2. -z + 3/2, 
(ix) -X  + t  -y  + 1, - z  + 2; (x) -x, - y  + 1. - z  + 2. (c) Polyhedral representation of the  3-D structure in 4  highlighting the  connectivity involving Mn(») 
ions and U ,u  ligands (view in the  direction of the  crystaUographic c-axis). (d) Polyhedral representation of the 3-D structure in 4. The Iash  ligands 
are highlighted as pale blue (view in the direction of the crystaUographic c-axis). (e) The equivalent 3-D topological network of 4
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bridge betw een two Mn cen tres to  form  d inuc lear su b u n its  in 
w hich  th e  two d is to rted  ^MniO^Nz} o c tah ed ra  sh a re  a com 
m on  edge. Two AsO.  ̂g roups o f two separate Lakh ligands link 
th e  {M n|O iN 2} oc tahed ra  in to  chain s th a t extend in the  direc
tion  of th e  crystallographic a-axis (Fig. 3b), and  w hich are fu r
th e r  connec ted  by N -functionalities  o f L^sn in  th e  two o th e r 
d irec tio n s  o f spac*c to form  a 3-D netw ork (Fig. 3c) th a t c o n 
ta in s  1-D channels. The M n-M n distance w ithin the  d inuclear 
secondary build ing  u n it is 3.5207(9) A, and  th a t o f nearest Mn 
(ii) ions betw een ad ja cen t ^MnaOeN^f pa irs  a lo n g  [lOO] is 
5 .0502(12) A (Fig. 3b). T he o rg an ic  m o ie ties o f th e  Lvsai 
ligands  are m ain ly  located in  the  resiilting  1-D channels  and  
b ind  via 0 21  and  N21 to  the  M ni(n) ion (Fig. 3d). S trong in tra 
m olecular hydrogen-bond in te rac tions fu rther stab ilise  the 
ra th e r com plex 3-D fram ew ork structure . These H -bonds arc 
form ed between the hydroxyl ojtygen a tom s 0 1 3 /0 2 3  an d  022 / 
0 1 2  o f  depro tona ted  a rsonate  functionalities. The resu lting  
013 -H 13  022 '" and  023 -H 23  012* d is tances  arc 2.508(3)
an d  2.536(3) A, respectively [symmetiy codes: (ix) - x  + 1, -3; + 1, 
- Z  + 2; (x) - X ,  + 1, -z  + 2]. Topologically, the  d in u c lea r SBUs
in  4 may be considered as nodes (denoted  as S) and  the ligand 
m oieties m ay be considered  a s  link ing  c onnec to rs  th a t sepa
ra te  ad jace n t S nodes  by 10.6676(15) A (co n n ec tio n  via  two 
HTPAA' an io n s) and  8.5378(17) A (co n n ec tio n  via  two 
a rso n ate  functionalities) to give a regu lar net (ESl.t Fig. S4b). 
The topology o f the  3D framc*work of 4 can  be ab strac ted  as a 
six -connected  netw ork  w ith th e  S c h l ^ i  sym bol and  vertex 
sym bols ( 4 ^ 6 ’) and  4'4-4-4-4-4-4'4-4-4-4-4 *-* *, respectiveiy. 
This topology is consisten t w ith a pcu-type netw ork according 
to  th e  RCSR n o ta tio n  (Fig. 3e). T he observed geom etries  and 
th e  s tru c tu ra l p a ram e ters  in th e  Cd analogue  5 only  d iffer 
s ligh tly  from  th o se  o f 4 and  th e  d iscussed  su p ram o lecu la r 
in teractions are m ain ta ined  (ESIt).

To date manganesc(Q) or cadm ium (n) arsonates have rarely 
been  reported . M ost o f th e  repo rted  s tru c tu res  em ploy the 
ary! arson ic  acids RAsOiH2 (R = CfiHs', 3 “N0 2 *4 - 0 H ‘C6H ,”) 
o r  o-sulfophenylarsonic acids an d  auxiliary c h e la tin g  ligands 
such  as 2 ,2 '-b ipyridine, 1 ,1 0 -p henan th ro Iine, and  2 ,2 ':6 ',2 "- 
te r p y r id in e ." ^  Until now no  3-D manganese(ii) arsonate  coor
d ination  polym er has been rcported.

3.2 X-ray powder, spectral and  tfv rm ograv im etric  analyses 

The phase-purity  o f th e  here  p resen ted  com p o u n d s was co n 
firm ed  by pow der X-ray d ifh ’action  (PXRD). T he 2H values o f 
the  m ajor reflections o f the  experim entally rc*corded PXRD pat- 
tcTns o f th e  bu lk  solids o f 1-5 m atch  well to  those  o f  th e  s im u
la ted  p a tte rn s  w hich w ere o b ta in ed  from  respective s ing le
crystal d a ta  (ESI.t Fig. S.5a-e). I h e  FT-IR spec tra  o f the  five 
co m p o u n d s an d  H 2TPAA show  ^ i c a l  As-C s tre tch in g  vibra- 
tk)n  bands a t 1103 cm * for 1 ,1110 cm '* for 2 ,1107 cm "‘ for 3, 
1099 cm  * for 4, 1100 cm  * fo r 5 an d  1103 cm  * fo r H 2TPAA. 
The vibrations associated with th e  AsO^ moiety are very strong 
an d  occur a t 859 an d  825 cm"* for 1, 846 and  832 cm"* for 2, 
853 and  829 cm '* for 3, 806 cm"* for 4, 814 cm"* for 5 and  
825 cm “* for HjTPAA (ESI.t Fig. S6 a-f).*^ T he solid-state

lum inescen t p roperties  of H 2TPAA and  5 were investigated at 
room  tem peratu re . For H 2TPAA, an  em ission  band  m axim um  
cen tered  a t 456 n m  can be observed u p o n  pho toexcitation  a t 
373 nm  (ESI,t Fig. S7). Com pound 5 exhibits a  sim ilar em ission 
b and  to  th a t o f the  pure  ligand  H 2TPAA c en te r in g  at 452 nm  
upon photoexcntation a t 373 nm  (Fig. 4). Therefore, the  fluores
cen t em ission  a t 452 nm  in 5 can be a ttrib u ted  to  in traligand  
(rt-n*) fluorescence. The therm al stability of 1-5 was also exam
ined by therm ogravim ctric analysis (TGA) in an  a ir a tm osphere 
betw een 30 and  800 (ESl.t Fig. S8 ). T he TGA curve o f 1 
reveals th e  rem oval o f con stitu tio n a l la ttice w ater m olecules 
betw een 30 to 280 °C. C om plex 1 is s tab le  up  to  340 °C, after 
w hich the  framework collapses due to the total oxidation of the 
organic ligand. 2 and  3 lose their respective lattice w ater mole
cules betw een 30 to  120 ^  and  165 °C, w hilst th e  oxidation of 
th e  o rg an o arso n ate  ligands occurs above 240 °C. 4 and  5 are 
stab le  up  to  ca. 320 after w hich, th e ir  fram ew orks decom 
pose due to the oxidation o f the ligands.

3.3 M agnetic properties  o f 2, 3 and  4

M agnetic su scc p tib ili^  m easurem ents o f com pounds 2 and 4 
w ere perfo rm ed  as a fu n c tio n  o f th e  te m p e ra tu re  in an 
app lied  dc field o f 1 T. T he  te m p e ra tu re  d e p en d e n ce  o f the  
x T  product per Cu" ion  for 2 and  per M n" ion  for 4 are shown 
in  Fig. 5 and  6 , respectively. For 2, the  xT  value at 300 K is 
0.41 c m ’ K m o l”* in  good a g re em en t w ith o n e  iso la ted  S -  
1/2 Cu" io n s  and  g  - 2.09(5), w hile fo r 4, th e  x T  p ro d u c t at 
300 K reach es  4.1 c m ’ K m oP* as expec ted  fo r a h igh -sp in  
5 = 5/2 M n“ io n  (w ith  g  = 1.94(5)). U pon co o lin g , th e  XT' 
p ro d u c t d ec rea ses  co n tin u o u s ly , an d  reach es  th e  value of 
0.04 c m ’ K moT* a t 4.2 K for 2 an d  1.6 cm ’ K m ol * at 2.8 K 
fo r 4. T his type o f th e rm a l behav ior in d ica te s  p red o m in an t 
an tife rrom agnetic  (AF) coup ling  betw een  m eta l ions in both 
2 an d  4. The p re d o m in a n t AF in te ra c tio n s  a re  fu r th e r  co n 
firm e d  by th e  negative  W eiss c o n s ta n ts  f) -  -1 5  K in  2 
(betw een 50 an d  300 K) a n d  f) = -2 .7  K in  4 (betw een 3 and  
300 K) derived from  th e  C urie -W eiss law. To d e te rm in e  the

tn
1.0

O'®se
C

0.6I.
—  Excttation (Em ■ 4S2 nm) 

E m f  ten (Ex ■ 373 nm)

320 360 400 440 480 620 660

Wavelength (nm)

Fig. 4 SoUd-state photo lum inescent spectra  of 5 m easured at room 
tem perature
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the low field approxim ation, the magnetic susceptibility is 
given by:

A W

2exp(2.r)H 10exp(6.r) + 28exp(12jr) + 60cxp(20r) + l 10cxp(30.r)

r/K
Fig. 5 Temperalure dependence of the product to r 2 at 1 T {w ith  x 
defined as the molar magnetic susceptt)ilJty equal to  M/H  and r>ormalized 
per Cu(k) center). The solid red lir>e ridicates the best fit according to the 
S » 1/2 chain model desaibed m the text

r/K
Fig. 6 Temperature dependence of the xT  product for 4 at 1 T {w ith x 
defined as the moiar magnetic susceptibility equal to  M /H  and normalized 
per Mn(n} center). The solid red line indicates the t>est fit according to  the 
Heisenberg S « 5/2 spin-dvner model descnt)ed in the text

exchange parameter between adjacent Cu" ions ( / )  in 2, the 
experim ental were fitted to a Heisenberg chain
m odel of quantum  spins as derived by Bonner and Fisher 
using the following H am iltonian H  = -2yiiVSVi.“  Employing 
the well-known Bonner-Fisher numerical expression of the 
s u s c e p tib il ity ,th e  experimental data were fitted over the 
entire temperature range with 5  ̂= 2.16(5) and J/k^ -  -13.8(2) K 
(see solid red line in Fig. .S). The nc'gative J  value is consistent 
w ith  significant antiferromagnetic interactions along the 
chain (Fig. 2b) between C u‘* ions in 2 through the unprece
dented OASIO2 (arsonate)/n -cr/N lN2 (triazol group) bridge.

(considering the structure o f 4, two possible exchange 
pathways can be considered: exchange involving (i) the dou
ble M'O bridge w ithin the dinuclear M n(ii) units and (li) the 
double syn-syn  coordinating arsonate bridge (Fig. 3b). How
ever, it is expected that the double n-O bridge promotes sig
nificantly stronger magnetic coupling than the arsonates. 
Thus the magnetic data were modeled using a Heisenberg 

S = 5/2 spin-dimer model considering the following isotropic 
spin H am iltonian H = - 2/S 1S2 . According to this approach in

l + 3exp(2.T) + 5exp(6.T} + 7exp(12jr) + 9exp(20.T) + llexp(30.T)

with X = JI[k^T). The experimental data are perfectly fitted by this 
analytical expression allowing the accurate determination of the 
magnetic parameters: g  -  1.94(5) and Jtk^ = -0.36(3) K. Hence, 
this model clearly demonstrates that the antiferromagnetic 
exchange interaction between the two magnetic centers within 
the dinuclear Mn(ii) moiety of 4 is rather weak. Nevertheless, 
this value is in agreement with the m ^netic  coupling observed 
in related M n‘‘ arsonate compounds, which possess also dinu
clear double n-O bridged units."*^ On the other hand, the 
observedy value is sm alkr than correspondingy values of stnic- 
tuniDy related Mn(n) phosphonates.^^

The temperature-dependencc o f the product per Co" 
ion for 3 is shown in Fig. 7. The / T  value at 300 K is 
3.1 cm^ K m ol"' falls well within the expected range for octa- 
hedrally coordinated Co(ii) ions. In this type o f complex, the 
unqucnched orbital momenta usually lead to relatively large 
g  factors, in the present case of ca. 2.57(5) (S = 3/2). Upon 

cooling, the x T  product decreases slowly to a m inim um  of 
2.6 cm* K mol~‘ at 22 K and then increases to a maximum of 
7.8 cm * K m ol”'  at 1.8 K. The decrease o f the product 
above 22 K may be caused by two effects: (i) the possible 
spin orbit coupling o f the Co(ii) ions, and/or (ii) antiferro
magnetic interactions between the Co(a) spin centres. Unfor
tunately for octahedral Co(ii) systems, it is not possible to 
separate and/or discrim inate between the two phenomena 
and thus it is extremely difficult to speculate on the nature of 
the magnetic interactions between Co(a) centers. Below 22 K, 
the increase of the / r  product is also not conclusive as it 
could be the signature of ferromagnetic interactions between

6

O
E

10
s
8
7
e
6

4

3

2
0 0.1 0.2 0.3 0.4 0.5 O.fi

r ' / K ’

100 200 300
T/K

Fig. 7 Temperature dependence o f the ;fT product fo r 3 at 1000 Oe 
(w ith X defined as the nx>lar magnetic susceptibility equal to  M /H  and 
normalized per Co(ii) center). Inset: inixTl vs. 1 / f  plot o f 3; the solid red 
line is the best exponential fit o f the experimental data t>etween 9 and 
2.5 K.
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Co(ii) sites along the chain (Fig. S3ct) as well as non- 
compensating cantcd spins involving antiferromagnetic inter
actions along the chain (it is worth noting that two Co(ii) ori
entations are present within the 1-D coordination polymer).

The increase o f the x T  product below 22 K can be analysed 
in terms of correlation length ( i) , as f  is proportional to x T  in 

any 1-D classical problem (in  the low field lim it). Moreover, 
for any one-dimensional spin system with uniaxial anisotropy 
(Ising or anisotropic Heisenberg spins), the correlation  
length diverges exponentially when the temperature is 

lowered according to i  *> expi&^tkaT] and thus / T  = CVfr exp 
(w ith A; being the energy to crcate a dom ain wall 

along the chain).^'* The dim ensionality o f the correlations is 
clearly one-dim ensional based on the In^ifT) vs. 1 /T  plot 
shown in inset of Fig. 7. It proves that the increase o f the xT  

product below 10 K is produced by the interactions along the 
Co(ii) chain shown in  Fig. S3c.t The correlation energy gap, 
A; of 2.8 K emphasizes the weak nature o f the effective ferro
magnetic interactions along the chain or indicates that the 
spins arc strongly cantcd inducing a large compensation of 
the moments along the chain. As for the / T  vs. T  data, the 
analysis of the correlation length does not allow one to 
decide which of the two scenario, Le. ferromagnetic coupled 
spins or cantcd antiferrom agnctically coupled spins along 
the chain, takes preference. Finally, the Field dependences of 
the m agnetization measured at different temperatures were 
recorded below 8 K (Fig. 8 and S12t). As seen in Fig. 8 and in 

its inset, the increase o f the m agnetization at low field is 
observed without any inflection point ( ie . S shape), in strong 
support w ith the absence of antiferrom agnetic interactions  
and thus suggesting the presence of ferrom agnetic interac
tions along the chain between Co(ii) magnetic sites.

At 1.8 K and 7 T, the magnetization reaches a value of 
2.J hb (Fig. 8) in good agreement w ith the values typically 
observed for a (;o(ii) ion.^’  Besides, the M  versus H IT  plots 
(Fig. S12t) show a large deviation from scaling and are not 
supcr-imposable on a master curve indicating the picsence o f 
significant magnetic anisotropy in 3, as it is expected for octa
hedral Co(ii) metal ions.

2 5 r  ------1,85 K
^ 3 K  
~ 5 K  

2 — BK

I

05 H fO e

0 20000 40000 60000
H/ Oe

Fig. 8 Field dependence o f the magnetization (M) and. m Inset its 
field derivative (dM/dH at L8 K) for 4 at the temperatures indicated, 
scanning at 100-200 Oe m in'‘

Paper

From a magnetic point of view and based on the above anal* 

yses, compound 3 can be regarded a chain o f ferromagnetically 
coupled anisotropic spins that thus contains all requirements 

to display single-chain magnet behaviour.^ Therefore, ac mag
netic susceptibility measurements were performed in zero dc 
field between 1.8 and 15 K (Fig. S13t) to probe slow dynamics 
o f the magnetization in  this compound. However, no out o f 
phase signal was detected precluding (i) the presence o f SCM 
properties in our experimental windows of temperature (above 

1.8 K) and ac frequency (up to 1500 Hz) as well as (ii) the pres
ence o f a magnetic phase transition above 1.8 K.

4. Conclusions
In summaiy, a new bifunctional arsonic acid ligand has been 
synthesized and its self-assembly in the presence o f transi
tion metal salts under hydrotherm al condition has been 
investigated. Five new coordination polymers were isolated 

and their crystal structures, luminescent and magnetic prop
erties have been reported. As far as we know, 1 represents the 
first example o f a Co(ii) organoarsonate coordination poly- 
mer. Both 2 and 3 contain H 2TPAA type ligands and coordi
nating chloride ions, which stabilise their respective 2-D 
structures. Compound 4 represents the first record o f Mn(ii) 
3-D framework containing oi^anoarsonate ligands. Our analy
ses of the magnetic properties of these arsonate-bridged coor* 
dination compounds provide rarely investigated insights into 
exchange pathways in this class o f compound. Analyses of 
the mag^ietic properties reveal that 2 and 4 exhibit antiferro
magnetic interactions between their respective magnetic cen
ters; whilst 3 shows weak ferromagnetic interaction between 
the spin centers along its I  D substructural network.

Interestingly, 5 displays a typical ligand-centered fluores
cence emission band. Our work shows that the arsonatc func 
tionality has a high propensity to be partially protonated 
under the applied reaction conditions. In this form, it has a 

lower tendency to bridge metal centers in comparison to the 
corresponding phosphonate ligands. All isolated coordina
tion polymers contain partially deprotonated arsonic acid 

functionalities. This tendency can be interpreted in light of 
the p/Ca values. According to the literature, the pK^ values of 
phenylphosphonic acid are 1.86 and 7.51,^^ and the pAT* 
values o f phenylarsonic acid arc .3.8 and 8.5^^ suggesting that 
the 2nd deprotonation event occurs more readily for 
phosphonic acids than that for the arsonic acids. Despite the 
fact that arsonatc anions can also adopt a varie^ o f potential 
coordination modes, the ir ability as complexing agents has 
not yet been fully explored. Consequently, ^n th etic  method* 

ologies using organoarsonates require further investigations 
in order to fully understand the coordination chemistry of 
the resulting class o f compound.
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