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In this thesis, the syntheses and characterization of some two-and three- 

dimensional coordination polymers are described. Two ligands have been used: m- and p- 

substituted pyridinesulfonic acids. The use of two different hnctionai groups in the 

ligand makes it possible to control the coordination by using metals that are selective to 

each group. 

The position of the functional group in the pyridine ring has a profound impact on 

the structures formed under otherwise identical reaction conditions. m-Substituted 

pyridine utilizes only the sulfonate group in coordination to alkali and alkaIine earth 

m d s .  psubstituted pyridiie suifonate is likely to coordinate also via nitrogen. 

This study illustrates the potential of designing materials with interesting 

properties, by using coordination chemistry. It has been shown that by wing molecular 

building blocks, different hctionalities, such as nitrogen electron donor and a 

coordinasively unsaturated metal, can be introduced into the structure. 
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Introduction 

1.1. Pornus materials 

The development in the research of extended solid materials in recent years has 

been imrnen~e.~-~O The numerous applications for these materials include catalysis, 

selective adsorption, ion-exchange, as well as use in electronic, optical, and magnetic 

devices. A large group of extended solids are porous materials, which are used in guest 

binding applications. The most widely used porous materials are natural and synthetic 

zeolites, crystalline aluminosilicates, which are used in various catalytic and separation 

processes, such as acid-cataIyzed hydrocarbon cracking, and as molecular sieves. 

In the mid-1900s, dozens of synthetic aluminosilicate zeolites were developed," the 

ratio of silicon and aluminum was adjusted, leading to all-silica materials. The development 

of synthetic silicas was expanded to other elements of the periodic table in the early 1980's, 

when the fint ahminophosphate (AIPO) materials were synthesized." The success of these 

materials led to an increasing volume in the porous materials research, and other elements 

were included in the pursuit of these new materials. Main-group and transition metals were 

included in the aluminophosphate framework and many new molecular sieve materials 

were discovered Tbe basic structural element of these materials was still a t e t r a h a y  

linked aluminum, and the next step was to replace aluminum with transition metals to 

incorporate an octahedral unit into the structure. Now, that both silicon and ahnimun had 

been replaced with other elements, it was obvious to also replace oxygen with other anionic 
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groups. This has been an expanding direction of study in the 1990s, and the selection of 

'anions' has increased &om inorganic elements, sulfiu and other chalcogens, phosphorous, 

nitrogen, to larger inorganic anions as well as organic ligands. 

In the constnrction of porous network structures, there are three major challenges. 

The first apparent problem is that despite carefbl design of the synthesis, the structure of 

the product is very difficult to predict. The d i n g  structure is very much dependent on 

the solvents and counter-ions. Solvents in the pores have to be removed in order to have the 

pores accessible in the possible applications. The removal of these guests often leads to 

collapsing of the structure, either because of the weakness of the remaining structure, or, in 

some cases, the energy required for the guest removal is sufficient to break the bonds in the 

h e w o r k  

The second difficulty is that in the absence of large guest molecules, the networks 

are usually interpenetrated. Interpenetration can occur in several ways. Two or more 

independent networks, related by translation, can be 'stacked' in a similar fashion as piliig- 

up chairs. Non-parallel networks can also interpenetrate through each other forming three- 

dimensional structures where the iings of the separate networks are interlocked. I . .  three- 

dimensional networks, interpenetration is always hversible, whereas twodimensional 

structures may be separated ifthere are no interlocking rings. In all cases, the void space of 

the pores is occupied by the network which may prevent the use of the cavities for 

guest binding. Especially dimondoid structures are prone to interpendon, and as many 

as eight independent networks have been found to interpenetrate in one ~tructure.'~ 

However, even interpenetrated strudms can possess pores of suitable size for guest 

binding. 
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The characterization of the materials may also prove difficult, due to their often 

poor crystallinity, which is another challenge in the synthesis ofthese materials. Since these 

materials are constructed for their structural features, the most important characterization 

method is X-ray crystallography. For this purpose, high quality single crystals have to be 

obtained. Thus, the important aspects in constructing porous solid materiaIs, in addition to 

the choice of the metal cation and the ligand(s), are the choice of the anion and the solvent, 

and the method of c r y d  growth. 

1.1.1. Zeolites 

Zeolites can be defined as porous crystalline materids, consisting of AI04 and Si04 

temhedm, Linked together by oxygen anions to form rings of 4 up to 14 tetrahedral sites. 

Over 600 zeolites are known14, many of them nat- and new synthetic zeolites are 

developed and patented every year by large chemical companies. The commercial 

production of zeolites in 1995 was u one million tom1'. The best known qpiications of 

aluminosilicate zeolites are ion-exchange, molecular sieving, and catalysis. 

In the 1970% fears of a decline in avaiIable supplies of fossil fbels spurred a search 

in the U.S. fbr alternative energy sources. Mbil invented a process fbr converting 

methanol into highquahy gasoline through the use of the campany's versatile ZSM-5 

catalyst'6, an &&-Si& artificial zeolite The advantage of increasing the siliwn content 

in the catalytic zeolitel as in ZSM-5, relates to acidity which mainMins the charge b h c e  

in the strum. When Ai3+ is substituted for SK an extra positive charge is required in the 

vicinity to mintah charge balance with the dm. The d o n  can be either an alkali, o(6a 

metal cation or a proton. The proton contributes to the high acidity of the mataid. High 



silicon content is an asset also in the sense that high-silicon materids tend to be thermally 

more stable and thus have longer lifetimes as catalysts. 

Zeolites are usually synthesized hydrothermdly in basic conditions under 

autogenous pressure fiom sodium silicate and aluminate. A major breakthrough in the 

synthesis, and especially in the pore size tuning was the use of quaternary ammonium ion 

hydroxides or organic amines instead of the alkali hydroxides. The organic nitrogen 

compounds act as structuredirecting agents and templates to hilitate the pore formation 

and to regulate the pore shape. The M41S family of zeolites was developed in MobiI 

laboratories, and there the counterion size has been maximized using self-assembling 

arrfactaot cations1', such as (C1&3)(CH,hg. Calcination of the material gives a pore size 

much larger than in the conventional zeolites, approximately 30-100 

The zeolite structure is very robust, and the pore size can be varied fiom 2.5 A up to 

I2 A in diameter. The pore shape can be controlled to a certain extent, but the tetrahedral 

motif is very limiting. The inner surface of silicate materials is d i d t  to functiodk, 

although some development in this area has recently been a~hieved.'"~ There is an obvious 

caIl for non-polar, more shape and size selective, and also chid porous materials, as well 

as materials with specific h c t i o d  groups in the inner surfbce. These materials can be 

achieved by creating mineral-like networks of inorganic and organic building blocks other 

than aIuminosilicates. They can, in principle, be designed to have exactly the desired 

properties. Different bct iodi t ies  can be included in the structure for cataIytic purposes, 

and for better selectivity for molecular recognition and guest binding. 



1.1.2. Inorganic materials 

The vast majority of inorganic open-framework structures other than zeotites are 

phosphates, the aluminum phosphates (AlPO) being the largest group of these materiais. 

ALP0 materials, like zeolites, are synthesized hydrothermally in autogenous pressure in the 

temperatures between 100 to 250 "C. Aluminum is added as oxyhydroxide or alkaxide, and 

reacted with phosphoric acid, after which the structure-directing amine is mixed to the 

formed gel. With this organic template, the pore size can efficientiy be adjusted, and after 

the synthesis, the material can be dcined to remove the organic part. Another factor 

&&g the product is the pH of the reamon; usually the conditions are more acidic in 

PJPO synthesis than in zeolite synthesis, but there are great variations between pH 3 to 10. 

AlPO h e w o r k s  can be W e r  modified by replacing either A1 or P with other atoms 

with different valences. Siiicoa was one obvious element to try, and this lead to the 

development of silicoaluminophosphates (sAPo).~' Some divalent cations (e.g. MC, 
bln2', ~ e ~ ' ,  co2+, and 2n2> are used in the tetrahedral sites of the material, and also mixed 

meraloilicoaIuminophosphates can be synthesked." Silicon preferentially substitute the 

phosphorus, and the metal exclusively substitutes the aluminum. The divalent metal catioas 

leave the h e w o r k  anionic, and h i s  a charge-balancing cation is required. Again, if the 

cation is a proton, the material is significantly acidic. 

For pure AIP04 seven allotropic forms are known, which correspond to silica 

compounds, and with the modification using different tetrahedral atoms and organic 

cations, more than 40 different b e w o r k  types have been synthesized. These structures 

are similar to zeolite strudures in the sense that they also form channels and cavities where 

the template cations are located. The thermal stability of these compounds is comparable to 
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that of zeolites. However, there are some difrences between these two materials. Most of 

the AIPO's are constructed of alternating aluminum and phosphorus sites, which limits the 

number of tetrahedral CT) sites in the rings to an even number, where in zeolites 5- 

membered rings are also found. For APO's, however, the number of T-sites in the ring can 

be larger than in zeolites, the maximum number so far achieved being 18* compared to 

of the aluminasilicates. This leads to a larger pore size, which for the 18-membered 

ring structure is 12-13 A Aluminum can also possess a larger coordination number than 

four, which leads to connectivity modes not known for zeolites. 

The field of open-hework inorganic materials is no longer merely based on 

aIuminosiIicates and aluminum phosphates, but now includes as many as 25 elements of the 

periodic table. The obvious ones to use are the main group elements: gallium, indium, 

germaaium and tin. Some systems based on alkaline earth and transition metals, such as 

Mg, Co, Zn, Fe, Mo, V, Zr, Ti, and Mn, are also known. The involvement of metals other 

than the tetrahedral Si and Al has the obvious advantage of introducing other structuraI 

elements to the scene. Trigonal, octahedral, and pyramidal shapes have been constructed by 

using a central atom with the appropriate coordination. 

Most of the inorganic open-hework materials contain oxygen, but it can be 

replaced by other chalcogenides. The most commonly used are sulfides. This class was also 

first set to mimic zeolite structures, and tetrahedral metals and semimetals were wed, for 

instance gennrtnium, tin, antimony and indium. The preparation of these materials is simiIar 

to the zeolite synthesis, hydrothermal methods and an organic template are used. Rscently, 

several germmh2C26 and indiumn suIfide and oxide networks have attracted attention 

due to their remarlcabIe stability and thus the ability to maintain the network structure 
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during the guest removal. The porosity of these materials can also be unprecedented; the 

space occupied by guest molecules in an indium sulfide h e w o r k  reported by Yaghi and 

O'Keeffe is 80% of the volume of the material.n To achieve this degree of porosity, the 

pore size also has to be large, and indeed in the reported material, the pore diameter is up to 

25.6 k 

Some microporous chlorides have been prepared with capper and dnc, which are 

known to adopt a tetrahedral coordination with chlorine.28 These frameworks have an 

interesting feature that they can ad.wrb high quantities of methanol into the pores, but 

additional methanol dissolves the h e w o r k .  Some porous nitrides are also known, they 

are synthesized from the ceramic silicon nitrides with various metal ~ o m ~ o u n d s . ~ ~ ~  

1.1.3. Organic frameworks 

In purely organic higherdimensional materials, the intermoldar bonds are 

weaker than in inorganic or coordination compounds. The strongest type of interaction is 

hydrogen-bonding, followed by x-x interactions, then hydrophobic and van der Wads 

interactions. This is seemingly a very weak basis for a porous solid-state material, but as 

the number ofthe interactions increases, so does the stability of the network. For organic 

networks, the term 'supramolecular synthon' is appficable. Supramolecular sytthons are 

known intermolecular interaction motif's, which may result in a desired structure when they 

self-assemble in the predicted way. The late JMargaret Etter did remarkable work in 

studying these i n t d o n s ,  especidy hydrogen-bonding, and assigning the diffkrent 

bonding patterns in an order according to their fiivourability in solid structures.* The des 
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so developed can be used to indicate hydrogen-bonding prebnces of hnctional groups, 

when there are no other forces to compete with the hydrogen-bonding. Some of the most 

useful hydrogen-bonding patterns are presented in scheme 1.1. 

Scheme 1.1. Some often used hydrogen-bonding patterns in organic crystal 

engineering. 

Some compounds are known to crystallize forming different structures. This 

phenomenon, polymorphism, can be described as isomerism of crystals. The problem of 

polymorphism is more profound in organic networks than in inorganic or ccordination 

materials, due to the weak competing interactions. In many cases, several different types of 

interactions are possible, and it is possible that the more favorable hydrogen-bonding motif 

does not occur. Rather it is replaced by a weaker one, combined with more effective 

packing model, andlor other forces that alter the crystal structure." Often the different 

crystal structures obtained for the same compound, however, are due to 

pseudopolymorphism, when the different aystabation conditions lead to different 

structures. The crystal structures can also be predicted with some computational models, 

but the 'simpIe' gas-phase zero Kelvin ab initio caIcuIations are not proper methods to be 



used in descriiing the crystallization process in a solvent in ambient conditions. Molecular 

dynamics calculations with included solvent models may give the best results for this 

purpose. 

The most usefbl organic groups m hydrogen-bonded networks are carboxylic acids, 

amides, amino acids, and other groups wbich possess at least bidentate binding sites, in 

order to maximize the strength of the interaction. Several two? and dimensional 

porous structures have been reported. The majority of the materials are host-guest 

complexes, where the removal of the guest moleades results in the collapsing of the 

network to form so-called apo-host, which may regain the initial structure upon the addition 

of the guest. Some studies, however, indicate that even purely organic structures may be 

dliciently robust to survive at least partial guest removal. Wuest's group reported a 

structure of a tetraaminomazine compundJS where the individual molecules form 16 

hydrogen-bonds to eight neighboring molecules, thus forming an infinite three-diiensional 

structure. Several inclusion compounds with dierent solvents were obtained, and all of 

these crystals showed nearly identical cell pafameters, and even afker removal of the guest 

molecules up to 63%, the compound retained its crystallinity. The total volume occupied by 

the guests in this case was considerably high, approximately 42%. Other examples of 

similar behavior have been reported, e,g. Aoyama has been able to synthesize a two- 

dimensionaI benzenedicarboxylic acid network with benzene guests, that sunrives guest 

removal up to 50?4 ofthe satmated host-guest mrnpound?' 

Organic solids can act as catalysts fbr the d o n s  between the guest molecules 

dfising into the cavities, ahhough this behavior is oniy rarely encountered. For example, a 

stereoselective Diels-Alder reaction of acro1ei.u or acrylic ester and 1-3-cyclohexadiene was 



catalyzed by anthracenebisresorcinol network in which both of the starting materials were 

en~lathrated?~ Zirwnium(1V) ions have been inserted into the same h e w o r k  to yield an 

insoluble, amorphous product* with high d c e  area of 200 m21g, and more remarkably, 

the compound is able to catalyze the same Diels-Alder reaction with h m  over number 40 h' 

'. This suggests that heterogeneous solid metal catalysis can also be achieved with synthetic 

porous solid networks. This type of catalyst is potentially very active since the catalytic 

sites are intksicaily in the stmcture, and do not require a separate support material. In this 

particular case, there was no solvent required, and since the reaction was selective, no side- 

products were obtained. This wodd greatly enhance the efficiency of the production, as 

well as reduce the environmental risks. 

Zaworotko's group has also synthesized several organic two- and three-dimensional 

networks. An example of three-dimensional structures is ammonium salts of trimesic 

acid." The acid forms honeycomb grids, which an connected to the cations by hydrogen- 

bonding, thus forming essentially three-dimensional structures. Other examples are two- 

dimensional clay mimics consisting of tricarboxyfic acids and ~ ~ ' b e n z ~ l a r n i n e . "  All 

these starting materials are typical in organic crystal engineering with their ability to fonn 

two hydrogen bonds with all hnctional groups. These lamellar materials show affinity for 

aromatic guests, and single crystaIs are obtained with several misent guest molecules, all 

with different crystal strumes. 

1.1.4. Hybrid compounds 

A relatively new class of porous solids is hybrid compounds, which consist of both 

inorganic and organic parts. They can be divided in two classes: inorganic polymers with 



organic spacers (IPOS) and composite materials. These materials are often non-porous, but 

have their value in magnetic, optical, and electrical properties. 

IPOS materials literally have inorganic polymers, either chains or sheets, which are 

connected with large organic molecules, such as crown ethers or cyclodextrins. These 

organic spacer molecules introduce both the porosity and functionality to the structure. A 

three-dimensional h e w o r k  was formed with cadmium(D) cyanide and 18-crown-6, by 

first preparing a molecular cadmium cyanide complex with the crown ether swroundirig the 

metal atom, and subsequently adding more Cd(04)~ to form the infinite ~tructure.~ There 

are three unique metal ions; one is inside the crown ether with two axial CN ligands, and 

the other two are tetrahedraI and form links between the trapped metal ions. The structure 

forms cages with dimensions of -11.2 x 17.4 x 7.8 4 with the void space filled with 

ethanol molecules. The structures can also contain two different metals, which is the case in 

the cadmium thiocyanate (Cd(Soj3  h e w o r k s  with cations of potassium and sodium 

with crown ethers?" In these structures, the Cd(SO&- polymer chains are outside the 

crown ether complexes. The two components are held together mostly by electrostatic 

interactions, although van der Waals interactions between K' and S are also found, 

Materials with parallel chain polymers, such as these thiocyanate compounds, have 

potential as non-linear optics applications. 

Composite materia1 structure has both inorganic and organic or coordination 

polymers that are linked together. They are often prepared in hydrothermal conditions, 

much like the aluminophosphates with the organic template, only in these, the organic parts 

also form polymeric structures. Two vanadium oxide b e w o r k s  have recentIy been 

published, one including a c o p p 0  trimate (trz) po1ymer"5, and one with cadmiu14II) 
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d iamin~~ro~ane~~.  In the copper structure, the VG- fonns polymer chains that connect the 

two-dimensional C U ~ ( ~ ) ~ ~ +  sheets. The copper ions are covalently bound to the terminal 

oxygens of the vanadium oxide chains. In the cadmium structure, the vanadium oxide is 

layered, and the coordination polymer is one-dimensional. The chain polymers run parallel 

to the sheets, leaving one-dimensional channels between the vanadium oxide layers. 

1.1.5. Coordination polymers 

The driving force in the formation of coordination polymers i s  self-assembly. This 

is a process that involves mutual recognition of the components, and the chemical bond 

formation between them in a predictabIe manner, to form a desired molecular and crystal 

structure. The self-assembIy of finite structures is referred to as supramolecular chemistry, 

whereas the self-assembly of idinite structures can be broadly understood as crystal 

engineering. 

Two basic approaches can be used in the selEassembly formation of these 

networks: the use of linear spacers between metal cations, when the preferred coordination 

of the metal dictates the orientation of the Ligands and the overall crystal structure, and the 

use of multitopic ligands, where more than two metal ions are coordinated by these ligands. 

These h e w o r k s  can be either cationic, neutral, or anionic, although the cationic networks 

are the most commonly encountered. If a n d  Iigand is used, the counterion is usually 

non-coordinating, which enhances the fbrmtion of higher-dimensional networks through 

higher degree of ligand coordination The &om can have a significant effect in the 

structure of the product; however, thorough studies oftheir effect are not too abundant. In 

mbced-ligaad structures usually one of the Iigands is a neutral, Iinear spacer Iigand, and the 



other one is anionic and may hnction as a spacer or a node. The use of both neutral and 

anionic Ligands as spacers is a convenient way to maintain the charge balance in the 

network itselE, without having to have counter-ions other t h  the ligand. The problem that 

the couuterions introduce is that they fill the cavities thus decreasing the void space that 

could be used in guest binding. The anionic networks are usually only obtained with 

cyanate and thiocyanate anions, cationic networks with neutral ligandq and neutral 

networks are usually constructed @om a metal and anionic Ligands, or in mixed-ligand 

systems. 

The use of a bifunctional ligand as a linear spacer between two metal nodes is a 

simple approach and depending on the metal coordination and the metd-ligaad 

stoichiometry, many different framework structures can be produced with relatively high 

predictability. Ladder, square grid, brick, honeycomb, octahedral, and diamondoid 

structures can all be generated by using metals with comsponding geometry, and the right 

stoichiometry . 

When the ligand has more than two functional groups, it does not serve only as a 

spacer, but becomes a second structuredirecting factor in the system. This leads to more 

complicated and less predictable fhmewotks, but it also gives more versatility to the 

design, and more variation in the shape and the size of the pores. Some of the structures are 

one- or two-dimensional coor-on polymers that are connected to each other with 

weaker nonumrdhe intdons.  Hydrogen-bonding is the most common type of these 

intermoIecuIar or 'interpoiymeric' hndq but also x-st interactions are o%en seen between 

polymer sheets ad chains in a solid state. 
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Scheme 1.2. A schematic representation of some simple network structures in 

coordination polymers: ladder, square grid, brick, honeycomb, dimondoid, 

and octahedral. 

Prototype linear spacer ligands are cyanide, pyrazine, 4,4'-bipyridine, and 2,2'- 

bipyrimidine. Cyanide differs From the other of these spacer ligands in two ways: it is 

anionic, giving a possibility of having anionic or neutral heworks, and it is small. The 

small size of cyanide ion has two effects: it is not sterically hindered and thus several 

ligands can be coordinating to one metaI cation, but the distance between two adjacent 

metal nodes is very short, giving possibly very small pore size. To overcome the probIem 

of small pore size, organic spacer molecules, arch as crown ethers, can be used10. S e v d  

examples with thiocy8~ate as the Iigand are reviewed in the special coordination polymer 

issue of the Coordina!ion chemistry EWiewsCf, as welI as elsewhere in the h r a t m .  10,44,4 



A very large variety of different structures have bsen obtained using the other 

already mentioned hear ligands. Fujita first constructed molecular squares4g of 4'4'- 

bipyridine and cis-protected square planar P d o ,  and then expanded them to W t e  

gridsmy using another square planar metal cation Cd@) without the protecting group. 

Scheme 1.3. [Cd(4,4'-bipy)]. 

The counter-ion in these bipyridiie structures was nitrate, which, besides trdate, is 

often used in this type of compound due to the hct that it is a very weakly binding tigand, 

and it can also form hydrogen-bonded aggregates with water to enhance pore formation in 

the materials. The polymeric structure was found to selectively clathrate o-dihalobe~1~enes, 

as well as monohalobenzenes. Similar structures with Zn, Cd, and Cu forming infinite bipy- 

complexes were earlier reported by Robson et d", but the clathration abWes of 

these products were not studied. Unfortunately Fujita's networks were interpenetrated, as is 

often the case when solvent molecuIes do not co-crystallize with the product. Recently 



Fujita showed how this interpenetration is facilitated by K-K interactions between the 

bipyridine molecules, and that it can be avoided by using fluorinated ammatic ligands." 

Very similar 4,4'-bipyridine based grid-lie structures have been reported also by 

~aworo tko~~  and ~ u a n ~ ~ -  H y d r o t h d  synthesis of interpenetrated 3-dimensional Cum 

bipyridine-complex networks were report4 by yaghiS5. Similar to the mentioned planar 

nets, but using two different linear ligands, 4,4'-bipyridie and pyridine4carboxylate witb 

and ~d(ll)", where the anionic ligand functions as the counter-ion, resulting in a 

neutral hmework were recently synthesized by Atwood. 4,4'-bipyridine based 

coordination polymers with nonlinear optical properties were prepared solvothermally by 

~ua t l ~~ ' ,  and reversible guest bindig ability of [Ni?(4,4'-bipy)3(NQ)& was reported by 

Kepen and ~ o s s e i n s k ~ ~ ~ .  Other linear spacer ligands successfully used in coordination 

polymers are c.g pyrimidine59, dicyaaobeluene, 14'-biphenyldicarboaitde60, 3,3'- 

di~~anodipi~eo~lacet~lene~', 1y2-bis(2-pyridyl)ethyne61, and 2 , 5 , - b i ~ ( 2 - ~ ~ r i d ~ l ) ~ ~ e ~ .  

Nitrogen is the wual donor atom, but dso thioether compounds can be used as ligands, as 

is seen in the Imellar structure of the silver0 complex of an aromatic dithia ligan$). 

Multitopic ligands form slightly different networks, where the structure is greatly 

dependent on the number of ligands coordinating to each metaI ion. In the case that ody 

two ligands are coordinating to the metal in a linear hhion, the metal can be considered as 

the spscer and the ligand as the node, opposite to the previous case with linear spacer 

ligandq but these type of structures have not been very common. In most cases both the 

metal ion and the ligand are acting as nodes. Ligands are analogous to the bifunctional 

ones: pyrazine is replaced with triazine, bipyridine with tripyridylpyrazine, 1,4 



benzenedicarboxylic acid with 1'3'5-benzenetri&xylic acid, etc. Triazine based 

structures are not very common due to the smalI ligand-ligand distance and the steric 

hindrance of the adjacent rings. Of tritopic ligands, 1,3,5-trisubstituted benzene derivatives 

have formed several relatively robust porous compounds. Lee et al. have constructed a 

number of structures using benzene-based trigonal nitrile  donor^.^*^* The ligand size is 

adjusted by using rigid spacer groups, such as ethylene and benzene between the ring and 

the functional group, which dictates the pore size. 

An interesting ligand is also tricyanomethanide (tcm), an anionic trigonal ~-hrile. It 

has been used in Robson's group, as well as the neutral tetrahedral hexarnethylenetetramine 

(hmt).6x68 This type of ligand can be used as a node and the metal as  a spam. Although the 

metal's preferred geometry can be used to regulate the molecular and the crystal structure 

of the material, it is somewhat unreliable due to other interactions within the crystal that 

can easily distort the coordination geometry. With rigid ligands with the desired geometry, 

the structure is perhaps more simple to control. Tricyanomethanide forms isomorphous 

M(II)(tcm)z structures with a range of transition metals. They are all interpenetrating three- 

dimensional networks with the rutiIe topology. Interestingly, when Robson used both 

tetrahexid Cum and the tetrahedral hmt and trigonal tcm ligands to form Cu(tcm)(hmt), 

the resuiting structure was puckered, interpenetdng rectangular grid sheets." In this case, 

the simiIar geometries of the metal and the ligand counterbalance each other's effect. With 

octahedraI C d o ,  the structure is again threedimensionai rutiIe stn~cture.~~ 



1.1.6. LameIIar solids 

The methods and materials in the synthesis of two-and three-dimensional porous 

materials are often the same. In some cases the adoption of differeut structures, 

pseudopolymorphs, occur due to crystallization methods. There are, however, some 

materials that predominantly form layered structures due to their binding modes. 

Layered solid materials are usually constructed using multiple oxygen donors, such 

as phosphom or ~ul fonates~~-~~ as anions. The anionic groups bind to several metal 

cations, which can be very highly coordinated, and are bond to several different ligands 

simultaneously. A layered structure is the most firvorable due to this multiple binding. 

Large organic molecules as anions push the metal layers W e r  apart, which faciIitates the 

swelling of the layered material with even larger guests. The spacer groups can then be 

covalently bound to form a rigid pillared structure, h m  which the guests can often be 

removed without destroying the structure. 

Phosphonates are the most commonly used ligands in layered structures. Another 

suitable donor group is sulfonate, which is not quite as strong ligand as the phosphonate, 

and thus forms somewhat weaker bonds to the metal. This decreases the tendency to firm 

layered structures, and as well it is easier to have other small molecuies or ions 

coordinating to the metal cation, and replacing some of the larger ions, which increases the 

porosity of the material. Several examples show water molecule coordination in the layered 

alkali and transition metal sulfonate stru~turw.'~~' In the case of planar, aromatic sulfonate 

ligands, the x-lr interactions also direct the formation ofthe layered compound. 
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1.1.7. Characterization 

The characterization of extended structures diEm somewhat fiom that of the usual 

products in synthetic chemistry. The main focus besides the study of the crystal structure is 

in physicaI characterization, such as t h d  stabiity, surfiice area and porosity 

measurements, analysis of the powder sample, electron microscopy, as well as study of 

possible magnetic and redox projwrties. Some desired properties of extended sotids are low 

solubility and high stability under catalytic reaction conditions (low reactivity), which often 

are considered non-desirable in synthetic chemistry. In addition to the investigation of the 

product itself: also some applications are often explored. These studies may include ion 

exchange and guest binding, as well as catalysis 

1.1.8. Selective guest biidiig 

Seiixtive and reversible guest binding is one of the main goals in the synthesis of 

porous solids. This is often achieved by crystallization of the material fiom s soIvent that 

can hct ion as a guest. In the most succesdid applications the solvent molecules included 

in the structure are both coordinating and non-cootdinathg, and the removal of the non- 

coordinating solvent molecules does not dmticalfy affect the crystal stmchue. This was the 

case in one of the fht s u d  guest adsorptioddmrption studies published by Y@ et 

aL in 1995~. They reported a cobalt complex of 1,3,5-beuzenetricarboxytic acid with 

pyridine guests. The metal ion and the acid Ligand form an infinite sheet structure with 

some of the Iigands compIetely deprotonated and some in the acid fona The apical 

coordination sites of the r n d  were occupied by the pyridine molecules. 



Scheme 1.4. A schematic picture of Co(btc)@y) by Yaghi et al. M = metal, U = 

coordinating pyridine, G = guest pyridine. 

The coordinating pyridine molecules functioned as spacers pushing the two layers 

apaa tfius leaving cavities between the sheets. These cavities were filled by additional 

pyridine guest molecules, one for each acid ligand These guest m o l d e s  were removed 

by heating the material at 200 "C for six hours, after which the measured powder X-ray 

pattern still showed the same features as the origind materid with the guests, suggesting 

that the crystal structure did not change upon guest removal. Elemental analysis was 

performed on the heated material, and it revealed the removal of the guest molecules. 

Further heating led to the moval  of all pyridine h m  the sttuchm d t i n g  in a drastic 

change in the X-ray powder pattan. However, addition of pyridine to this m a t d  restored 

the initial s t r u m  leading the investigators to believe that the metai-ligand sheets 

remained undamaged during the process. Further investigations on desorption of other 

guests were made, and it was found that the material selectively adsorbed benzene and 

some of its derhtives, but non-aromatic m o l d e s  were not adsorbed. 



1.1.9. Funrtionakation 

The chemical nature of the pore interior is a crucial feature in selectivity and 

molecular recognition. Functionalization of the inner d e  of silicate materials is 

extremely difficult once the Mework is constructed. One can foresee that this is not 

necessarily the case when constructing porous materials fiom molecuiar building blocks, 

since in principle there are no limitations of the materials that can be used. 

Williams' group published another 1,3,5-bellzenetricarboxyIic acid complexa, 

which is composed of dix~leric cupric tetracarboxyiate units with axial water ligands 

completing the octahedral metal coordination. These form a three-dimensional structure 

with both coordinating and non-coordinating water molecules, forming large hydrophilic 

cavities in the strudure. All of the water molecules can be reversibly removed by heating, 

without destroying the crystal structure. What is more striking, is that the coordinating 

solvent molecules can be replaced with pyridine molecules to the remaining metal-ligand 

fiamework, and thus the chemical nature of the cavities is completely reversed from 

hydrophiIic to hydrophobic. 

1.2. Components of the coordination poiymers used in this stndy 

1.2.1. Pyridines 

Pyridine is a c1assic.I Iigand in coordination compounds, it binds very efficiently to 

tramition metals, and often replaces other Iigands in the coordination sphere of the m d .  

From the synthetic point of view, it is an interesting moiecuIe; a heteroaromatic ring is 

easily derivatized, and the substituent and its position in the ring modifL the physical and 
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chemical properties of the whole molecule. For instance, the basicity of pyridiie is 

modified with different substituents h m  K, 1.5~10' of pure pyridine. Substihlents at the 

2- and Cpositions can influence the basic strength by stabilizing or destabilizing the 

conjugate acid through mesomeric or inductive electron release or withdraw, respectively. 

Substituents in 3-position do not have such an important effect, which is true for all 

aromatic rings. A suIfonate group is an electron withdrawing group and thus all suronata 

substituted pyridines are weaker ligands than pyridine itself Pyridine-3-suKonate is the 

least Lewis basic and thus the weakest ligand of pyridinesulfonates, and 2- and 4- 

substituted pyridinesulfonates coordinate more strongly, but obviously 2-pyridinesulfonate 

is a chelating ligand, whereas pyridine-4-sulfonate is not. Often substituted pyridiies are 

zwitterionic, if the substituent is an acid group, such as carboxylic, phosphonic or sulfonic 

acid. In these cases a basic or ampholytic solvent can be used to kilitate the reaction 

between metal and pyridine ligand. 

Pyridine, bipyridiies, and similar molecules are perhaps the most widely used 

ligands in making coordination polymers and supramolecular assemblies, and they also 

have provided some of the most interesting structures, as is already seen. Substituted 

pyridines, however, have not been used to the same extent, although several examples of 

extended pyridinecarboxylates are known. 

13.2. Sulfonates 

Sulfonates are h o r n  to form layered structures with metal cations or complex 

cations. Structures of several hydrated transition metal benzene sulfbnates are 

n.7s.n.wslg4 known , e.g. @(C&S~~)Z.~H~O, where M = Mn, Co, Ni, Zn, and Cu. AU 



these compounds are isostructd, consisting of metal aqua complex layers and benzene 

sulfonate layers. The interaction between the dona te  groups and the aqua complexes is 

weak, it is purely coulombic, and no bond formation is observed between the ions. 

Furthermore, other hydrated coppa@) sulfonate complexes are known\ and all these 

structures show similar trends in the sense that the sulfonate anions form distinct layers 

between the metal aqua complex sheets. These data support the general assumption that 

sulfoaate group is weakly coordinating to divalent tirst-row transition metals. Of other 

transition metals, silver0 is known to form relatively stable compounds with benzene and 

toluenesulfonates, and these structures are [ayered as well. 78.85.86 

Alkali and alkaline earth m d s ,  however, form direct bonds with sulfonate p u p ,  

even when crystallized from aqueous solutions. In a study of transition metal 

benzenesulfonates and hydroxybenzenesdfonates, Spuattrito's group found 4- 

hydroxybenzenesulfonate rather forming a complex with sodium than manganese@) or 

zinc@), since the sodium complex was found to crystallie fiom the reaction mixture of 

Na(HOC&S(h) and Much, or ZnCl2, rrspktively." NiC12, however, yielded a nickel 

complex without sodium in the structure. In Na2(HO~S(h)24H20, two of each 

sulfonate oxygens are coordinating to the metal, and two water molecules are also 

coordinated to each sodium ion. Although the hydroxy group introduces some hydrogen 

bonding between the ligands, and dso an interaction between the hydroxy group and the 

metal ion, the structure is still very clearly Layered. In the study, the sodium structure was 

the only one that shows a direct interaction b e e n  the sulfonate group and the metal ion, 

This is the striking difference between these donates  and the anesponding 



phosphonates, which form covalent metal-phosphonate oxygen layers. This may be due to 

the greater charge of the phosphonate group (-2) compared to that of the sulfonate (-1). 

Silver0 donates are a group of coordination compounds that are being used in 

synthetic organic chemistry, but only a few structures are hown. The structure of silver@ 

meesuIfonate was published by Charbonnier in 1977.~' It was found to form an infinite 

layered structure with five-coordinated, distorted trigonal bipyramidal silver ion. The layer 

structure was not descriied, the authors only commented that discrete molecules cannot be 

distinguished, but the structure is polymeric. The same group later published the 

substantidly different structure of silver0 bromornethand~nate,~ in which the bromine 

is aIso coordinated to the silver atoms, which possess octahedral coordination with four 

equatorial sulfonate oxygen atoms and two rudal bmmines. One btomomethanesulfonate 

ion is coordinated to six siIver ions, and the structure is an infinite three-dimensional 

polymer. 

Scheme 1.5. Coordination in silver0 bromomethandonate. Each Ag is 

octahedral with two d bmmines and four equatorial oxygens. 



Several polymeric silver0 p-toluenesulfonate structures were recently reported by 

Smith's group: the naked ~ ~ ( 0 ~ s ) "  and some pyridine, ~~rimidine,' and aminobenroic 

acidg5 adducts. In the synthesis of the nitrogen base adducts, the authors have in some cases 

used stoichiometric amounts of the base, although with pyridine, 2-arninopyridine, 2- 

arninopyrimidiie, and aniline, the stoichiometry of the starting materials is not clear. 

Ag(0Ts) is reported to have a polymeric structure, consisting of dimeric units. The Iayered 

structure of the polymer is not described in the study, but was simultaneously revealed by 

Shimizu et al., who reco@ the potential intercalation ability of the compound.n The 

nitrogen base adducts form polymeric compounds as well, unless the competing amino 

group and the bulky ligand hinder the polymer formation. 

1.23. Guanidinium sulfonates 

Sulfonate as a multiple oxygen donor is also suitable in hydrogexAonded networks. 

Ward's group has investigated layered sulfonate-pnidiniurn compounds with different 

organic groups, such as alkenes, benzene, or benzene derivatives. Guanidinium (G) is a 

planar carbocation with three primary amine groups, which forms an infinite hydrogen- 

bonding pattern with Sq, with the organic groups above and below the plane. When the 

organic group is fimctionalized and can participate in hydrogen bonding, the infinite layer 

structure is disrupted and other atoms are included in the bonding pattern Some 

guanidinium-sulfonate interactions are found in a l l  cases, at least a riibon strum with 

alternating G-Sa motifs. 



Scheme 1.6. Guanidinium (left) and one hydrogen-bonding pattern between G and 

an organic sulfbmte. R groups are above and below the plane. 

Some pillared layered guanidiniurn sulfonates have also been prepared by ward.- 

In these structures, the organic species is a disulfonate, which forms hydrogen-bonded 

networks with guanidiniurn to form piflared structures. Both bilayers and continuous three- 

dimensional structures are obtained, where the organic pillars are more or less tiIted to 

avoid void space. Severai guest molecules can be included into the structure between the 

pillars, which modifies the crystal structures of the compounds so that the structures wuId 

be described as hinged networks, where the tilting of the piIIars depend on the size of the 

guest mofecule. 

1.2.4. E'yridincsplfonates 

Only a very few structural studies of metal compounds of pyridinesulfinates have 

been published The structure of pyridine-3-mNonic acid itseIf was determined in 1977, in 
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the investigation of vitamin rnetabo~ites.~' The acid was found to be in a zwitterionic form, 

the nitrogen being protonated and sulfonic acid group deprotonated, and the molecuIes 

were co~ected by hydrogen bonds in a layered fishion. 

Pyridine-3-sulfonate complexes of copper@) and zinc@), and the mixed-metal 

compound, were published in 1980 by Wdsh et aZ. in their pursuit of materials with 

umwval electronic The copper and zinc compounds were prepared by 

dissolving the corresponding metal d o n a t e  in the aqueous ligand solution, and allowing 

the solvent to evaporate slowly. The zinc compound crystallized as a tetrahydrate with an 

octahedral coordination with N-coordination in the axial positions, and the four water 

ligands in equatorial positions. The structure of the copper wmpound, however, was not as 

simple; it was a diiydrate with two N-ligands and two water ligands, but two sulfonate 

groups vere also coordinated to the copper atom, making the structure an W e  one- 

dimensional polymer. The mixed-metal compounds were prepared using the same 

procedure, by adding both metal carbonates in the same solution. When the copper content 

of the reaction mixture was more than the zinc content, the product crystals did not contain 

any zinc, but were identical to the copper complex. Witb 15% copper and 85% zinc, 

crystaIs containing 50% (moi) copper were formed. The structm of the mixed-metal 

compound was also determined by X-ray crystallography, but the attempts to solve the 

structure as disordered, with two separate metai atoms, failed, and only an average structure 

was determined. The final structure was, however, found to be roughiy the same as that of 

the polymeric copper structure. 

At the same time, another group in Germany synthesized a dimeric hydrated 

mercury0 compound of pyridine-3-sulfbnic acid, bisrpyridine(3)-sulfonate]dimer- 



tet~ah~drate?~ The mercury atoms are coordinated by nitrogen and two water molecules, 

and the tetrahedral coordination of the metal is filled by another bond between the two 

metal atoms. The sulfonate groups are deprotonated, making the molecule neutral. The 

compound was prepared by mixing equivalent amounts of mercury(I) nitrate and pytidine- 

3-sulfonic acid in aqueous solutions, and single crystals were obtained &om the reaction 

solution. The molecule possesses a C~axis perpendicular to the Hg-Hg bond, thus making 

the sulfonic acid groups to appear as cis- instead of the usual &m-fashion This packing is 

most likeiy due to the stabilizing effect of the hydrogen bonding between the coordinated 

water molecuies and the suxonate groups. 

Cotton et aL synthesized vanadiumg4 and chr~mium'~ complexes of pyridme-3- 

sulfonic acid in 1992. All the complexes were prepared &om either lithium or barium salts 

of the acid, but the structures of those salts were not determined. The chromium complex 

was made by stirring lithium salt of pyridine-3-sulfonic acid to an aqueous chromium(II) 

solution. The green platalike single crystals were obtained by carefully layering ethanol on 

top of the aqueous solution, and refrigerating the solutions. The structure of the complex 

was polymeric, with each chromium atom coordinated by two pyridiie nitrogens, two 

oxygen atoms fiom the sulfonate groups and two water moldes .  When pyridine was 

added to the product and the solution was warmed and stirred continuously, another 

product was obtained, This structure was a molecular compound with four pyidine lip& 

coordinated to the central metal along with two pyridinesullonate ligands. The coordination 

of the pyridiiesulfonate ligands was via the d o n a t e  groups, leaving the ring nitrogens 

mcoo&ed 



The vanadium cornpiexes were prepared fkom the barium salt of pyridine-3-suWonic 

acid, where hydrated vanadium mifate was added in an aqueous solution The product was 

characterized by IR and UV-VIS spectroscopy, but the crystal structure was not 

determined. The complex was decided to be V@yS&)2*4H20. This aqueous vanadium 

complex was then used to prepare the corresponding pyridine complex in similar manner to 

the previous chromium complex. The structure of the pyridine complex was also very 

similar to that of the chromium complex with four pyridine molecules and two 

pyridiiesulfonate ions coordinated to the metal. It is interesting to note that the polymeric 

aqueous complexes were not considered to have any significance, and in the vanadium 

case, attempts at structure detemhtion were not made. 

In 1981, Charbonnier el al. published the structure of Agmpyridine-2-sulfonate 

(scheme 1.7)." The wmpound was prepared by oxidi ig  pyridine-2-thiol with hydrogen 

peroxide, this mixture was subsequentIy aIIowed to react with A@, and crystallized by 

slow evaporation fiom ethanol. 

Scheme 1.7. StructuraI unit of silver@) pyridiie-2-suffonate of Charbonnier et aL 



The structure is polymeric, and it consists of a four-membered ring of two silver and 

two oxygen atoms. The figand aIso binds to the silver atom via its ring nitrogen. The 

coordination around the silver atom is trigonal bipyramid with equatorial oxygens and an 

axial nitrogen and oxygen. Each silver atom is bound to four oxygen atoms, each from a 

different Ligand suffoaate, forming a 2-dimensional polymeric structure. At the time, the 

prospects of a new family of porous solid materials, consisting of silver sulfonates were not 

recognized. 

Kimura et al. synthesized supramolecular copper and zinc complexes of 3- 

methylpyridine-2-sulfonate in 1999.~ The synthesis of the copper complex involved air 

oxidation of 2,2'-bis(3-rnethylpyridyI)disuIfide in the presence of copper@l) bromide, and 

the zinc complex was prepared by the reaction of ZI&Z with 3-methylpyridine-2-dfonic 

acid. The structure of the copper complex is a one-dimensional chain with octahedral 

copper atoms. Two of the rnethylpyridinesulfonate li&ands are coordinated to the copper 

atom forming five-membered chelate rings in plane. The two apical positions are occupied 

by additional oxygen atoms of adjacent ligands in the chain. Thus, every ligand is 

coordinated to two copper atoms, by nitrogen and two of the sulfome oxygens, leaving 

one oxygen atom h. 

The zinc complex is a monouuclear molecular structure, which forms a two- 

dimensional sheet by intermoldar hydrogen-bonding. The d o n  was done in water, 

and the structure contains two coordinated water iigands. The coordination of the ninc atom 

is distorted octahedral, with two coordinated nitrogen atoms and two oxygen atoms of the 

subnate groups, in addition to the water Iigands. This leaves two oxygen atoms of the 

sulfonate groups h e  for acceptors fbr hydro~cn-bonding with the water ligands. An 



interesting f'eatm in the structure is that the water Iigands are not &ans to each other, and 

the pyridinesulfonates form a V-shaped structure. 

Looking for water-soiuble catalyst complexes, Hernnann et al, synthesized different 

chromium, tungsten, and molybdenum complexes of 2,2'-bipyridine5-donic acid.93 The 

metal complexes contained carbonyl, bromide and 0x0 and peroxo Iigands in addition to 

the bipyridinesulfonic acid. The crystal structures were only determined for molybdenum 

complexes. 

1.2.5. Metals 

1.2.5.1. Trm'tiun metals 

In coordination polymers, the metal can be chosen according to its coordination 

geometry and bindiig preferences. For pyridine complexes, transition metals are often 

used, especially Cum and Ago which are known as very soft acids, but for phosphonates 

and sulfonates, usually a harder metal forms a more stable cumpound. The coordination 

geometry of the metaI is very important, since it can dictate the crystal structure, and the 

overall ~enrctme of the material. However, it is important to recome that in solid-state 

structures geometry is often distorted due to several interactions within the crystal. Thus, in 

coordination polymers, unusual coordination numbers and geometries are often 

encountered. 
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Table 1.1. The most common oxidation states, coordination numbers, and geometries of 

the metal ions studied.97 

Silver@) has been used in numerous studies in coordination chemistry, and also in 

constmcting idbite coordination networks. It bas been described as an extremely soft acid, 

having a coordination preference to sofi bases, such as unsaturated nitrogen donors. It is 

known for its flexible coordination sphere, with known coordination numbers varying fiom 

two up to nine. Besides the coordination number, the coordination geometry of silver0 is 

very pliant. This is an admatage in the construction of coordination networks, as it adds to 

the structural variation. A disadvantage of the ff exi'bility in the coordination sphere is, that 

Co 

Fe 

Cr 

+2 

+2 

+3 

+2 

4 
6 
4 
6 
4 
6 
4 
6 

tetrahedral 
octahedral 
tetrahedral 
octahedral 
t d M  
octahedral 
square planar 
octahedral 



the predictability of the structures is lower. However, some general treads in silvern 

coordination can be found. The most often encountered wordhation numbers are two, 

three and four, and the usual geometries are linear, trigonal pIanae, and tetrahedral. 

Profoundly, the pyridine complexes of silver0 are linear or distorted linedg, or 

9u-100 tetrahedral - 

Cadmium was one of the first metals used to form coordination networks, e.g. Fujita 

used them in the square grids with 4,4'-bipyridine.6J0 Cadmium is a soft metaJ, and it fonns 

stable coordination compounds with pyridine, but is not often used with oxygen donors. 

Zinc is found exclusively in the oxidation state +2, and the most common 

coordination numbers are four and six, with the geometries tetrahedral and octahedral, 

respectively. The small size of the ion limits the coordination sphere, and the tetrahedral 

geometry is the most usual. Zinc has been used in infinite iwrgan i~~* '~ '* '~ ,  hybridnwlo3, 

and coordination wnaci07 structures, and recently several robust compounds have been 

synthesized. 

Copper has two usual oxidation states, +1 and +2, which have different pdkrred 

geometries. Both Cum and C u m  have been used in coordination p o ~ y m e r s ~ ~ ~ ~ * ' ~ ' ~ ,  

although the use of Cum is perhaps more common due to the possible te t rahM 

coordination, which can easily lead to thr-ensional structures. In both oxidation states 

copper is a soft metal. It is one ofthe most often used metals in the coordination polymers, 

due to its strong bindig to iimamated organic nitrogen compounds, such as pyridine, 

which in turn are the most commonly used ligands in these wmpomds. 

Nickel@) is not very often encountered in the preparation of idinhe structures, 

ahhough some pyridine s t r u m  have been t e p ~ r t e d ~ ~ ~ ' ~ ~  As a m d  that occurs 



mostly in square planar and octahedral coordination geometries, it is expected to lead to 

grid and octahedral structures, although octahedral arrangement of ligands has 

disadvantages due to sterical factors. Nickel, however, can fbrm coordination complexes, 

which form hydrogen-bonded networks, such as the 4,4'-bipy complex prepared by Kepen 

and ~ o s s e i n s k y ~ ~  which exhibits fully reversible guest binding without structure collapse. 

Cobalto with coordination number four is usually tetrahedral, which makes it a 

usem metal for coordination polymers. It has indeed been wed in several studies, mostly 

as a soft acid coordinating with pyridiies. S338.111.112 

Iron@) and i r o n 0  both exhibit similar coordination preferences, both are 

preferentially tetrahedral or octahedral. Iron has not been extensively used in the synthesis 

of porous rolids98.11"1L4, but more ofim in charge-transfer and magnetic materials. 

1.2.5.2. Alkoli and ahline earth metals 

As already mentioned in the context of sulfonates, it bas been found that first-row 

divalent transition metals do not readily bond to sulfouate groups, but rather form cationic 

complexes with a f i I y  Iong distance to the sulfonates. On the other hand, alkali and 

alkaline earth metals are found to form quite stable compounds with aromatic sulfonates. 

According to Squattdo's studies about metal sulfonates, the trend in the a f h i t y  to form 

aryl sutfonate salts is alkali metals > alkaline earth metals > transition metals, although the 

reasons for why this occurs is not completely clear. The larger size of the alkali and 

alkalime earth ions couId be one &or, since a larger ion can easier accommodate the large 

ligands in its coordination sphere. 
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1.3. Methods 

Synthetic and characterization methods of idinhe materials differ somewhat from 

the usual methods in synthetic chemistry. S o l v o t h d  methods are often used especially 

in the synthesis of inorganic materials, and since the most important characterintion 

method is single-crystal X-ray d i i i o n ,  good crystal growing methods are essential to a 

materials chemist. Ln characterization, the main emphasis is on the structure, and the 

physical chamcteristics of the material such as thermal stability, mfhce area, and pore 

size. Some of the methods used in this work are not often used in chemical laboratories, 

and a short description of those methods is given here 

1.3.1. Synthetic methods 

1.3.1. I. Sohrothennai synthesis 

In solid state reactions, as in all chemical reactions, the reagents have to come to 

contact in order for the reaction to happen. In the solid state this requires extremely high 

temperatures (>lo00 K), to break the bonds ia solid starting materials, and also to hilitate 

the migration of the reagents. The temperature requirements can be substantially lowered 

by using a supercritical soIvent at high temperature and pressure. Under these reaction 

conditions the energetics of the reaction are different &om reactions in STP, based on 

simple thermodynamics. At higher t q m e s ,  entropy becomes the driving force for the 

reaction, counterbalancing the effect of d p y .  At high temperatures and pressures, high 

dimensional polymeric structures are likely to brm, which in our case, may lead to the 

desired infinite highdimensional structures. The solvent performs two roles: it serves as a 

. . 
pressure tmmmmng medium, and dso, some of the starting materiaIs may be partly 
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soluble in the solvent in high temperatures, which facilitates their migratioq and allows 

some reactions to take part in Liquid or vapor media When organic ligands are used in 

synthesis, it is desirable to be able to carry out the synthesis at a relativety low temperature, 

which prevents the decomposition of the materials. S o l v o t h d  methods are widely used 

in synthesis of zeolites and recently also other extended structures. 

The most commonly used solvent in this method is water, in which case the 

synthesis is referred to as hydrothermal synthesis. This is the best-studied solvent, and the 

properties of water in high pressures and temperatures are well known. It is desirable to 

have only one solvent phase in the solvothermal bomb; a supercriticaI phase, which is 

produced when the temperature is well above the boiling point of the solvent, but the 

pressure is too high for gas phase to exist. This requirement, however, is not essential, since 

no significant change in the behavior of the reactants under supercritical conditions is 

observed. Solute molecules naturally affect the conditions where the supercritical fluid is 

formed, and this change is characteristic to each solute and their combination. For other 

soIvents, these conditions are not so well known, and experimentation is required to find 

the right reaction conditions. 

Solvothermal synthesis in chemistry is used for two purposes: to grow singfe 

crystals, and to synthesize new phases. Solvothermal crystal growth usually makes use of a 

thermaI gradient in the tube, where the starting material is introduced in the hot end of the 

tube, and it slowly migrates to the cooler end, where the crystal growth takes place- The 

synthesis of new phases is related to the exceptional conditions and their effect on the 

thermodynamics of the reactioa Some in ambient conditions unstable phases caa be 

synthesized s o l v o t h d y ,  when the phase diagram of the compound is known 



In practice s o l v o t f i d  synthesis is usuaIIy done in a stainless steel vessel liaed 

with a tdoa liner, in a quartz glass vial, or in some cases the steeI vessel itself is coated 

with an inert materia such as a noble metal. The starting materids are placed in the tdlon 

Iiner with the solvent, the vessel (bomb) is sealed, and pIaced in an oven. The temperatures 

and reaction times differ &om synthesis to another, and are subject to variation Two 

general guidehes can be set for choosing the reaction conditions; the solvent mount and 

the temperature should be sufficient to produce the r e q m d  high pressure, preferably a 

supercriticaI fluid. The solvent amount, or the 611 percentage of the vessel, depends on the 

solvent's vapor pressure. 

1.3.1.2. Crystal growing methis 

In the research field of synthesizing porous materials, knowledge of the crystal 

structure of the products is essemial. The onIy method of d i d y  measuring the structure of 

a solid material is X-ray diffraction. While it is possible to sohe crystsl structure from 

powder X-ray data using Rietveld analysis, the more usefirt, and easier methad is single 

crystal X-ray difbaion This requires growing high-quality single crystals. This is why 

one needs to put a lot of emphasis on the crystal growing methods in this research field. 

Five basic methods in crystal growing have been employed during this research. 

i) Slow evaporation. This is the simplest crystaI growing method, and it only involves 

preparing a saturated solution of the material in a solvent. This solution is then 

filtered in order to avoid any impurities that could work as seeds for the growing 

q s t d  The atered solution is then p W  in a small vessel with a loosely dosed 

Iid that dows the solvent to evaporate slowly. The increasing concentration l ads  to 
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crystallization of the solute. Often this method is not very effective; the solution 

tends to become supersaturated, and the following crystal growth is too fasf which 

leads to extremely small crystals, and even microcrystalline powders. 

ii) Slow cooling of the solution has similar effect as slow evaporation, as solubility 

usually drops dramatically when the temperature decreases. Again, a saturated 

solution is produced, but this time using a boiling solvent, which subsequently is 

allowed to cool slowly. This can be done either in a dewar flask filkd e.g. with hot 

water, or in a water bath, where the temperature decrease can be controlled. 

iii) The idea behind solvent diffUsion method is to use two solvents, where the product 

has different solubilities. A saturated solution is again formed, filtered and pIaced in 

a small container. This container is then placed in another one, which contains a 

more volatile solvent, where the product is less soluble. When the proportion of this 

second difising solvent in the solution increases, the product precipitates. If the 

process is sufficiently slow, single crystals are formed. 

iv) The most elaborate of the crystal growing methods used in this research is the geI 

diffusion method. In this method, the crystallization occurs during the reaction 

&If. A homogenous silica gel is formed of one of the starting materials, and it is 

allowed to form a relatively h gel preferably overnight. When a gel surEace is 

formed so that additional liquid forms a layer on top of the surface without mixing 

with the gel, the other starting material is added, The material from the liquid then 

sIowly difftses through the gel, and reaction occurs. The gel serves two purposes: 

slow a s i o n  of the reactants, so that the reaction is slow, and slow crystal growth 
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Very large single crystals can be produced with this method, e.g. quartz crystals 

with diameter in meters. 

v) Solvothermal synthesis. SoIvothermal synthesis is not only a means of performing 

solid-state reactions in lower temperature and pressure, but it has been successllly 

used in crystal growing. Often the product of the s o l v o t h d  synthesis is in a 

crystidline form, but the method can dso be used to grow crystals of compounds 

that otherwise are difficult to crydize. Temperature gradient methods, where 

there is a temperature gradient in the autoclave, or tempemure decreasing are two 

usefbl methods in crystal growing. AIso a 'seed' of the desired crystal can be 

introduced into the autoclave, to avoid the formation of a polymorph. 

13.2. Characterization 

The characterization methods of polymeric materials concentrate in two points: the 

structure itself, and the physical characteristics of the material. While single-crystal X-ray 

diction is an weryday tool in synthetic chemistry, some of the other characterization 

methods are used more often in materids science and even in geology, and those methods 

are briefly descnied here. 

I.3.2. I .  X-ray meh& 

The main method in c l u m t M o n  of new materials is X-ray crystallography, 

which gives w the electron density distn'bution in the d i d  material, which can then be 

converted to the actual picture ofthe atoms in the stnrchue. Another X-ray method that is 

used in materials science is powder X-ray diffraction (PXRD). It differs fiom the single 



crystal method in that all the orientations of the crystal are measured at all times, and the 

information of the orientation of the crystal is thus lost. A powder pattern gives intensities 

of the reflections as a function of the diffrslcting angle 20, which is converted to interlayer 

separation d according to Bragg's law (d-2dsinO). In principle, the crystal structure can 

be solved from powder dif£iaction pattern with Rietveld analysis. In this research, PXRD 

has been used for three main purposes: to determine if the product structure is layered, to 

compare the structures of the single crystal and a bulk sample, as well as monitor structural 

changes with addition of solvents or during heating. A layered structure is easily 

recognized, it shows a high intensity peak at b w  difhction angle (large 4, and the same 

peak with lowering intensities with the same d-separation tiom each other. This is the 

distinctive feature in a powder pattern of a layered sample and represents the peaks with 

n=1,2,3.. . of the Bragg's law. The powder pattern can be simuIated fiom single crystal 

data, which allows the comparison of the structures of a single crystal and a powder 

sample. Quite often, the structure of a single crystal is dependent on the crystallization 

conditions, sometimes the crystabation solvent itself is included in the structure, or the 

compound may have several polymorphs, one of which is measured in the single crystal 

experiment, and another fom is predominamly present in the powder sample. 

The third application for PXRD is to monitor the structural changes either when a 

solvent is added to the sample, or when the sample is heated. The phase changes observed 

in DSC can be studied with PXRD, as well as the structure after solvent loss or ion 

exchange. If the powder pattern remains the same after a solvent loss, that is a strong 



indication of porous structure, where the lost solvent molecule leaves a hole in the 

structure. 

I.  3.2.2. Thennu1 analysis 

In materiais chemistry, the thermal stability of products is an important aspect. This 

is studied with differential scanning calorimetry @SC) and thermal gravimetric analysis 

(TGA). DSC measures the energy flow into and from the sample during heating, it 

measures exo- and endothermic processes, such as solvent evaporation, p k  transitions, 

and decomposition. TGA is simply measuring the mass changes in the sample during 

heating. Modern equipment allows these processes to be monitored simultaneously, which 

facilitates the interpretation of the two curves. A typical DSC/TGA curve in this research is 

shown in figure 1.1. 

During the initid hating, no changes can be observed, and the product is stable in 

that temperature range. The first change is the evaporation of (sometimes coor~nated) 

solvent molecules, which can be observed as a mass loss in TGA, and an endothermic peak 

in DSC. The amount of solvent in the structure can easily be calculated from the percentage 

of the lost mass &om the initid total mass of the sample. 



Figure 1.1. A typid DSClTGA analysis. 

The second area is again a stable area, and the product can be said to be stable up to 

the £irst transition. Often a phase transition is observed, which can be seen as either an 

endo- or exothermic transition in DSC, without a change in the mass. After these changes, 

the sample begins to decompose, which is usually an exothermic process that involves a 

major mass loss. This often occurs in several steps, which correspond to individual 

chemical changes in the sample during heating. In figure 1.1. a phase change is observed 

after decomposition 

I.3.2.3. Swjiace area meanamem 

Since the aim in this study was to synthesize porous materials, the porosity and 

surfkce area for some samples were measured. The miice areas were detexmhed using the 
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Bmer-Emmett-Teller (BET) methodus, which is somewhat more sophisticated model 

for gas adsorption compared to the Langmuir model. In the BET model, the adsorption is 

considered to occur in n layers, the first layer being treated differently from the following 

layers. 

Nitrogen or argon adsorption is used in volumetric d a c e  area measurements, 

where the adsorbing amount of gas is monitored by measuring the pressure changes in the 

apparatus. Prior to the measurement, the sample has to be pretreated with vacuum in order 

to remove any adsorbed molecules, such as atmospheric gases and moisture. Depending on 

the thermal stability of the sampIe, heat may be applied in order to make the desorption 

process faster. The sample vessel is then cooled with liquid nitrogen. The volume of the 

apparatus is measured by allowing helium to fill the sample vessel. Helium is not 

considered to adsorb on the d c e  in the measuring temperature of -195 "C. When this 

volume is known, four nitrogen pressures are applied starting from the lowest pressure and 

increasing it gradually. The pressure change gives directly the volume of adsorbed gas, 

which is then plotted according to the BET theory to give the surface area 

1.4. Thesis objectives 

The research of porous solid materids has recently expanded to include two- and 

threedimensional coordination polymers, The majority of these products consist of neutral 

ligands and metal cations thus forming cationic kameworks with counterions inside the 

cavities. Anionic ligands have been used very rarely, although they have the obvious 

advantage compared to the use of neutral Iigands. Even more rareIy, heterobifimctional 



ligands are used. The advantage of this type of compound is that with two Werent 

hnctional groups, the ligand can bind to two different metals, and thus several structure- 

directing fktors are present. 

Pyridine is known to form strong dative bonds with transition metals, and it is one 

of the most widely used ligands in the chemistry of coordination polymers. Sulfonate 

groups form layered structures, but it have different binding preferences fiom the pyridie 

group. Known metal sulfonates inciude aiicafi, alkaline earth, and silver complexes, but the 

first-row transition metals do not easiIy form bonds with the suIfonate oxygen atoms. We 

wanted to explore the possibiIities of mnstructiag two- and three-dimensional coordination 

polymers with ligands that possess both these hctionalities. 

The study of the constructed polymers includes structuraI characterization, mainly 

by means of X-ray d i c t i o n ,  as well as physical characterization and some inclusion 

experiments. 



CHAPTER 2 

Alkali and alkaline earth salts of pyridine-3-sulfanic acid 

2.1. Introduction 

Aromatic sulfonates have been fbund to form layered structures as alkali and 

alkaline earth metal salts. Squattrito has reported several structures of these salts, with the 

aromatic ligand varying fiom benzene and its derivatives to polysubstituted naphthalene. 

He also reports that the salts form preferabIy with alkaIi and alkaline earth metals, instead 

of first-row transition metals. These compounds are clay mimics that can potentially be 

used in selective guest binding, they can be swelled and pillared to form rigid porous 

structures. With functional groups in the interlayer (gallery) space, the potential for 

different applications is increased. 

Alkali and alkaline earth saIts of 

pyridine-3-sulfonic acid @1, scheme 2.1) 

are easily prepared by mixing the 

appropriate metal base solution with the 

acid solution. 
Scheme 2.1. Pyridiine-3-sulfonic acid (Ll). 

The products are aystdbed from the &on solution, or they can be dissolved in 

another solvent for recrystalIization. The produds in a11 cases were expected to be layered, 

with the pyridine groups positioned in between the layers. We used the sodium salt of the 



ligand in the attempts to form transition metal complexes due to its much higher solubility 

compared to the acid form. 

2.2. Experimental 

2.2.1. General comments 

All chemicals were purchased fiom Sigma Aldrich and used without Wer 

purification. Solvents were obtained fiom BDH and used without further purification unless 

otherwise mentioned. 'H and '=c NMR spectra were collected on a Bruker AM-200 

spectrometer using deuterated solvents obtained f?om Sigma Mdrich. Elemental analyses 

were provided by the Analytical S e ~ c e s  Laboratory of the Department of Chemistry, 

University of Calgary. Elemental analyses were perfarmed only for the synthesized ligand 

I 2  and also for Ag(L1) crystal to aid in the structure determination The powder X-ray 

dihction pattem were measured with ScintagXDS 2000 ~ c t o m e t e r  using Cu Ka 

radiation, in the Department of Geology, University of Calgary. Single-crystal X-ray data 

was collected with Rigaku AFC6S diffractometer using Mo Kcr radiation, or in one case 

with Ed-Nonius CAD4 dif£iactometer using Cu Ku radiation, and also in one case with 

Nonius Kappa CCD difbctometer, using Mo Ka radiation, at Nonius in the Netherlands 

by Dr. Leo Sttaver. AU other data collection, structure solving and refinement were done by 

Dr. Masood Pmez in the Department of Chemistry, Uaivetsity of Calgary. Thermal 

analyses were performed with Netzsch STA 449C Jupiter simultaneous thermal analyzer 

under dynamic Nz atmosphere with heating rate of 10 RImh 
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2.2.2. Preparation of Nn4(CmS03)4(MeOH) (1) 

Sodium pyridine-3-sulfonate was first prepared by stirring an equivalent amount 

(0.160 g, 4.0 mrnol) of NaOH in 100 ml of a stock 0.04 M methanolic solution of pyridine- 

3-sulfonic acid (Ll). The solution was used in the attempts to crystallize transition metal 

complexes of the ligand, by adding 0.25 equivalents of 0.04 M methanolic metal nitrate 

solution to the solution of NaL1. The solutions were mixed, solvent was evaporated under 

reduced pressure until a fhht precipitate was formed to ensure sufficient concentration for 

crystallization. Approximately 1.5 ml of each solution was filtered through filters prepared 

by pressing a tight -1.5 cm layer of Kimwipe in a pasteur pipette, to the crystallization 

vials. All crystallizations were attempted using slow evaporation and solvent diflksion 

techniques with diethyl ether, benzene, and ethyl acetate. 

The metal nitrate solutions were prepared by weighing 1 mmol of the nitrate and 

dissolving it in 25 ml of methanol. The metal nitrate starting materials were AgNa, 

Cr(NQ+)2-H20, F@03h.9H2O1 CWGh.HzO, NJ+Qh.HzO, Cu(N03)~.3H@, 

Zn(NOJ)2,6H@, Cd(N03)2.4H~O, Hg(N@h-H20 Attempted complexation reactions in 

room temperature with the transition metah did not lead to complexation, but they all gave 

white solid identified by PXRD as Na(L1). A clear plate crystal of Na.&l).~(MeoH), 1, 

was obtained from the solution of silver nitrate aud sodium salt of L1 after several days. 'H 

NMR e 0 ) :  6 @pm) 8,737-8.725 (lH, d 4  arom), 8.503-8.470 (1% dd, arom), 8.063- 

8.003 (1% ddd, arom), 7.437-7.372 (IH, ddd, arom). 



22.3. Preparation of Ba(Cs&NS@)z (2) 

Barium saIt of pyridine-3-sulfonic acid was prepared by adding 91.8 mg (5.0 mmol) 

Ba(OH)2.H20 into 25 ml of 0.4 M methanolic solution of L1. The solvent was partly 

evaporated and the white precipitate was filtered and washed with methanol. Single crystals 

were obtained from rnethanolic solution by ailowing benzene to slowly difise into 

solution. 

92.0 mg (5.0 mmol) of Ba(OQ.HzO was added to 25 ml ofmethanolic solution of 

Na(Ll), and an exothermic reaction was obsenred. A white precipitate was formed 

immediately upon addition. It was filtered and washed with methanol. 

1 H NMR m0): 6 ppm 8.756-8.744 (lH, dd, atom), 8.512-8.486 (IH, dd, arom), 

8.080-8.020 (dd4 arom), 7.457-7.388 (IH, ddd, amm) 

2.2.4. Crystallography 

i )  Nar(CrSifiSOd~r(Me0H) (1) 

A colorless plate crystaf of Na4(L1)4(MeOH), 1, having approximate dimensions of 

0.60 x 0.33 x 0.14 mm was mounted on a glass fiber. The data couection was made on an 

EnrafNonius CAD-4 difhctometer with graphite monochromated Cu Kcr radiation 

(h=1.54178 A). Cell coastants and an orientation matrix fbr data collectioa, obtained fiom 

a least-squares refinement using the setting angfes of 25 mefuLIy centered reflections in the 

range 40.00" < 28 < 50.00O corresponded to a primitive triclinic cell. The space group was 

determined to be P(-I), based on a statistical anaIysis of intensity distriiution and the 

succesdil sohrtion of the structure. The data was collected at a temperature of 0 f 1 "C 
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using the (~128 scan technique to a maximum 28 value of 136.0'. Of the 5740 reflections 

which were collected, 5418 were unique (%Jt = 0.049). Over the course of data collection, 

the standards decreased by 15.7%. A hear correction factor was applied to the data. An 

empirical absorption correction was applied, and the data was comcted for Lorentz and 

polarization effects. The structure was solved by direct methods, and expanded using 

Fourier techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were included but not refined; the soIvent -OH H atom was taken from a difference Foutier 

map. All calculations for data reduction were performed using the teXsan crystallographic 

software package. 

ii) Ba(CsHJVSO$z (2) 

A coloriess prismatic crystal of Ba(CWS&)2,2, having approximate dimensions 

of 0.52 x 0.23 x 0.20 mrn was mounted on a glass fiber. The data collection was made on 

an Rigaku AFD6S dif£iactometer with graphite monochromated Mo K a  radiation 

(14.71069 A). Cell constants and an orientation matrix for data collection, obtained fiom 

a least-squares refinement using the setting angles of 25 we l l ly  centered reflections in the 

range 17.9S0 < 28 < 21-52' corresponded to a primitive tricIinic cell. The space group was 

detexmined to be P(-I), based on a stat&icaI analysis of intensity distribution and the 

successfir1 soIution of the structure. The data was collected at a temperature of -103 f 1 "C 

using the a128 scan technique to a maximum 28 value of 50.1". Of the 2640 reflections 

which were collected, 2424 were unique & = 0.015). No decay correction was applied. 

An empirical absorption correction was applied, and the data was corrected for Lorentz and 

polarization effects. The strudute was solved by direct methods, and expanded using 
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Fourier techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were included at geometrically idealized positions but not refined. AU calculations for data 

reduction were performed using the t e k  crystaIIographic software package. 

2.2.5. Water solubility of  Ba(L1)z 

A saturated water solution of Ba(L1)2 was prepared, 10.00 ml of the solution was 

pipetted into a weighed round-bottom flask, and the solvent was evaporated The remaining 

solid residue was weighed (7.3 mg). 

2.2.6. Metal binding studies with Ba(Lf h 

Commercial volumetric standard solution of C d O  was used, and Pb@) solution 

was prepared fiom PbCI2. 100 ppm PbCh solution was first prepared by dissolving 1.3422 

g of PbClz to 1000 ml of water. This was diluted to 10 ppm by pipetting 25 ml and mixing 

that with water, total volume 250 ml. The standard solution of C d o  was also diluted to 10 

ppm. 0.75 g of the barium salt (2) was added to 25 d of both solutions. The mixtures were 

stirred in a beaker covered with a watch glass for ten minutes, and then filtered using 

quantitative filter paper #42. The standard soIutions were treated in a similar manner to 

avoid any differences in concentration due to sample preparation, Inductively coupled 

plasma atomic emission spectra @CP-AES) of each solution were measured with Thermo 

Jarrell Ash Atom Scan 16 instrument. For Cd, two waveIengths (228.8 and 214.4 m) were 

initially used. For Pb was used only one waveIength 220.3 nm. The instrument was 

calibrated with two-point caliiration, using commercial (Cd) or prepared (Pb) standard 

solutions. 
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2.3. Nw(L1)4(MeOH) (1) 

2.3.1. Crgstal structure of N4&1)4@%&H) (I) 

The crystal structure of Nao(L1)4MeOH is layered (d-spacing 14.597 A), with 

asymmetric unit of Nq(L 1 )4MeOH (figure 2.1 .). The space group is triclinic P(- 1) and 2=2. 

Three of the metal atoms are binding the ligands pointing to the opposite directions fiom 

the Na-0 -layer. One metal atom is coordinated by two tigands, which are oriented in the 

same direction, and a methanol moIecule. These units are related by inversion, and thus the 

direction of the methanol molecule alters fiom one asymmetric unit to the next. 

Figure 2.1. The asymmetric unit of Nh(Ll)4(MeOH) (I) as a t h d  ellipsoid 

diagram. 50% probability is used in all t h d  ellipsoid diagrams. 



Table 2.1. Crystallographic parameters for N&(Ll)s(MeOH) (1). 

EmpiricaI FonnuIa 

Fonnufa Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Parameters 

Space Group 

Z value 

L"d 

Temperame 

Rdection/Pmeter ratio 

R 

R w  

coIorless, plate 

0.60 X 0.33 X 0.14 mm 

triclinic 

a= 9.708(1) A 

b = 11.281(2) A 

c = 14.677(1) A 



Table 2.2. Selected interatomic distances in NQ(LI)~(M~OH) (1) (A) 

Atoms Distance (A) Atoms Distance (A) 
Na(w(2) 2.572(3) Na(4) - 0(1)#4 2.3 58(4) 
Na(l)-0(4) 2.457(3) Na(4) - 0(12) 2.599(4) 
Na(1)-O(5) 2.61 l(3) Na(4) - O(7) 2.600(4) 
Na( 1 )-o(lo) 2.377(3) Na(5) - O(4)#2 2.326(2) 
Na(l) - O(1) 2.642(3) Na(5) - 0(4)#5 2.326(2) 
Na(1) - 0(9)#1 2.414(3) Na(5) - 0(2)#5 2.376(2) 
Na(1) - O(12)#4 2.459(3) Na(5) - 0(2)#2 2.3 76(2) 
Na(2)- 0(5) 2.3 16(2) Na(5) - 0(8)#6 2.442(2) 
Na(2> q7) 2.347(2) Na(5)-O(8) 2.442(2) 
Na(2) - O(10)#4 2.349(3) s(1) - o(3) 1 -43 7(2) 
Na(2)-O(l3) 2.388(4) s(1) - o(2) 1.445(2) 
Na(2) - O(1)#4 2.444(3) s(1) - o(1) 1.463(2) 
Na(2) - O(12) 2.644(2) S(2) - O(4) 1.444(2) 
Na(3) - q11) 2.297(3) s(2) - o(5) 1.446(2) 
Na(3) - 0(6)#2 2.3 83(3) S(2) - O(6) 1.448(2) 
Na(3) - 0(3)#5 2.386(2) s(3) - o(8) 1.441(2) 
Na(3) - 0(8) 2.463(3) s(3) - o(9) 1.444(2) 
Na(3) - 0(6) 2.503(2) s(3 - o(7) 1.452(2) 
Na(3) - 0(7) 2,614(3) S(4) - O(11) 1.43 8(2) 
Na(4) - 0(1)#5 2.347(4) S(4) - O(10) 1.457(2) 

S(4) - O(12) 1.460(2) 

Table 23. Selected bond angles of N~&1)4(MeoH) (1) (O) 

Atoms Angle (0) Atoms Angle (") 
O(1) - Na(1) - O(2) 54.50(7) O(5) - Na(2) - 0(1)#4 172.43(10) 
O(1) - Na(1) - O(4) 130.70(9) O(5) - Na(2) - O(12) 94.76(9) 
O(1) - Na(1) - O(5) 1 72.46(9) O(5) - Na(2) - O(13) 89.36(15) 
O(1) - Na(1) - 0(9#1 84.84(9) O(11) - Na(3) - 0(6)#2 97.78(9) 
0 - 1 )  - 0 78.58(8) O(11) -Na(3) - 0(3)#5 89.94(9) 
O(1) - Na(1) - 0(12)#4 77.90(8) O(11) -Na(3) - O(8) 156.07(10) 
O(2) - Na( I) - O(4) 77.35(8) O(11) - Na(3) - O(6) 84.44(9) 
0(2) -Na(l) - O(5) 130.43(8) O(l1) - Na(3) - O(7) 100.62(9) 
O(2) - Na(1) - 0(9)#1 92.53(9) O(7) - Na(3) - O(6) 88.19(8) 
O(2) - Na(1) - O(10) 90.73(9) O(7) -Na(3) - O(8) 55.86(7) 
O(2) - Na( I) - O(12)#4 132.3 l(9) O(7) - Na(3) - 0(3)#5 86.35(9) 
0 ( 5 )  - Nd2) - o(7) 99.42(10) O(7) - Na(3) - 0(6)#2 160.01(9) 
O(5) - Na(2) - 0(10)#4 92.78(9) 
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Three of the four independent sodium ions are six-coordinated, one is seven- 

coordinated. These coordination numbers are in accordance with the earlier reported 

coordination numbers for layered sodium sulfonate compounds. The most usual Na 

coordination in these compounds is six, but five and seven are dso oAen f ~ u n d . . ~ ~ ~ * ~  OM 

sodium is disordered with two equally occupied (0.5) positions, which are at the inversion 

center and 0.495 A fiom the inversion center. All of the oxygen atoms in each 

pyridinesulfonate ligand form a bond to at least one sodium, and several are coordinated to 

two or even three sodium ions. The Na-0 bond lengths vary fiom 2.297(3) A to 2.807(4) 4 

most of the bonds being consistent with the previously reported bond lengths in sodium 

sulfonates. In the reported layered compounds, the Na-0 distance is usually variable, being 

somewhere between 2.3 and 2.7 Two very long Na-O bonds are found (2.766(4) A and 

2,807(4) A), both to one of the disordered sodium ions. The Na-O bond to the methanol 

Iigand (013) is 2.388(4) being in the intermediate range of the Na-0 bonds. 

The coordination spheres around the six-coordinated sodium ions are distorted 

octahedrons, the 'right' angles varying &om one sharp 55.86(7)" to 106.14(7)', with most 

of them, however, between 78" and 101". About the seven-coor~ed sodium, only one 

angle close to 180" is found (O(5) - Na(1) - O(1) 172.46(9)a), and the coo~dhion  could 

also 5e d e s c n i  as an octahedron where an additional ligand has been attached to one of 

the sides distorting the coordination of the other ligands. The metal coordination is shown 

in figure 2.2, which is a view of the Na-0 coordination network with dso the s u h  atoms 

shown, but the Iigands are omitted fiom the picture for clarity. 



Figure 2.2. Metal coordination in N;4( Lllrl MeOH) ( I ). The disordered Na ions are 

both included. and can be disunpished by a short distance. Na purple. 5 yellotv. 

0 red. 

Looking at the structure down the u-axis (figure 2.5).  the lour independent pyridine 

rings in the structure are oriented in r o ~ ~ s  of two. separated by the coordinatins solvent 

l i p & .  In one of the rows. the rings are oriented so that the nitrogen atoms seem to be on 

top of each other. and in the other row they seem to be pointed to opposite directions. 



Figure 23. Na.,(L I ).tIMeOH) ( I), view down u-axis. N blue. C white, for other 

colors, see fig. 1.2. 

A view down c-axis (figure 7.4) shows that the ligands in both rows are 

perpendicular to each other. In one of the rows the nitrogen atoms are indeed closer to each 

other, forming a potential metal coordination site, but in the other row, the nitrogens are 

oriented away From each other. 



Figure 2.1. Nar( L 1 )J(M~OH) ( 1 ), view d o ~ m  c-auis. 

2.3.2. Analysis of ? i ~ ( L l ) ~ ( b I e 0 H )  (1) 

Proton NMR spectra of pyidine-3-sulfonic acid and the sodium salt were measured 

in DzO, in wh~ch both were readily soluble. The spectrum of Na(L1)-MeOH shows a 

distinct change tn shifts of the signals of the protons in the pyridine ring, which IS typical of 

ail of the alkali and alkaline earth salts of the acid. In the spectrum of the nvitterionic acid, 

protons at positions 4 and 5 give their signals almost at the same shift- whereas in the 

spectrum of the sodium salt, the signals are separated. All signals are shifted to a higher 



field, which is expected for the dissociated salt. The signal of the coordinated medm01 

molecule is also found in the spectrum. 

T h d  analysis (figure 2.5) of Nad(L1)4(MeOH) shows that the coordinated 

methanol evaporates at 150 O C ,  with observed mass loss of 16.58% (calc. 14.6%). After this 

the product is thermally stable up to 330 O C ,  at which temperature it undergoes an 

endothermic, irreversible phase change, and after that, at 460 O C  it finally decomposes with 

mass loss of M e r  30%. The thermal analysis of a powder sample shows similar f e e s  

as those of a crystalline sample. An endothermic phase change at 330 O C  and exothermic 

decomposition at 460 O C  suggest that, after the solvent loss, the product adopts the same 

structure as the powder without solvent. 

Figure 25. T h d  analysis of N&(LI)4(MeoH) (1). 



PXRD pattun (figure 2.6) of the dry powder is completely diffimnt &om the 

simulated pattern that was derived h m  the singie crystal data. The simulated pattern is 

dominated by a single peak at 2 0  of 6', which comsponds to d-spacing of 15 A found in 

the crystal. In the PXRD of the powder sample, sexera1 intense peaks are found with 20  

below 30°, and no indication of a layered structure is found. The patterns were expected to 

be different due to the coordinated solvent moIecuIe in the crystal sample, but that the 

structute ofNaL1 is not layered was somewhat surprising. 



60 

The threedimensional structure of the product 1 is interesting in the sense that it 

has the free nitrogen functionalities pointing out to the interlamellar space. This wouid 

make the structure susceptible to coordinating to transition metals, which could bind the 

two layers together forming an infinite three-dimensional network If the structure could 

survive the solvent removal, small pores would be obtained. In the structure, however, a 

counterion would be required to maintain the charge balance. 

2.4. Ba(Llh (2) 

2.4.1. Crystal structure of Ba(Llh (2) 

By using a metal ion with a higher charge, we med to prepare a more stable 

compound that would be less soluble in water. Since barium is also known to form layered 

sulfonate salts, we expected our product to be layered as well. With a higher charge on the 

metal, there would have to be two ligand anions for each metal cation, which in the case of 

a layered product, would decrease the coordination of solvent molecules due to steric 

hindrance. 

Figure 2.7. Asymmetric unit of Ba(Llh (2) as a t h d  ellipsoid diagram. 

Hydrogen atoms omitted. 



The crystat structure of Ba(L I )1 is similar to the structure of I, the main difference 

being the absence of the coordinating solvent, although both of the crystals were groim 

under the same conditions. Furthermore, the asymmetric unit of 2 (figure 2.7) is less 

compiicated only one independent barium ion and two ligands are found. The banurn ion 

is nine-coordinated, and all oxygen atoms in each sulfonate group coordinate to different 

barium ions. In one ligand. two of the three oxygens are coordinakd to two separate metal 

ions, with bond lengths varying between 7.718(4) a and 3.080(4) A, and one is only 

coordinated to one metal forming a short bond of 2.679(4) A. Two of the oxysens of the 

second ligand coordinate to one barium ion (2.688(4) A and 3.758LJ) A), and the third to 

two barium ions (2.8944) A and 2.969I.F) A). Each sulfonate goup  is binding four metal 

ions, and one metal ion is coordinating to eight diRerent sulfonate goups. The metal 

coordination is shown in figure 1.8. 

Figure 2.8. Metal coordination in Ba(L1): (2). Ba dark purple, for other cotors, see 

fig. 2.2. 



The orientation of the pyridine rings in the interlayer region is very ordered with 

only two crystallographically independent ligands. In the view down the crystallographic u- 

axis (figure 2.9.), it can be seen that some of the pyridine nitrogens are in very close 

proximity, thus forming a possible metal binding site. This can also be seen in the view 

down the h-axis (figure 2-10), which shows the relative orientation of the ligands. 

Figure 2.9. Ba(L 1 ): (2), view along crystallographic u-axis. 

Figure 2.10. Ba(L 1 h (t), view along crystallographic h-axis. 



Table 2.4. Crystallographic parameters for Ba(L1)Z (2). 

Empirical Formula 

Formula Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Parameters 

Space Group 

Z value 

DcdC 

Temperature 

ReflectiodParameter Ratio 

R 

R w  

CloH8N206SzBa 

253.63 

wloriess, prism 

0.52 X 0.23 X 0.20 mrn 

triclinic 

a = 6,9763(15) A 

b = 14.594(2) A 

c = 6.7652(9) A 

a= 102.322(11) O 

= 91.449(14) O 



Table 2.5. Selected interatomic distances in Ba(L1)z (2) (A). 

Atoms Distance (A) Atoms Distance (A) 
W l )  -Ba(l) 4.1469(9) s(1) - 0(1) 1.456(4) 
BW) - 0(1) 2.834(4) s(1) - 0(2) I .439(4) 
B4l)  - 0(1) 2.900(4) s(1) - o(3) 1.457(4) 
Ba(1) - q 2 )  2.679(4) s(2) - o(4) 1.46 l(4) 
Ba(1) - 0(3) 3.080(4) s(2) - o(5) 1.446(4) 
Ba(l) - 0(3) 2.718(4) s(2) - o(6) 1.456(4) 
Ba(1) - O(4) 2.969(4) s(l) - c(2) 1.770(6) 
Ba(1) - 0(4) 2.894(4) s(2) - c(7) 1.764(6) 
Ba( 1) - 0(5) 2.688(4) 
Ba(1) - O(6) 2.758(4) 

Table 2.6. Sdected bond angles far Ba(L1)z (2) (O). 

Atoms Angle (O) Atoms Angle (a) 
Ba(1) - Ba(1) - Ba(1) 106.060(19) 1 - 1 )  - 0 174.59(13) 
I )  - 1 )  - 1 44.32(8) 1 )  - 0 1  - ( 1  104.1 S(13) 
Ba(1) -Ba(l) - q 2 )  118.1O(lO) Ball)-O(3)-Ba(1) 104.15(13) 
Ba(l) - Ba(1) - q 2 )  I 18. IO(10) Bql) - O(4) - Ba(1) 90.01(11) 
BNl) - Ba(1) - 0(3) 8027(%) 1 - 1 )  - ( 1  106.0(2) 
Ba(1) - Ba(l) - q 4 )  44.26(8) Ba(1) - 0(2) - S(1) 156.4(3) 
Ba(1) - Ba(1) - 0(5)  1 17.60(10) Ba(1) - 0(3) - S(1) I54.5(3) 
Ba(1) - Ba(1) - 0(6) 130.99(9) Ba(Z) - O(4) - S(2) 125.7(2) 
0 1  - 1 - 0 1  87.38(11) Ba(1) - 0(5) - S(2) 147.7(3) 
O(1) - Bql) - O(2) 109.80(12) Ba(1) - q 6 )  - S(2) 141.7(3) 
O(I) - Ba(1) - O(3) 116.99(11) O(1) - S(1) - C(2) 106.3 (3) 
O(I) - Ba(1) - q 4 )  57.09(11) o(2) - s(I) - C(2) 106.8(3) 

, O[I) - MI) - qs) 73-35 (12) o(3) - s(1) - c(2) 106.2(3) 



Proton NMR in &O gave the same sbih as for Na(L1)-MeOH, which suggests 

that both of the products were completely dissociated in the water solution. The warer 

solubility of 2 was considerably lower than that of 1. and it was measured to be 4rnglml. 

Powder X-ray pattern (figure 2.1 1) shows that the s t ~ ~ ~ n m  in the bulk sample is the same 

as the single crystal structm, which now was expected, as there is no solvent in the 

crystal strumre. Interlayer distance is t4.27A with 2 M . 1  degrees. The following two 

reflections are with regular spacing, with 2 0  values 12.3 and 18.8 degrees, and the 

intensity of the signals is rapidly dPcreasing. This kind of a difhction pattern is very 

typical of a material with a layered s c ~ ~ ~ n n e .  The regular spacing of the signals can be 

derived fiom Bragg's law nA=MinQ, and the reflections of a layered sample correspond 

to the layers with n=1,2,3.. . 



Figure 2.12. Thermal analysis of Ba(Ll)t (2). 

Thermal analysis of the compound shows many interesting features (figure 2.12). 

The sample was introduced into the instrument somewhat damp, which can be seen as an 

initial evaporation of the solvent at temperature range 70-1 10 OC.  The 6rst change in the 

DSC curve is at 207 OC,  an endothermic peak with only a very small energy change. There 

are four other endothermic phase changes in the structlrre, a l l  of which have relatively small 

energy changes. The rmib i l i ty  of these phase changes was studied by measwing the 

energy changes during consecutive heating and cooling of the material, as well as 

measuring the powder X-ray difhdon pattem of the material after it had been heated to 
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the temperatures of the phase changes. Even after heating the material up to 500 OC, where 

the last of the phase changes occur, the PXRD pattern was the same as that of the unheated 

material. In the thermal analysis, the fist phase change is completely reversible, but the 

pathway of the next two changes are different in heating and cooling curves is diierent. 

The decomposition of the product occurs at ca 580 OC in two steps, first an 

exothermic step with a mass loss of 27 % (calculated after the loss of solvent), immediately 

followed by an endothermic step with a mass loss of M e r  12 %. The fist mass loss step 

could be assigned as the emission of S& (caIc. 28 %), and the second as the evolution of 

CO or N2 (calc. 12 %). After these steps, the mass decreases at a constant rate until the end 

of measurement at 1000 OC. 

2.4.3. Inclusion experiments with Ba(L1)r (2) 

The structures of the two Ats 1 and 2, with the free nitrogen donor groups in the 

interlamellar space seemed promising fbr binding of different guests. The water solubility 

of the barium salt (2) was lower than that of the sodium salt (I), which led us to attempt 

experiments for heavy metaI binding hrn aqueous solutions. The experiments were done 

with ICP-AES, the metals tested were lead@), and cadmium(II). 

Commercial voIumetric standard sofution of Cd(JI) was used, and Pb@) solution 

was prepared fiom PbC12. Aqueous solutions of both metals were treated with the barium 

salt 2 and the remaining solutions were analyzed to find any decrease in the metal ion 

concen~on.  
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The concentrations of the solutions were measured using ICP-AES, the conditions 

and the results are in table 2.3. The results are somewhat surprising since the metal binding 

seems to be very selective, so that cadmium concenmtion is decreased by 29.7%, and lead 

concentdon by 93.4%. 

Table 2.7. The wavelengths, initial and final m d  concentrations of Cd and Pb in the 

solutions treated with Ba(L 1 h (2). 

I Metal Cd Pb 
-- 

Wavelength (nm) 228.8 220.3 
Initial concentration @pm) 10.15 15.95 
Final concentration (ppm) 7.131 1.050 
% decrease 29.7 93.4 

2.5. Discussion 

The formation of the layered pyridindonates was predicted; very similar 

structures have been reported in the literature. The difference between the two layered 

pyridine-3-sulfonates is that in the sodium structure there wzrs a solvent molecule 

coordinating to the metal, but in the bariwn structure there was no solvent. This is probably 

due to the hct that in order to maintain the charge balance in the structure, the ligands have 

to be more densely paked around barium, whereas in the sodium stru- there can only 

be one ligand for each metal cation, hence leaving the sodium coordination sphere 

dciently loose fbr solvent biding. This is not in accordance with Squathito's studies 

about layered metal donates, where he has fbund alkaline earth metals generally having 



more solvent coordination than the alkali metals. Furthermore, he has postulated that the 

binding in alkali metals is therefore stronger than in alkaline earth metals. According to our 

studies, based on solubilities of these two compounds, we can say that the binding in the 

barium compound is stronger than in the sodium compound. The solubility of the two salts 

in the same solvent (e.g. water) under the same conditions indicates that the bonding is 

weaker in the species with lower solubility. Also the thermal analyses of the two 

compounds suggest that the binding in the barium salt is stronger than in the sodium salt; 

the decomposition temperature of 1 is -100 O C  lower than that of 2. The numbers of 

coordinating sulfonate oxygens in these structures are nine in the barium structure and five 

to seven in the sodium structure, which also supports the bonding to barium to be more 

favorabIe. Addition of Ba(O& to a solution of 1 caused the solution to warm, indicating 

that the formation of 2 fiom 1 is exothermic, and this also very clearly suggests that the 

binding preference is strongly to barium and not to sodium. 

The lack of bonding between the alkali and alkaline earth metal and the pyridine 

nitrogen was not surprising; for a l:I stoichiornetry we would expect the metal binding 

preference to be so strongly towards the sulfonate group that all the possible bonds form 

between those two species. The complexation with the transition metals may aIso have 

been hindered by the preferred layer formation, 

2.6. Condnsions 

Layered alkali and alkaline earth metal salts of pyridine-3-sulfonic acid were 

prepared. The layer formation was predicted, and the pyridine nitrogen was not expected to 



coordinate to either sodium or barium. The transition metal complexes did not form using 

the sodium salt as the starting mat&. 

The non-coordinating pyridine fimctionalities in the structures of 1 and 2 indicate 

that such materials could bind metals fiom solutions, which was also demonstrated by the 

heavy-metal binding studies with Ba@l)z. Instead of sulfonates, perhaps phosphonates 

could even more successllly be used in these applications, since they form more robust 

structures. Thermal stabilities of layered and pillared metal phosphonates aad 

bisphosphonates are usually above 600 OC, when our sulfonate structures begin to 

decompose at 500 O C .  For more thermally stable compounds, also the solubility can be 

predicted to be lower. 

The tendency of the suIfonate ligand to fom layered structures with alkali and 

alkaline earth metals seems to be sufficiently strong to inhibit subsequent formation of 

coordination bonds between the pyridine nitrogen and a transition metal. In order to prepare 

three-dimensional networks structures containing both transition metal and alkali or 

alkaline earth metal, we would have to begin by first forming the transition metal complex 

and then attempt to bind these complexes with alkafi or a h h e  earth metal. 



Synthesis and complexes of pyridine-4-sulfonk acid 

3.1. Introduction 

Sodium and barium saIts of pyridine-3-sulfonic acid were found to be layered. The 

second functional group in the ligand, namely the pyridiie nitrogen, did not participate in 

bonding in those compounds. We wanted to study the compounds obtained with the same 

reactions, when the position of the substituent is changed from m to p. In the psubstituted 

ligand, the nitrogen is more Lewis basic, and thus can be expected to be a stronger ligand 

than the m-substituted pyridine. The coordination of the ligand via both of its functional 

groups would lead to polymeric structures other than the layer structures described in the 

previous chapter. On the other hand, if the ligand only uses the sulfonate functionality to 

coordinate, the resulting layered structures would have a strongly coordinating fhe 

pyridine functionality in the interlamellar space. 

3.2. Experimental 

3.2.1. G e n d  comments 

See section 2.2. l . 

3.2.2. Synthesis of pyridin&ulfonic acid (3) 

2.29 g (1.0 mmol) of N-(4pyridyl)pyridinium chloride hydrochloride (Aldrithiol) 

was dissolved in 10 ml of water, and 3.78 g (3.0 mmol) of sodium suIfite was cautiously 
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added. When the evolution of S& had ceased, the solution was heated under reflux for 14 

hours. The dark solution was then diluted to -40 ml with water, 1 g of charma1 was added, 

and the mixture refluxed again for one hour. After filtration, the dark yellow solution was 

evaporated close to dryness, and the moist solid residue was dried in an oven at 100 OC 

overnight. The yellow, hard solid (3.85 g) was crushed and extracted with 65 rnl of ethanol 

in a Soxhlet apparatus for 24 hours. White solid was found in the flask after the extraction. 

The solvent was evaporated, and the residue was dissolved in 5 ml of hot water. The 

solution was acidified with 10 ml of concentrated hydrochloric acid. After cooSmg the 

solution to room temperature, the precipitated NaCl was filtered, and the solvent was 

evaporated. The crude product was purified with recrystallization fiom I:9 aqueous 

ethanol. The yield of the pure pyridine-4-sulfonic acid was 0.67 g (42 %)). Further 

extraction of the remaining yellow solid in the SoxhIet apparatus for 58 hours gave another 

0.59 g of pure 3 after recrystallization, increasing the totaI yield to 80 %. 'H NMR 

( m 0 D ) :  6 8.760-8.725 pprn ( 2 6  dd, arom), 8.125-8.098 pprn (2H, dd, amm), 'H NMR 

@lo): b 8.795-8.766 pprn (2H, d, amm), 8.178-8.144 pprn (2H, d, amm). U~ NMR @lo, 
t H decoupied): 6 161.220 pprn (arom), 144.325 pprn (arom), 124.866 ppm (arm). 

EIementaI analysis: C: 34.76%, 37.73 calc., H: 2.90 %, 3. I7 caic., N:8.06 %, 8.80 calc. 

3.2.3. Pqaration of Ba(C59NS%J)t, crystalhation of Ba~(&&Ns03k@-H~Ob(q- 

&O)-MeOH (4) 

91.8 mg (0.0050 mol) Ba(OH)2*H20 was added into 25 ml 0.4 M methanolic 

sohrtion of L2, the clear solution was stirred in an ultrasonic bath for 10 minutes, 



which the mixture was concentrated under reduced pressure to -8 ml. The sohion was still 

clear, and the white precipitate was obtained only after allowing the flask to stand one hour. 

The product was recrystallized fiom the reaction so1ution after filtration by allowing ethyl 

acetate to slowly diffise into the d o n  solution. Colorless needles of 

Baz(L2)4(HzO)yMeOH, 4 were obtained after two weeks. 'H NMR m0): S 8.7-8.4 ppm 

(4H, broad, arom), 7.7-7.6 ppm (4Y 4 arom), 3.2-3.1 ppm (l,5H, broad, -C&, M e w  

3.2.4. J?reparation of AgNa(CMS@)r(HzO) (5) 

2.952 g (18.5 mmol) of pyridine-4-sulfonic acid was dissolved in 125 ml of 

methanol. 0.740 g (18.5 mmol) of NaOH was added, the solution was stirred in an 

ultrasonic bath for 10 minutes, and the solvent was evaporated. 170 mg (1.0 mmol) of 

AgNa was dissolved in 25 ml of methanol and 10 ml of the AgNa solution was added to 

10 ml of the prepared 0.04 M Na(L2) solution (I: 1 molar ratio). The solution was stirred in 

an ultrasonic bath for 10 minutes, after which the mixture was concentrated under reduced 

pressure to -10 ml. The white precipitate was filtered and washed with me!thanol. 

Colorless, @-shaped single crystals were obtained fiom crystallization fiom aqueous 

solution after two weeks, using slow evaporation. 

'H NMR no): 6 8.72-8.64 ppm (W, h a 4  mm), 7.79-7.66 (m d, amm). 
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A colorless needle-shaped crystal of Ba2(Cd4NS03).&-H20)2(q-H20)-MeOH (4, 

having approximate dimensions of 0.30 x 0.15 x 0.14 mm was mounted on a glass fiber. 

The data collection was made on a Rigaku AFC6S dBactometer with graphite 

monochromated Mo K a  &tion (k4.7 2069 A). Cell constants and an orientation matrix 

for data collection, obtained fiom a least-squares refinement using the setting angles of 10 

carefully centered reflections in the range 14.74<20<17.04° coresponded to a primitive 

triclinic cell. The space group was determined to be P(-1), based on a statistical analysis of 

intensity distribution and successful soIution and refinement of the structure. The data was 

collected at the temperature of -103f 1 O C  using the a120 scan technique to a maximum 20 

value of 50.1'. Of the 6132 reflections which were collected, 5916 were unique 

&=0.040). Over the course of data collection, the standards decreased by 2.3%. A linear 

correction factor was applied to the data. An empirical absorption correction was applied, 

and the data was corrected for Lorentz and polarization effects. The structure was solved by 

direct methods, and expanded using Fourier techniques. The non-hydrogen atom were 

refined anisotropically, and the hydrogen atoms were included at geometrically idealized 

positions and were not refined; hydrogen atoms of water and methanol moIecuIes were 

ignored. AU calcuiations were performed using teXsan crystallographic sohare package. 

ii) Afla(CdcNSOS2WB) (5. 

A colorless irreguIar-shaped c r y d  of AgNa(Cd-hNSChh(H20) (9, having 

approximate dimensions of0.45 x 0.43 x 0.35 mm was mounted on a glass fiber. The data 

collection was made on a Rigaku AFC6S diffnrctometer with graphite monochromated Mo 

Ka radiation (2.4.71069 A). CeIl constants and an orientation matrix for data coflectiou, 



obtained from a least-squares refinement using the setting angles of 13 carefully centered 

reflections in the range 23.59<28<26.14" corresponded to C-centered monoclinic cell. The 

space group was determined to be CZIc, based on a s ta th id  analysis of intensity 

distribution and successfLl solution and refinement of the structure. The data was collected 

at the temperature of -103+1 OC using the a/20 scan technique to a &mum 28 vaIue of 

55.1". Of the 3655 reflections which were collected, 1860 were unique (R,&.019). No 

decay correction was applied. An empirical absorption correction was applied, and the data 

was corrected for Lorentz and polarization effects. The structure was solved by direct 

methods, and expanded using Fourier techniques. The non-hydrogen atoms were refined 

anisotropically. The ligand hydrogen atoms were included at geometrically idealized 

positions and were not refined; the hydrogen atom of the water molecule was located fiom 

a difference map and was fixed at that position. All calculations were performed using 

teXsan crystallographic software package. 

33. B~z (L~)~ (HzO~.M~OH (4) 

33.1. Crystal structure of Ba2(LZ)&I2O).rMeOB (4) 

The structure of 4 was very different h m  the structure of 2, the barium salt of L1, 

with the asymmetric unit of 3a~(L2).1(H~obMeOH (figure 3.1). The structure is best 

described as one-dimensionaI polymers bound to form sheets with N-Ba bonds. The one- 

dimensional polymer chains have L2 ligands pointing in all fbur directions, and two of 

these iigands are coordinated to the adjacent chain via a dative bond between the pyridine 

nitrogen and barium. The threedmensiod structure can be seen in figure 3.2. 



Figure 3.1. Asymmetric unit of Bal(LZ)~(H20)3.MeOH (4) as a thermal ellipsoid 

diagram. Hydrogen atoms and the non-coordinating MeOH molecule are 

omitted From the picture. 

Figure 32. Ba2(rJ)4(H20h-MeOH (4). Three-dimensional structure (along c-axis). 

Hydrogen atoms are omitted. C white, N blue, S yellow, 0 red Ba dark purple. 



A view along the chain (the crystallographic c-axis, figure 3.2) reveals two barium 

ions and oxygen atoms forming four-membered and a six-membered ring systems, which 

form the backbone of the chain, Two of these oxygen atoms belong to the two bridging 

water molecules, and the other four to the sulfonate oxygens. The barium ions are eight- 

and nine-coordinated with one nitrogen atom and seven or eight oxygen atoms. B a a  bond 

lengths are very consistent, they vary between 2.731(9) and 2.905(11) %r There is no 

diierence between the Ba-0 bond lengths of sulfonate and water oxygen atoms (013, 014, 

015). The B a a  bond to the apical water (2.756(10) A), however is shorter than that to the 

bridging water ligands (2.871(8) A and 2.837(8) A)). Ba-N bonds are 2.910(11) A and 

2.905(11) A Two of the sulfonate ligands are using all three of their oxygen atoms to 

coordinate, when the other two are only coordinating with two of the oxygen atoms. The 

latter also coordinate via the pyridine nitrogen, binding the polymer chains to sheets. In 

addition to the bridging water moldes ,  there is also one apical water as the ninth 

coordinating species in one of the two barium ions. 



Table 3.1. Crystallographic parameters of Ba2(L2)4@20)3-MeOH (4) 

Empirical Formula 

Formula Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Parameters 

Space Group 

Z value 

D& 

Temperature 

RefI ectioflarameter Ratio 

R 

R w  

coIorless, needle 

0.30 X 0.15 X 0.14 mm 

triclinic 

a = 17.056(7) A 

b = 10.703(6) A 



Table 33. Selected interatomic distances in Ba~(L2)4@0h-MeOH (4) (A) 

Atoms Distance (A) Atoms Distance (A) 
Ba(l) - 0(1) 2.739(8) Ba(2) - O(2) 2.836(8) 
Ba(1) - O(4) 2.844(8) Ba(2) - ()GI 2.744(8) 
Ba(l) - 0(7) 2.830(8) Ba(2) - O(13) 2.743 (9) 
Ba(1) - O(10) 2.973(10) Ba(2) - O(14) 2.809(8) 
Ba(1) - O(13) 2.871(8) Ba(2) - 0(6)#3 2.73 l(9) 
Ba(1) - O(14) 2.837(8) Ba(2) - 0(9)#1 2.698(8) 
Ba(1) - O(15) 2.756(10) B42) - 0(12)#3 2.682(8) 
Ba(1) - O(3)Sfl 2.853(8) Ba(2) - N(4Y-4 2.910(11) 
Ba(1) - N(3)#2 2.905(11) Ba(1) - Ba(2) 4.563(3) 

Table 3.3. Selected bond angles in B~.I(L~)~(HZO)~-M~OH (4) (O) 

Atoms Angle (O) Atoms Ande (") 
0 1  - 1 )  - 0 5 )  84.7(4) O(15) - Ba(1) - N(3)#2 88.1(4) 
0(1) -Ba(l) - 0(7) 68.6(2) O(7) - Ba(1) -N(3)fn 82.5(3) 
( 1 )  - 1 )  - 0 1 4  65.9(2) O(14) - Ba( 1) - N(3)#2 122.1(3) 
O(1) - Ba(1) - O(4) 130.4(3) O(4)-Ba(1)-N(3)#2 71.8(3) 
O(1) - Ba(1) - 0(3)#1 90.1(3) Ba( I) - O(13) - Ba(2) 108.7(3) 
1 - 1 )  - 0 1 3  73.9(2) Ba(1) - O(14) - Ba(2) 107.9(3) 
O(1) - Ba(1) - N(3)#2 150.5(3) 

The non-coordinating nitrogen atoms are pointing directIy towards the interlamellar 

space, and the pyridine rings ofthe adjacent layers are 7c-stacking, leaving a small cavity to 

the structure. The non-coordinating methanol molecules reside in this cavity, fbrming 

hydrogen-bonds to the non-coo-g suIfbnate oxygens. 
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33L Analysis of  Ba&2)r(H20)3*MeOB (4) 

Proton NMR of 4 shows two peak groups in the aromatic area, one broad signal at 

8.65-8.40 ppm, and a clear doublet at 7.65-7.55 ppm. In addition to that, a broad signal at 

3.2-3.1 ppm, assigned to methanol, is seen. Water signals cannot be distinguished fiom the 

solvent (D20) signal. The solubiIity of the product in other solvents was very low, and no 

other NMR spectra were collected. 

ThermaI analysis of 4 shows the solvent evaporation to occur in three steps (figure 

3.3). Three mass loss steps with endothermic energy changes are found. First at 

temperature of 67 OC, with the corresponding mass loss of 2.34% (calc. 3.22%). This 

apparently is the loss of the non-coordinated methanol molecule. The second mass loss 

starting at 89 OC, and continuing to above 100 OC, with mass loss of 1.21% (caIc. 1.81%) is 

the loss of the apical water figand, and the third one at 140 O C  (mass loss 1.07%, caIc. 

3 22%) corresponds to the loss of the bridging water molecules. The t h e d  analysis of the 

material proved difficult, the hard crystals had to be ground very h e  in order to avoid the 

bumping of the material from the sample holder. Solvents were lost during this grinding 

process, which can be seen as smaller mass loss steps than predicted. At 218 "C, there is an 

endothermic phase change with no mass change, and slow decomposition of the material 

begins at 320 OC, and continues more rapidly in several steps above 400 "C. 



Figure 33. T h e d  analysis of Ba2(L2)4@~0)3.MeOH (4) 

3-4- AgNaWh@20) (5) 

3.4.1. Cqstal structure of Afla(L2)~(HzO) (5) 

When sodium pyridine-3-donic acid (L2) was treated with silver(1) nitrate the 

same way as Na(LI), the product was completely different. The colorless, grain-sbape 

single crystals were obtained firom a crystallization &om water. This structure contains both 

silver and sodium ions for every two ligands, as well as a coordinating water m o l d e .  The 

asymmetric unit (figure 3.4) only includes one ligand, a half of each metal and a half of a 

water molecule. The crystdographic data is presented in table 3.4, the bond lengths and 

angles in tables 3.5 and 3.6. 



Figure 3.4. Asymmetric unit of AgNa(L2)2(MeOH) (5) as a thermal ellipsoid 

diagram. Hydrogen atoms omitted. 

The coordination around the silver ion is slightly distorted T-shaped, with N-Ag-N 

angle of 173.3(2)*, and N-Ag-0 angles 93.3(8)". The two coordinated pyridine rings are not 

in the same plane, but form approximately 75' angle. The sulfonate groups attached to 

these pyridine rings, however, have the same orientation. The sodium coordination is 

distorted tetrahedral, with two 0 I-Na-02 angles of 128.5(1)", and 0 1-Na-01, 02-Na-02, 

and the other two 01-Na-02 angles close to 100°. The third oxygen atom in each SO3 

group is non-comWg. All four oxygen atoms coordinating to each sodium are of 

diierent ligands, and thus also each ligand is coordinated to two differern sodium ions. 



Table 3.4. Crystallographic parameters ofAgo~Nao.&2)(H2o)aJ (5) 

Empirical Formula 

Formula Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Parameters 

Space Group 

Z value 

&a& 

Temperature 

ReflectiordParameter Ratio 

R 

R w  

cmasc~o .aao~ (~20~ .~  

232.59 

colorless, irregular 

0.45 X 0.43 X 0.35 mm 

monocIinic 

a = 17.982(3) A 

b = 11.855(1) A 

c = 8.062(1) A 

/3= 116.30(1) O 

V = 1540.7(4) A3 

CUc (#IS) 

8 

2.005 g/m3 

- 103.0 O C  

12.87 

0.029 

0.03 1 



Table 3.5. Selected interatomic distances for Ago JN~oJ(L~)(H~O)O.S (5) (A) 

Table 3.6. Selected bond angles for A~OJNBOJ(L~)(XZO)OJ (5) (0) 

Atoms Anple (O) Atoms Angle (0) 
( 1  - ( 1  - ( I  *) 1 73.3(2) q l )  -Na(I) - O(2") 100.02(9) 
N(l) - Ag(1) - O(4) 93.33(8) 0(2* *) - Na( 1) - O(2") 100.5(2) 
N(1*) - Ag(1) - O(4) 93.33(8) O(1) - Na(1) - O(1"') 103.0(2) 

O(1) - Na(l) - 0(2**) 128.5(1) 

Since all the ligands are crystallographically identical, only two different Na-O 

bond lengths are observed: 2.327(3) A and 2.221(3) k These Na-0 interactions form an 

infinite chain structure along the crystaflographic c-axis. The N-Ag-N bondiig binds these 

polymer chains to two-dimensional sheets on the ac-plane. Two of the four ligands bound 

to each sodium ion are oriented being paraIlel to each ather, and the formed sheets are 

actually double-sheets with large rings formed by two sodium ions, four ligands and two 

silver ions. The adjacent double-sheets are shifted 0.5 unit cells along the a-axis. The 

positioning of the sheets may be due to hydrogen-bonding (0 - H...O distance is 2.73(5) 

A, Ag - (OH). . -0 angle is 123.7(2)") between the water ligands and the non-coordinating 

d o n a t e  oxygens. The rings and the hydrogen-bonding are shown in figure 3.5. 



Figure 3.5. Three-dimensional structure of AgNa(L7)z(H20) (5). A view along c- 

axis. Hydrogen bonds shown as single lines. Hydrogen atoms omitted. Ag 

_gray, for other colors see fig. 3.2. 

The T-shaped coordination of A& I) is not very common. but not entirely unknown. 

Zaworotko prepared a Ago3-bipyridine complex with T-shaped ~oordinauon.~ T-shaped 

coordination was also found in Lee's and Moore's silver([) mflate complexed with 

biphenyldicarbon~trile"~, as well as in two Ndonor structures by ~chriide?. Very ofien. 

however. silver is coordinated in a linear fashion between two N donor ligands. 2.59.60. log The 

N-Ag bond distance of 1.183(3) A is normal in this type of structure, usually they are fairly 
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shorf below 2.2 Ag-0 b c e ,  2.464(5) 4 is also comparable to other Ag-0 bond 

distauces, which vary between 2.2 and 2.5 k The coordination number of sodium (4) is 

low compared to the known sodium sulfonate salts. In the layered compounds, the sodium 

coordination number is between five and seven, the most usual coordination number being 

six in several sodium sulfonate compounds. Also the bond distances are fairly short, which 

can be expected with the low coordination number. The low coordination can possibly be 

explained with the orientation of the rigid silver-pyridiie rods, which does not allow the 

Na-S@ structures to form a layer, which would likely result in a higher coordination 

number. 

3.4.2. Analysis of AgNa(LZh(Hz0) (5) 

Proton NMR of 5 is similar to the specbum of 4, with the exception of the solvent 

signal. The shifts in both are very similar, a difference of only -0.1 ppm is found in the 

aromatic area. In 5, the signal of the coordinated water m o l d e  cannot be distinguished 

&om the solvent signal. Again, the solubility of the compound in organic solvents was very 

low, and no attempts to collect NMR spectra in other solvents were made. 

In the thermal analysis we can see the h t  transition to be the solvent loss that 

occurs slowly after 150 O C  and is complete by 260 "C (figure 3.8). The mass loss of this 

step is 3.29%, when the caIdated mass is 3.88%. The decomposition of the compound 

begins at 300 O C ,  and occurs in two distinct steps. The first step has a mass loss of 19. lgO/o, 

and the second at the temperature of 408 "C is &ed with a mass loss of 21.74%. The 

total mass loss at 600 OC is thus nearly 45%. 



Figure 3.6. Thermal analysis of AgNa(L2h(H&) (5). 

3.5. Discussion 

Pyridine-4-sulfonic acid and pyridine-3-sulfonic acid form veq diiaent structures 

with the same starting materials, as can be setn by comparing the structures reported here. 

Neither of the mmpounds of pyridine4mEonic acid an layered, although based on the 

results with pyridine-3-sulfonic acid, layered structures were expected. However, 

recognizing the different electronic structures of the two ligands, the pyridine coordination 

was not excluded. In both compounds, the Iigand was coordinated via both the sulfonate 

group and the pyidine nitrogen, although in the barium salt (4), ody half of the pyridine 

&gens were coordinated. 



Two a o r s  can be assumed to cause the differences between the compounds of L1 

and L2: steric Wors that allow embstituted ligand b id  more easily, and electronic 

factors that are caused by the effects of the subshent (in this case sulfonate group) in the 

ring. Pyridine nitrogen in Cposition of the ring can be assumed to be more accessible 

compared to the 3-substituted ring. Especially in polymeric structures the nitrogen atom in 

3-position is sterically more hindered than is the nitrogen atom in Cposition. Electronic 

factors are always important in aromatic systems where the %-electron density is 

delocalized, and thus charge distribution in the whole system is highly effected by the 

substituents. The relative acidities of the two ligands were already discussed in the 

introduction, and it was noted tha& 2- and 4-substituted pyridine ligaads should be stronger 

binding than 3-substituted pyridines. This theory is supported by the structures discussed 

here. 

3.6. Conclusions 

These synthesized compounds show that using suitable Iigands, two-and three- 

dimensional coordination polymers can be obtained, The choice of the metal is dso very 

important; the very different stnrdures of 4 and 5 show that two compounds containing the 

same ligand can have substantidy different structures. Two different metals can be 

introduced in the structure when using a Iigand with different functional groups. Both of the 

pyridine-4-donate structures include coonhated solvent moides ,  which clearly shows 

that the crystallization conditions have a significant effect on the crystaI structures. 



First-row transition metal complexes of these Iigands would very probably be only 

coordinated via the pyridine nitrogen. It has been demonstrated in the literature that in 

aqueous solutions, or in the presence of other more suitable Ligands, the first-row transition 

metals are not coordinated by the stonate group. A reaction under anhydrous conditions 

would probably lead to a polymeric structure in order to form a saturated metal center. The 

coordination geometry of the metal in this case would be a key factor determining the 

structure of the material. 

Another possible route to higherdimensiona1 structures is to prepare bimetallic 

compounds, such as AgNa(L2h(H20). The aqueous transition metal comp!exes of LI and 

L2 are likely to be molecular, with solvent molecules coordinated to the metal center as 

well. Higher-dimensional structures should be feasible by biding these molecules to form 

polymeric structures using a second metal cation This route has the advantage that, if the 

h e w o r k  survived the removal of the coordinated solvent molecules, the resulting 

structure would be porous. The transition metals would aIso be coordinatively unsaturated, 

and thus form a possible binding or M y t i c  site. 



4.1. Introduction 

Like many other metal sulfonates, silver(I) sulfomtes often form layered arrays. As 

has already been shown, the multiple binding of the Sa-group kcilitates layer formation 

and, for Ago, with a 1:l metal to ligand stoichiornetry, layered structures are observed. 

This group of lamellar solids, however, is not very widely studied. Two examples of this 

type of coordination polymers are siIver(I) metlmesulfonate and silver@) p 

toluenesulfonate (fig. 4.I.), which both adopt a simiIar crystal structure consisting of Ag- 

Sa-layers with the organic groups pointing out to both sides of the layer. 

When the ligand has another coordinating hnctional group besides the sulfonate 

group, other types of structures can be obtained. This is illustrated by the three-dimensional 

structure of silver0 bromomedmesulfonate." Silver is octahedral, with axial bromine 

atoms and equatorial sulfonate oxygen atoms, such that each coordinating atom on one 

silver center belongs to a different ligand. This f8irly high coordination number on silv- 

can be partly explained by the small size of the ligand, which decreases the steric hindrance 

UOUII~ the metal center. 



F i r e  4.1. a) The structure of Ag-SOrlayer in Ag(CHjS03) (Chahonnier) 

b) The layered structure of Ag-OTs (Shimizu) 

Another example of a polymeric structure with a heterobidentate sulfonate ligand 

is siiver(I) pyridine-3-sulfonate nitrate (fig. 4.2,), by ~l~imizu ' '~  Two different silver 

cations are found, one forming a linear N-Ag-N array, and the other one coordinating to 

the sulfonate oxygens. Nitrate is often a non-coordinating anion, but in this mumre, the 

nitrate ions coordinate to the same silver0 center as do the suifonate pups.  The Ag- 

SO3-NO3-element forms one-dimensional polymer chains. which are bound to each other 

by the pyridine-Ag-pyridine motif, forming an essentially two-dimensional suucme. 



Figure 4.2. Silvern pyridine-3-sulfonate nitrate (Shimizu) 

We wanted to study the role of different counterions in the structure, and performed 

a series of crystallizations of dierent silver0 starting materials with pyridine-3-sulfonic 

acid. In this case, with 1:l stoichiometry, a layered array was hoped to be avoided. The 

rationaIe for tbis is as follows. A very usual arrangement in pyridine complexes of silver@) 

involves the metal ion dicoordinated in a linear N-Ag-N system. If this component was 

found also in the pyridiie-3-sulfonate complex of Ago, there would only be one silver ion 

left to bind to the two sulfonate groups. 1:l metal:ligand stoichiometry is usudly required 

in the formation of a layered silver sulfonate, and thus in this case a layered structure is not 

expected. 



4.2. Ekperimental 

4.2-1. General comments 

See section 2.2.1. 

42.2. Preparation of A~(CSE&INS@) (6) 

3 18.3 mg (2.00 mmol) of pyridie-3-sulfonic acid (Ll) and 275.8 mg (1.00 mmol) 

of silver carbonate were mixed in 30 ml of methanol in an ultrasonic bath for 20 minutes. 

Slow gas evolution was observed, and the color of the mixture changed fiom pale green to 

white. The sluny was filtered, washed with copious amounts of methanol and air-dried. 

One equivalent of AgPF6, AgSbFa, AgSCN, CH3COOAg, -3S03, 

CfiCOOAg, CF3COOAg, and C&COOAg in methanolic solutions were added to 

methanolic solution of pyridine-3-sulfonic acid and stirred covered from light for 20 

minutes. The solvent was evaporated under reduced pressure until a fiht  precipitate was 

observed. The soIutions were filtered and set up for crystallization using slow evaporation 

and solvent difksion with diethyl ether, ethyl acetate, and benzene. 

4.2.3. Crystahation of Ag(Cs&NS03), 6 and Ag(GH$iS@)-MeCN (7) 

AgLl (6) was dissolved in methanol, and clear needlelike single crystals were 

obtained after allowing ethyl acetate to diilbse to the sahrrated solution for several days. 

EIement.1 analysis: exptl. C: 22.66%, H 1.31%, N 5 . 1 9 ,  calc. C: 22.58%, H 1.524, N 

5.27%. 



AgL1 (6) was dissolved in water, and clear needleIike singie crystals were obtained 

after allowing the solvent to slowly evaporate for several days. The data collection of the 

crystals fiom both crystallizations of 6 suggests them to be the same compound, with the 

same space group and same cell dimensions (tetragonal, ~ 1 2 . 3 5  k c=8.93 A). 

6 was also dissolved in acetonitrile, and clear single crystals of Ag(Ll)(CH3CN)03 (7) 

were obtained using solvent diffusion and ethyl acetate as the diflksing solvent. 

4.2.4. Crystallography 

0 AgCsHrNSOj, (6) 

A colorless needlelike crystal of Ag(C&NSG), 6, having apprordmate dimensions of 0.28 

x 0.22 x 0.11 mm was mounted on a glass fiber. The data was collected on Nonius Kappa 

CCD diffrsctometer with Mo Ka radiation (A4.71073 A). Cell constants and orientation 

matrix for data collection, obtained 6om a least-squares refinement, corresponded to a 

body-centered tetragonal cell. The space group was determined to be I(+, based on the 

statistical analysis of intensity distribution and successfUl solution and refinement of the 

structure. The data was collected at the temperature of -100 (k2) "C using the 28 scan 

technique to a maximum 28 value 30.48'. Of the 5889 reflections which were collected, 

2086 were unique &=0.0293). An empirical absorption correction was applied, and the 

data was corrected for Urentz and polarization effects. The structure was solved using 

direct methods, and expanded with Fourier techniques. The non-hydrogen atoms were 

redined anisotropically, and the hydrogen atoms were refined isotropically. All calculations 

were perhrmed using Denzo-SMN crystallographic software package. 
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id Ag(CsHrNS03FleCN)o. (7) 

A colorless prismatic crystal of A~(CSH.INS~~)(M~N)OJ,  7, having approximate 

dimensions of 0.30 x 0.19 x 0.08 mm was mounted on a gIass fiber. The data collection was 

made on a Rigaku AFC6S difhctometer with graphite monochromated Mo K a  radiation 

(X4.71069 A). Cell constants and an orientation matrix for data collection, obtained from 

a least-squares refinement using the setting angles of 12 carefblly centered reflections in the 

range 13.26<20<16.29° corresponded to a primitive triclinic cell. The space group was 

determined to be P(-1), based on a statistical analysis of intensity d i s t n i o n  and 

successfbl solution and refinement of the structure. The data was collected at the 

temperature of -103f 1 O C  using the a120 scan technique to a maximum 28 value of 50. la. 

Of the 3 171 reflections which were collected, 2993 were unique ~ 0 . 0 2 6 ) .  Over the 

course of data collection, the standards decreased by 1.2%. A linear correction factor was 

applied to the data An empirical absorption correction was applied, and the data was 

corrected for Lorentz and polarization effects. The structure was solved by direct methods, 

and expanded using Fourier techniques. The non-hydrogen atoms were d n e d  

anisotropically, and the hydrogen atoms were included at geometrically idealized positions 

and were not refined. All calculations were performed using teXsan crystallographic 

sohare  package. 



4.2.5. Solvent exchange experiments of 7 

i )  With d&eW 

Approximately 5 mg of crystaIs of Ag(L1)-MeCN (7) were deposited in a vial with 

a minimal amount of solvent o. The sample vial was inserted in an outer vial, 

containing -2ml of drMeCN. This system was allowed to stand up to 2 weeks, after which 

the crystals were removed fiom the vial and a 'H NMR spectrum of them was measured. 

Integration: 9.07 ppm - 7.30 ppm (aromatic), 4H, 2.00 ppm - 1.67 ppm (MeCN) 1.42H. 

ii) With pyridine 

Approximately 5 mg of crystaIs of Ag(L1)-MeCN (7) were deposited in a vial with 

a minimal amount of solvent (MeCN). The sample vial was inserted in an outer vial, 

containing -5ml of pyridine. The clear crystals decomposed to white powder within 30 

seconds. 

4.2.6. Inclusion experiments o f  6 

i )  PXRD 

Approximately 200 mg of powdery Ag(L1) was spread on a glass plate as a thin 

layer. A drop of a solvent (acetonitriIe, propionitrile, butyronitrile, hexanenitrile, 

benzonitrile, water, methanol, ethanol, THF, diethy1 ether, acetone) was added on top of the 

layer, and PXRD data was coIlected immediately. 

A 1 g sample of Ag(L1) was added in a mixme of solvents (5 ml each): 

acetonitriIe, propionitrile, butyronhde, hexanenitrile. The mixture was shaken vigorously 



97 

and allowed to stmd sealed for several months. The slurry was pipetted on a glass plate to 

form a thin layer, and the PXRD pattern was collected immediately. 

ii) KA4.S 

GC/MS experiments were done on a HP 5890 II instrument equipped with S.G.E. 

hsed silica column (22m x 0.22mm). Flow rate was 0.60 dmin,  the GC temperatures 

were: injector 150 OC, oven 38 OC, detector 250 "C. 

1.0 mmol of acetonitrile, propionitrile, butyronitrile and hexanenitrile were added to 

10 ml of tetradecane and shaken three minutes until the solution was clear, the total volume 

of the solution was 12.0 ml. 260 mg (1 mmol) of Ag(L1) (6) was added to 6 ml the solvent 

mixture, and shaken vigorously for 20 minutes. The sluny was filtered through a cotton- 

filled pasteur pipette. The remaining 6 ml of the nitrile-tetradecane solution was also 

filtered similarly to avoid any possible differences between the two trials. The filtered 

solutions were analyzed with GCMS. The experiment was repeated with double amounts 

of each nitrile. 

4.2.7. Surface area measurement of 6 

S m k e  area of Ag(Ll), (6) was measured by nitrogen absorption using the BET 

method on an ASDI RXM 100 instrument. The sample was pretreated under high vacuum 

under room temperature for one hour. The nitrogen adsorption temperature was 77K. Four 

haI pressure values were measured, with initial pressures that approximately correspond 

the P/Po values 0.02,0.04,0.08, and 0.16. 



4.3. Ag(LlMC&- (7) and Ag(L1) (6) 

Si lvea  pyridme-3-sulfonate was prepared fiom A&C@ and pyridine-3-sulfonic 

acid. Silver carbonate was used to completely avoid the presence of a counterion in the 

structure, and this was best achieved by using a c&" compound, which with the acid 

ligand would produce COz and HzO. 

43.1. Crystal structure of Ag(L1) (6) 

The crystal structure of silver0 pyridiie-3-sulfonate (6) is a three-dimensional 

h e w o r k  with no void space. The asymmetric unit consists of three partially occupied 

silver atoms and one ligand. The occupancies of the silver cemers are 0.5 (Agl), 0.25 

(A@), and 0.25 (Ag3). The numbering corresponds to that in figure 4.3. Agl and Ag2 form 

a chain running along the crystafIographic a-axis, and Ag3 is located separate fiom these. 

Agl is a six-coordinated octahedral center, its coordination sphere is formed of two 

nitrogen atoms, two sulfonate oxygens, and two silver atoms. Ag2 is also octahedral six- 

coordinated with four d o n a t e  oxygens and two silver atoms, and Ag3 is four-coordinated 

with four oxygen atoms. 

Agl has the anticipated nearly linear N-Ag-N coordination (N-Ag-N ande 

172.42(17)"). The Ag-N bonds are eqyivalent, the bond length is 2.143(2) The two Ag- 

0 interactions are very long (2.719(8)A), compared to the bonds of the other silver centers. 

Two Ag-Ag bonds complete the octahedral coordination sphere. Of the two coordinated 

silver atoms one is another Agl, and one is 4 2 .  The coordination sphere around Ag2 is 
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octahedral as well, d l  Ag-0 bond distances are e q d  (2.377(2)A), and all 0-Ag-0 bond 

angles are 90.120(8)0. The Ag-Ag-Ag angles are 180". The coordination around Ag3 is 

tetrahedraI, and again all the Ag-0 distances are equivalent (2.38q2)A). The 

crystallographic parameters for Ag(L1) are in table 4.1, the interatomic distances and bond 

angles in tables 4.2 and 4.3, respectively. 

The asymmetric unit is shown in figure 4.3, where Agl and Ag2 are a part of the Ag 

chain. The third silver atom is positioned st?parateIy fiom the other two. The three- 

dimensional structure can be seen in another view along c-axis (figure 4.4). The silver chain 

is shown in the middle of the figurey and the t e v a b d  silver atoms are the next nearest 

silver centers in the figure. The symmetrical arrangement of the ligands is also very clearly 

visible. 

Figure 43. The asyrnmeaic unit of Ag(Ll) (6) as a thermal ellipsoid diagram. 

Hydrogen atoms omitted for chrity. 



Table 4.1. Crystallographic parameters for Ag(L1) (6) 

Space Group 

Z value 

sale 

Temperature 

RefIection/Parameter Ratio 

R 

R w  

Empirical Formula C ~ O H ~ & J ~ S ~ O I ~ A &  

Formula Weight 1064.09 

Crystal Color, Habit colorless, plate 

Crystal Dimensions 0.28 X 0.22 X 0.11 rnrn 

Crystal System tetragonal 

Lattice Parameters a = 12.3336(5) A 

b = 12.3336(5) A 

c = 9.0174(5) A 

a = 90° 

= 90" 

y= 90' 

V =  1371.71(11) A3 

I(-4) 

2 

2.576 glcm3 

-1ow OC 

17.8 

0.023 1 

0.045 1 



Table 4.2. Selected interatomic distances for Ag(L1) (6) (A) 

Atoms Distance (A) Atoms Distance (A) 
- N 2.143(2) N - C(1) 1.339(4) 

Ag(1) - Ag(1) #2 2.9878(7) C(4) - S 1.678(3) 
&(I) - &(2) 3.0148(4) S - O(1) 1.439(2) 
Ag(2) - O(2) 2.377(2) S - O(2) 1.436(3) 
b (3 )  - O(1) 2.380(2) S - O(3) 1.442(3) - - 

Table 4.3. Selected bond angles in Ag(L1) (6) ( O )  

Atoms Angle (a) Atoms Angle (a) 
N- &(l) -N 172.42(17) 0(2)#5 - Ag(2) - &(I) 87.38(9) 
N- &(I) -&(IF 86.21(8) &(I) - Ag(2) - Ag(l) 180.0 
N - - Ag(2) 93.79(8) 0(1)#5 - &(3) - o(1) 104.73(6) 
b(1)fn - - Ag(2) 180.0 0(1)#5 - Ag(3) - 0(1)#8 119.43(12) 
0(2)#3 - Ag(2) - O ( 2 P  174.76(18) O(2) - S - O(1) 113.01(16) 
0(2)#3 - Ag(2) - 0(2)#5 90.120(9) O(2) - S - O(3) 1 I1.86(17) 
0(2)#4 - Ag(2) - 0(2)#5 90.12q10) O(1) - S - O(3) 113.98(17) 
0(2)#3 - &(2) - &(l) 92.62(9) 



Figure 4.4. & ( L I )  (6 ) .  A view along c-&XIS. C white. N blue. S yellow. 0 red. .4g 

Figure 45. Ag(L I ) (6)- A view down b-axis. 
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In the view along the b-axis (figure 4.9, the silver chains are vertical, and it is clear that all 

the pyridine rings of the tigands are in the same ab-plane. It is not difficult to envision that 

a ligand such as acetonitrile would replace the Ag-Ag and some of the relatively weak Ag- 

0 interactions, to form the structure in 7. 

This compound exhibits peculiar symmetry. The space group is tetragonal I(-4), and 

two of the three silver atoms lie on the 4-fold improper mation axis. Due to uneven 

occupancy of the different metal centers, of the eight silver atoms in a unit cell there are 

four Agl atoms, and two Ag2 and Ag3 atoms each The repeating sequence in the siIver 

chain is thus Agl-Agl-Ag2. Ag2 is at the required inversion center of the symmetry 

eIernent. There are two equivalent silver atoms (Agl) between each of these inversion 

centers. Each of the four ligands is equivalent, all nitrogen atoms and one suifonate oxygen 

are coordinated to Agl, one sulfonate oxygen is coordinated to 4 2 ,  and one oxygen to the 

tetrahedral silver atom Ag3. 

4.3.2. Crystal structure of Ag(Ll)(mCN)aJ (7) 

The crystal structure of 7 is three-dimensional with solvent-filled cavities. The 

asymmetric unit contains two silver atoms and two tigands, and one acetonitrile molede 

coordinated to one of the silver atoms. Two asymmetric units form a 24-membered ring 

with four ligands and four silver0 ions (fig. 4.6.). 

One of the metal ions forms a hear array between two pyridine &gens, with an 

additional long bond (2.619(3) A) to a S@ oxygen. The second silver0 is also four- 

coordinated, with three sulfonate oxygens and the acetonitrile nitrogen. The coordination 

geometry is distorted tetrahedral with angles varying fiom 84.012) O to 125.4(2) O. This 



array M s  to the formation of a m a d ,  smaller ring which c o ~ e c t s  the larger rings 

together. The crystallographic data are in table 4.4, and selected bond lengths and angles in 

tables 4.5 and 4.6. 

Figure 4.6. The 24-membered ring formed by two asymmetric units in 

&(&I~*s (7) as a them4 eIIipsoid diagram. Hydrogen atoms 

omitted for clarity. 



Table 4.4. Crystallographic parameters for Ag(Ll)@feClQ,~ (7). 

Empirical Formula C12Hi1N3OaSzAg2 

Formula Weight 573.09 

Crystal Color, Habit colorless, prism 

Crystal Dimensions 0.30 X 0.19 X 0.08 mm 

Crystal System triclinic 

Lattice Parameters a = 10.373(4) A 

b = 1 1.252(5) A 

c = 8.123(3) A 

a = 105.43(4) 

/7 = 1 12.22(3) a 

y = 89.70(3) 

V= 841.3(6) A3 

Space Group p(-l) 

Z value 2 

h c  2.262 glm3 

Temperature -103.0 'C 

Reflectionlparameter Ratio 8.37 

R 0.03 1 

R w  0.032 



Table 4.5. Selected interatomic distances fbr Ag(Ll)(MeCNb5 (7) (A) 

Atoms Distance (A) Atoms Distance (A) 
Ag(1) - N(1) 2.148(5) s(1) - o(1) 1.43 5(5) 
Ag(1)-N(2) 2.161(5) S(l) - 0(2) 1.454(5) 
Ag(1) - O(2) 2.619(3) S(l) - O(3) 1.426(5) 
Ag(2) - 0(1*) 2.460(6) s(2) - o(4) 1.444(5) 
Ag(2) - O(5') 2.336(5) s(2) - o(5) 1.449(5) 
Ag(2) - O(6) 2.3 1 O(4) S(2) - O(6) 1.453(5) 
Ag(2) - N(3) 2.203(6) s(1) - c(4) 1.779(6) 

S(2) - C(9) 1.778(6) 

Table 4.6. Selected bond angles in Ag&l)(MdN)o.~ (7) (O) 

Atoms Angle (O) 
N(1)-Ag(1)-N(2) 164.3(2) 
N(1) - - o(2) 96.72(2) 
O(l*) - Ag(2) - N(5') 1 17.7(2) 
O(l*) - Ag(2) - O(6) 84.0(2) 
0(1*) - Ag(2) - N(3) 105.6(2) 
O(5') - Ag(2) - O(6) 107.0(2) 
O(5') - Ag(2) - N(3) 1 14.1(2) 
O(6) - M(2) - N(3) 125.4(2) 

The two pyridine rings connected by a silver atom are not in the same plane, but form 

approximately 20' angle. The N-Ag-N angle is 164.3(2)', which is nearly linear, an 

element often found in N-Ag-N coordination. An additional interaction between the linear 

N-Ag-N silver makes the coordination T-shaped. The two most often found arrangements 

around silver(I), namely linear and tetrahedral, are thus both found in the same compound, 

and indeed the Ag-S@ system is not layered. Tbese structural features are present also in 

the framework structure of 6. The most apparent difference is the silver-silver bonding in 6 

that is not present in 7. In the solvated structure, there are no six-coordinated silver centers, 

but one h e e o o r d b t e d  and one four-coordinated. No silver atom binds four oxygen 
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atoms, as is the case in 6. For these reasons it is obvious that some bond brealung and 

formation must occur during the soIvation/desolvation processes, but the framework 

skeleton may still remain intact for the most parts. 

Figure 4.7. The three-dimensional structure of 7. Hydrogen atoms omitted for 

clarity. Ag p i y ,  S yellow, N blue, 0 red, C white. 

The three-dimensional structure of 7 is presented in figure 4.7. The large nnp 

forming cavities filled with acetonitrile molecules can be clearly seen. The dimensions of 

the large cavity are 7 A by 1 IA? and the solvent molecules fill the space completely. The 

smaller &membered ring formed by the interactions between the S03-Ag --interaction of 

the adjacent rings are also visible, as well as the long interactions completing the T-shaped 

coordination about one of the Ag atoms. 



433. Thennal analyses of 6 and 7 

Thermal analysis (fig. 4.8.) of Ag(Ll)(MeCN)oj (7) shows that the solvent is quite 

strongly bound to the structure; the solvent evaporation occurs at -190 O C .  The observed 

mass loss at -190 O C  is 6.9 %, when the calculated mass Ioss corresponding the moIecuIar 

formula is 7.15%. The s d I  discrepancy can be attributed to solvent evaporation during the 

sample preparation. After the solvent desorption, there is an irreversible phase change at 

-300 O C ,  and the sample finally totally decomposes under dinitrogen at -400 O C .  This 

shows high thermal stability, which is not often found in coordination compounds. Thermal 

analysis of 6 shows the same features as that of 7 after the solvent loss at 190 O C .  Before 

the phase transition at -300 "C, no mass loss or energy changes are found upon heating the 

sample. 

Figure 4.8. DSC/TGA of 7. 



4.3.4. SurFacc area measurements 

Surface area of 6 was measured by nitrogen absorption using the BET method on an 

ASDI RXM 100 instrumem. The sample was pretreated under high vacuum under room 

temperature for one hour. The nitrogen adsowan temperatwe was 77K. Four 

pressure values were measured, with initial pressures that approximately correspond the 

P& values 0.02,0.04, 0.08, and 0.16. The surface area of the sample, however was found 

to be zero, indicating that the dry sample of Ag(L1) is not porous. This was later conbned 

by the X-ray structure. 

4.3.5. Inclusion experiments of 6 and 7 

A three-dimensional structure with solvent-filled cavities had been prepared, and 

this was one of the gods of this study. Experiments regarding this structure included 

solvent-exchange, recrystallization fiam other similar sulvents, as well as reversibility and 

selectivity studies of this soIvent inclusion. 

4.3.5.1. SoIvent exchange with d-cetuniaile cntdpynpyn&e 

Solvent exchange experiments were conducted by exposing the crystals of 

Ag(Ll)@koo~ to dracetonitrile vapor for up to two weeks and measuring proton NMR 

spectra in various solvents after one day, two days, and two weeks. f i e  integration ofthe 

signals gives the proton ratio 4:(1,20-1.28) for the protons in the ring and the acetonitrile 

protons, when the calcuhd ratio is 4:1.50 (figure 4.9). The decreased amount of 

acetonitrile can be attributed to solvent evaporation during the sample preparation rather 
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preparation rather then solvent exchange, since the ratio does not change b r n  the initial 

value during the vapour exposure. 

Figure 4.9. 'H NMR of 7 exposed to drMeCN vapour. 

The solvent molecules do evaporate fiom the crystal structure and d e m y  it, 

which can be seen as crystal decomposition to a white powder when the crystals are 

exposed to air. This decomposition is not very rapid: it occurs during a time period of 

s e v d  hours. When the crystals are left in a sealed system exposed to drMeCN vapour, 

they do not decompose, but as already mentioned, solvent exchange is not observed. 

When the solvent exchange experiment was done exposing the crystals to pyridine 

vapour, the decomposition of the crystals was rapid; ca 10 mg sample deteriorated within 
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powdery substance. We can see that as a very strong ligand, pyridine coordinates to the 

silver ion, resulting in the deterioration of the crystal structure. Attempts were made to 

recrystallize the product from pyridine, but no suitable crystals for X-ray crystallography 

were obtained. 

4.3.5.2. Reversible sorption 

The PXRD patterns of the Ag(LI), 6, obtained fiom the reaction, and the powder 

pattern simulated fiom the single-crystal data of Ag(Ll)(MecN)o.~, 7, are presented in 

figure 4.10. c) and a), respectively. The two patterns are completely different, and thus we 

can say that the crystal structures of the two compounds are also different. When a -0.5 g 

sample (-2 mmol) of 6 was wetted with a drop of acetonitrile (4. IS mmol) immediately 

before measuring the PXRD, we observed a pattern (fig. 4.10. b) nearly identical to the 

simulation of 7. The peak positions in the two patterns are nearly the same, only in the 

simulation the d-spacings are somewhat smaller due to the low measuring temperature. The 

intensities do not cortespond in all cases, but this is due to the crystals not being randomly 

oriented in the powder sample. Based on this experiment we can conclude that the solvent 

sorption demonstrated by AgL1 is reversible. 



Figure 4.10. a) Simuiated PXRD from single crystal data of 7 

b) PXRD of 6 wetted with acetonimle 

cjPXRDofAg(Ll),C 

4.3.5.3. Srlectrve sorprmn 

The reversible sorptioddesorption of acetonitriIe by 6 led us to experiment with 

other soIvents to investigate whether the sorptlon would be selective to acetonitrile, or if 



other coordinating solvent m o l d e s  would be sorbed as well. This was studied with 

PXRD, DSCITGA, and G C M .  

A sample of 6 was wetted with propionitrile, butyronitrile, and hexanenitrile in the 

same way as in the experiment with acetonitrile, and the PXRD was measured immediately 

fiom the damp sample. The powder pattern did not show any change in the structure, in all 

cases it was the same pattern that was observed with the dry 6. Also other possibly 

coordinating solvents were tested (methanol, ethanol, diethyl ether, acetone and THF, 

water) but none of these showed any change in the powder pattern. This indicated that the 

structure of 6 did not change upon addition of these other solvents. If any sorption 

occurred, it did not lead to structural changes in the sample. 

Since the nitrile sotvents were considered to be the most likely to be sorbed by the 

compound, the thermal analyses were only conducted with them. As already noted, 

acetonitrile leaves the compound at a relatively high temperature, 190 OC, when its boiling 

point is 82 O C .  Similar behavior would be expected of other solvents that are coordinated to 

the silver0 ion Samples of 6 were once again wetted with all the nitriles (acetonitrile, 

propionitrile, butyronitrile, hexanenitrile, and benzonitrife), and thermal analysis of each of 

the wet samples was pedormed. In the case of acetonit.de, the solvent was found to 

evaporate in two steps; firs; at 75-90 OC, and after that, a stoichiometric amount, 

co~esponding to the structure of 7, at 190 "C. In all other samples the solvent evaporation 

occurred in one step, at the tempera?me corresponding to the boiling point of the solvent. 

This shows that no other soIvents were coordinated to the metal ion; the coordinated 

solvents would evaporate in a higher tern- than the free solvent. 



Another selectivity experiment was also conducted; equimoIar amounts (1 mmol) of 

acetonitrile, propionit.de, butyronitrile, and hexanenitrile were added to 10 rnl of 

tetradecane, and the sotution was mixed carefdly (1 : 1 experiment, one equivalent of each). 

Half of the solution, containing 0.5 m o l  of each nitrile was pipetted on 266 rng (1 mmoi) 

of dry Ag(L1) powder, which gives a quantitative amount of acetoawile in the crystal 

structure. The mixture was shaken vigorously for 20 minutes to ensure complete sorption of 

the solvents, after which it was filtered through a cotton-filled pasteur pipette. The 

remaining 6 ml of the nitriIe-tetradecane solution was also 6Itered sirnilarty to avoid any 

possible differences between the two trials. The filtered solutions were analyzed with 

G C M ,  and the integration of the gas chromatogram shows that the acetonitrile signal has 

nearly completely disappeared. The integration also shows decrease in the amount of 

propionitrile, this decrease being ca. 30%. 

Table 4.7. Retention times and relative integrals of the four nitriles in GC/MS in 1:l 

experiment. 

1 N i e  I Retention time (min) I Initial % 1 F i  % 



Figure 4.11. Gas chromatograms of the four nitriles in 1 : 1 experiment. 

a) reference b) sample 

To better qumtiQ the adsorption, the same experiment was done a second time 

using larger amounts (total 2 mmol) of the nitriles (2:I experiment). This experiment 

shows similar results; half of the original acetonimle amount has been adsorbed 

(quantitative adsorption), and also the amount of propionimle decreases by c a  30%. The 

selectivity of the adsorption of acetonide over the adsorption of propionimle is 225:l. 

The decrease in the arnolrnt of propionitrile could be due to three factors: i) 

evaporation of the solvents, ii) adsorption of propionitrile is assisted by the adsorption of 

acetonitrile, and iiiiJpropionitde adsorption to the surface of the particles. Some 

evaporation is probable, considering that the total decrease in the ninile amounts is more 

than quantitative. The i W t y  of the evaporating solvent, however, is not clear, 

acetonitrile should evaporare easier than propionitrile: on the other hand, propionitrile has 
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boiling point as well, and while handling very minute amounts, some evaporation is always 

possible. The fict that in the second experiment acetonitrile was adsorbed quantitatively 

would suggest that the evaporating nitrile is propionitrile. Acetonitrile would already be 

coordinated to the silver centers and hence would not be ffee to evaporate. The assisted 

adsorption of propionitrile does not seem very probable, considering that in the crystal 

structure the MeCN molecules are inside closed cavities, where the space is suitable for 

smaller molecules but not for propionitrile. If propionitriIe molecuIes were bent inside the 

cavity, this wodd lead to fewer coordination sites being saturated and hence lower overall 

adsorption. The srnalI particie size in the powder sample suggests that a considerable 

portion of the silver sites is on the surface of the particles, and hence the steric hindrance 

for propionimle adsorption on the surfaces would be lowered. This type of coordination 

would not lower the total amount of adsorbed soIvents, rather one could imagine the 

coordination site being Iess crowded on the surface, and hence even more molecules could 

be coordinated. 

These selective and reversible sorption properties are rarely found in solid 

materials, although some examples have been reported. Pomus materials are most often 

prepared by crystaking the b e w o r k  with the guest (solvent) molecules filling the 

pores. Subsequent guest remod is hoped to Ieave the h e w o r k  intact, when it wouid 

retain its crystal structure, creating actual void space in the structure. Examples of this 

include the two structures discussed in introduction, namely Yaghi's cobalto 

benzenetricarboqfic acida with both coordinated ilad guest pyridine molecules, and 

WilIiams' copper@) benzenetricarboxylic acidm, in which even the coordinated so!vent 

molecules can be removed and exchanged. 



A new approach is to create flexible networks, where the crystal structure of the 

apo-host is diierent h m  the structure of the host-guest compound, although the 

connectivity of the network remains the same. Some examples of this type of behavior in 

coordination polymers have been reported in the literature, although in most cases the only 

reversibly sorbed moIecules are the guests, when the removal of coordinated solvents is 

irreversib Ie. 

A l a n t h m m ~  adipate compound with both coordinated and guest water 

molecules, (Laz(adipate~(~)4].6H20}II was synthesized by Michaelides' group in 

1998.'18 The compound transforms into a crystalline nonporous La(adipateh(H2Ch upon 

dehydration by heating the sample. In thermogravimetric analysis, a continuous mass loss 

is detected at the temperature range of 45 to 107 O C ,  which corresponds to the loss of six 

water molecules. Another mass loss, corresponding to the toss of the two remaining water 

molecules is observed at 160-205 O C ,  and the compound decomposes above 320 O C .  The 

compound is still crystalline after the first mass loss step, but PXRD shows that the 

structure is clearly different. When this compound is mixed overnight in water, it 

traasforms back to the original compound with four wordinated water molecules and six 

guests. However, the study does not exclude that regaining the original structure would be 

due to recrystabon, since the amount of water used in the transformation is not 

reported. 

Kepert and Roseinsky reported in 1998 revemible and to some extent setective 

solvent sorption by ~co~@~o)~PI~~c-TTF)*w~o ~C-T@-= 

t e t r a ( c a r b ~ ~ l ) t ~ v a l e n e ) . ~ ~  The three-dirnensiod network is firmed by 
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hydrogen-bonds between the aqua-complex and the ligand, each CO(HZO)? forms eight 

hydrogen-bonds to the surrounding dianionic ligands. Thermogravimetric analysis shows 

the loss of water molecules to occur in three steps; at 50 OC the loss of two, at 80°C the loss 

of 4, and at 120 "C the loss of the last two water molecules. The h e w o r k  decomposes at 

150 OC. The two guest water molecules can be reversibly removed, but the loss of the 

coordinated water Iigands is irreversible. Moreover, the two guest waters can be exchanged 

to with methanol, but not with ethanol., carbon disulfide, or acetonitrile. 

An infinite ladder structure of Cd@) and p-di(4-pyridy1)benzene with nitrate as the 

counterion was found to be capable of enclathrating 0.5 equivalents of p-dibromobeazene 

for each metal cation in a study by Fujita in 1998."~ The structure of the compound 

consists of interpenetrated ribbons, which form a three-dimensional array. The crystal 

structures of both compounds have been determined, and the swelling of the flexible 

network to accommodate the guest molecules was obsewed. Any thermal anaIyses or 

reversibility studies were not reported. 

C i ' s  group has repofled two different structures that have this spongelike 

behavior, [ C U O P ~ ) I  I F 6 1  '09 (TCNB=tetracyanobenzene) and 

[ ~ ~ ~ ~ @ ~ ~ ) ~ ( s o ~ ) ~ ~ o ~ z o ) ~ ~ ( ~ ~ ~ ~ ~ ~ ~ o H ~ ~ . ~ z o ~ ~ ~  (bpp=1,3-bis 4- 

pyridylpropane). The copper(Ij compound forms an infinite three-dimensional interwoven 

network with one-dimensional cavities filled with the counterions. The compound has also 

been crystallized with one THF molecule coordinated to each copper center, and the crystal 

structure of this material is very similar to the structure of the material without the solvent, 

and the removal of the solvent molecules yields the original compound without the 
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coordinaied solvent. The solvent loss occurs at 110-130 O C  temperature, and the 

decomposition of the network occurs above 280 O C .  When exposed to THF vapor for a 

week at room temperature, the powder had a PXRD pattern that was ascriied to 5050 

mixture of the two compounds. 

The second capper compound by Ciani has an interesting structure that consists of 

two dBerent coordination polymers of the same components. One polymer is a 2D sheet 

with 4,4-topology, and the other one is a ribbon of large, 48-membered rings. The two 

polymers are interpenetrated in such a manner that they form a three-dimensional structure 

with large cavities. The cavities are tilled with guest molecules, both ethanol and water, and 

in addition there are coordinated water and ethanol molecules in the structure. The loss of 

the guest molecules is again reversible, but upon the loss of the coordinated solvent 

molecules, the network structure is destroyed and cannot be brought back by addition of the 

solvent. The guest removal occurs gradually, until at 120 O C  all the guest molecules are 

lost. The loss of the coordinated molecules is observed between 120 O C  and 180 O C ,  and the 

network finally decomposes at temperatures above 200 'C. 

Although an obvious way of how the structural changes take place in the process of 

solvation~desolvation of our silver@) pyridine-3-sulfonate is diicuIt to establish, the 

structures support the theory that the process in fact occws as a rearrangement of the 

structure rather than recryakdon.  The same structural elements (a linear N-Ag-N 

moiety, and a silver coordinated by d o n a t e  oxygen atoms) are present in both compounds 

in the same stoichiometry. As we can see fiom the thermal analysis of the solvated 

compound, the rearrangement of the crystaI structure and the solvent removal show one 



change in the energy curve. It can be deduced that the two processes are simultaneous and 

take place in one step. The breaking of the whole structure of 6 to adsorb acetonitfile and 

form 7 would likely not be a one-step process, but would rather require dissolution of the 

salt and a r e ~ y d i t i o ~  which would be seen as two separate events in the thermal 

analysis m e .  

There is also other indirect evidence that the solvation process does not occur via 

recrystaUizatioa When the sample of 6 was wetted with acetonitrile, the PXRD experiment 

was done immediately for the wet sample, i.e. the time elapsed after applying the soivent 

and before starting the measuiiement was approximately 30 seconds. Recrystallization 

process would thus have to be very rapid, since no evidence of 6 was found in the 

diffraction pattern. Even more convincing is the evidence provided by the GCIMS 

experiment, where a pantitatiue amount of each nitrile was used in the solvent mixture. 

Since 6 is insoluble in tetradecane and its solubility to the nitriles decreases rapidly with the 

growing solvent size, we can say that the sample cannot have dissolved to any extent 

during the experiment. Also, it was visibly quite evident that the powder remained solid. 

None of the compounds discussed here shows similar behavior, with the regaining of the 

crystal structure after the loss of the cooruhzed solvent molecules. Only the lanthaniurn 

compound by MichaeIides may have the same ability, but in that case, the recrystallization 

is not excluded. The earlier mentioned trimesic acid compounds by yaghin and ~ i l l i a m ~ ~  

are other materials with such an ability- To my best knowledge, other compounds with 

revemile sorption of coordinated molecules have not been reported. 
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4.4. Other silver@) starting materiais 

Several other silver salts were used in order to study the effect of the counterion in 

the structure. The anions tested were hexafluorophosphate, hexafluoroantimonate, 

tetrafluoroborate, aceatate, benzoate, triflate, thiocyanate, and trifluoroacztate. The usual 

method for the preparation of these samples was to mix the salts in I:1 ratio in methanol, 

either using a mechanical stirrer or an ultrasonic bath, and subsequently evaporate some of 

the solvent until a precipitate was formed, filter and wash the precipitate with methanol, ALI 

these materials gave the same PXRD pattern as did the dry sample of Ag(L1). 

Polycrystdine material was obtained fiom crystalkations with AgBF& C&COOAg, and 

AgCF3CO0, but not crystals suitable for single-crystal structure determination. PXRD 

samples were prepared fiom these materials, and the pattern was found to be identical to 

that of the powder sample of Agcl ) .  From this we can conclude that none of these 

structures contain any other anions in addition to the ligand L1. 

4.5. Conclusions 

A three-dimensional coordination polymer was synthesized, using an anionic 

heterobidentate organic Ligand and silver@) cation. The stoichiometry of the product is 1: 1, 

with no other counterions present. Wi several different silver0 starting materiais, the 

same compound was found to form. Recrystallization of this compound f?om 8ce toMe 

gave a polymeric structure with solvent-filled cavities. SoIvent sorption is M y  reversil'ble, 

which is demonstrated by several experiments with t h d  analyzer and powder X-ray 

difBactometerer The solvent molecule is tightIy bound in the structure, which is iHustmted 
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by the high desorption temperature and the lack of solvent exchange with deuterated 

acetonbile. 

The selectivity of the sorption is demonstrated by experiments with other potentially 

coordinating solvents, such as other nitriles, alcohols, and water. The compound does not 

show any tendency to adsorb any other solvents, which is seen in the unchanging PXRD 

patterns of the wetted sample of the compound. Also, the thermal analysis does not support 

any coordination of these solvents. Selectivity is further studied by treating a mixture of 

nitriles with the compound, and measuring the relative amounts of each nitrile after the 

treatment. It can be seen that the sorption is highly selective, although some decrease of 

another small nitrile is observed. 

The high thermal stability of the product is another desired quality in materials 

chemistry. Highly stable compounds are often purely inorganic materials, but in 

coordination compounds stability is often low. In the examples given here, where the 

h e w o r k  is somewhat flexible and the thermal stability can thus be expected to be higher 

than in rigid networks, the decomposition occurs between 220 OC and 320 OC, and often the 

thermal stabilities of coordination polymers W1 in the same range. 



Barton, T. J.; Bull, L. M.; Klemperer, W. G.; Loy, D. A; McEnaney, B.; Misono, 

M.; Monson, P. A; Pez, G.; Scherer, G. W.; Vartuli, J. C.; Yaghi, 0. M. Chem. 

Maer. 1999,11,2633. 

Blake, A J.; Charnpness, N. R; Hubberstey, P.; Li, W.-S.; Withersby, M, A; 

Schrader, M. Coord Chem. Rev. 1999,183,117. 

Bowes, C. L.; Ozin, G. A AdvancedMaterak 1996,8, 13. 

Braga, I).; Grepioni, F.; Desiraju, G. R Chem. Rev. 1998,98, 1375. 

Caulder, D. L.; Raymond, K N. Acc. Chem. Rex 1999,32,975. 

Fujita, M .  J .  S ' t h  Org. Chem., Jpn. 1996,51,953. 

Munakata, M.; Wu, L. P.; Kuroda-Sowa, T. Bull. Chem. Soc. Jpn. 1997, 70,1727. 

Yaghi, 0. M.; Li, H; Davis, C.; Richardson, D.; Groy, T. L. Acc. Chem Res. 1998, 

31,474. 

Zaworotko, M. J .  Crystal Engineering of Coordination Polymers, pp 87 1-90 1. 

Zhang, H.; Wan& X.; Zhang, K; Teo, B. K. Coord Chem. Rev. 1999,183,157. 

Smith, J. V. Chem. Rev. 1988,88, 149. 

Wilson, S. T.; Lok, B. M; Messina, C. A; Cannan, T. R; Flanigen, E. M. J.  Am 

Chem. Soc. 1982,104,1146. 

Carlucci, L.; Ciani, G.; Macchi, P.; Proserpio, D. M.; RiPato, S. Chem. Eut, J 

1999,5,237. 

Zeolite Atlas, bttp://www.iza-sc.&ch/IZA-SC/Mas/AtlasHome.html 

Cheetbam, A K; Ferey, G.; Loiseau, T. Angew. Chem, Int. Ed EngL 1999, 38, 

3268. 

Kokotailo, G. T.; Lawton, S. L.; Olson, D. H.; Meier, W. M. N e e  1978,272,437. 

Kresge, C .  T.; Leonowig M. E.; Roth, W. J.; Vartuli, C. J.; Beck, J. S. Nature 

1992,359,710. 

As& T.; MacLachIan, M. J.; Grodney, H; Coombs, N.; Odn, G. A Angew. 

Ch., Int. Ed EngL 2000,39,1808. 



Asefa, T.; MacLachlan, M. J.; Coombs, N.; Ozin, G. A Nafute 1999,402,867. 

Lok, B. M; Messina, C. A; Patton, R L.; Gajek, R T.; Cannq T. R; Flanigen, E. 

U J Am. Chem. Sm. f 984,106,6092. 

Flanigen, E. M.; Lok, B. U; Patton, R L.; Wilson, S. T. Pure Am!. Chem. 1986, 

58, 1351. 

Davis, A4 E.; Saldarriaga, C.; Montes, C.; Garces, I. M; Crowder, C. Nature 1988, 

331,698. 

Freyhardt, C, C.; Tsapatsis, M.; Lobo, R F.; Balkus, K. J.; Davis, M E. Nature 

1996,381,295- 

MacLachlan, M. 3.; Cmrnbs, N.; Ozin, G. A Nature 1999,397,681. 

Li, E; Yaghi, 0. M. J. Am Chem. Sa= 1998,120,10569. 

Li, H.; Eddaaudi, M.; Yaghi, 0. M. Angew. Chern., Inr. Ed EngI. 1999,38,653. 

Li, EL; Eddaoudi, M.; Laine, A; O'Keeffe, M.; Yaghi 0. M. J. Am. Chem. Soc: 

1999,121,6096. 

Martin, J. D.; Greenwood, K B. Angew. Chem., Inr. Ed EngL 1997,36,2072, 

Horstm~,  S.; Irran, E.; Schnick W. Angew. C h . ,  Ink Ed Eng1. 1997,34,1992. 

Stock N.; Irran, E.; Schnick, W. Chem, Eur. J. 1998,4, 1822. 

Schnick, W.; Lucke, J. A~tgew. Chem., Ins. Ed EngI. L992,31, 213. 

Etter, M. C. Acc. Chem. ks. 1990,23, 120. 

Desiraju, G. R 5kience 1997,278,404. 

Biradha, IC; Dennis, D.; MacKinnon, V, A; Sharma, C. V. IC; Zaworotko, M. J. J. 

Am. Chem. Soc. 1998,120,11894. 

Brunet, P.; Sirnard, M; Wuest, J. D. J .  Am. Chem. Sm- 1991,119,2737. 

Kudwa, S. S.; Craig D. C.; Nangia, A; Desiraju, G. R J Am. Chem Six 1999, 

121,1936. 

Holy, P.; Zavada, J.; Cimva, I.; Podlaha, J. Angew. Chem, Inr. Ed EngL 1999, 

38,381. 

Aoyarna, Y., Pmentation at the 83rd CSC Meeting and Conference, Abstract No. 

247. Calgary, May 2000. 



Endo, K; Koike, T.; Saw* T.; Hayashicia, 0.; Masuda, H; Aoyama, Y. J. Am. 

Chem. Soc. 1997,119,4117. 

Sawdri, T.; Aoyama, Y. J. Am Chem. Soc. 1999,121,4793. 

Melendez, R E.; Zaworotko, M. J. SupramoI. Chem. 1997,8,157. 

Kim, J.; Kim, K. J. Coord Chem. 1995,37,7. 

Zhang, EL; Wan& X.; Zhang, K.; Theo, B. K. Imog. Chem. 1998,37,3490. 

Zhang, H ;  Wang, X; Teo, B. K. J. Am. Chem. Soc. 1996,118, 1 18 13. 

Hagnnas P. J.; Bridges, C.; Greedan, J. E.; Zubieta, J. J. C h m  Soc., hiton Tram 

1999,2901. 

Zhang, L.; Shi, 2.; Yang, G.; Chen, X; Feng, S. J .  Chem. Soc, Ddton Tranr. 2000, 

275. 

Coord Chem. Rev. 1998,183. 

Zhang, H.; Wang, X; Zhang, K.; Teo, B. K. Inorg. Chem. 1998,37,3490. 

Fujita, M.; Ya* J.; Ogura, K J. Am Chem. Soc. 1990,112,5645. 

Fujita, M.; Kwon, Y. J.; Washim, S.; Ogura, K J. Am. Chem. Sa: 1994,116,115 1. 

Gable, R W.; Hoskins, B. F.; Robson, R Chem. Comm. 1990,1677. 

Kasai, K.; Aoyagi, M.; Fujita, M. J. Am. Chem. Soc. 2000,122,2140. 

Biradha, K.; Domasevitch, K. V.; Hog& C.; Moulton, B.; Power, K. N.; Zaworotko, 

M J. Cryst. Eng. 1999,2,37. 

Huang, S. D.; Xiong, R-G.; Sotero, P. H J.  SolidState Chem. 1998,138,361. 

Yaghi, 0. M; Li, H In Mohlur Chemim, Michl, J. ,  Ed.; Kluwer Academic 

Publishers, 1997; pp 663-670. 

MacGillivray, L. R; Groenernaq R H; Atwood, J. L. J.  Am. C h m  Soc. 1998,120, 

2676. 

Huang, S. D.; Xiong, R-G. Polyhedron 1997,16,3929. 

Kepert, C. J.; Rosseinsky, M. J. Chem. Comm. 1999,375. 

Sharma, C. V. K; Rogets, R D. Crydhgineer ing 1998,1,19- 

Venkatamm, D.; Lee, S. J.; Moore, J. S.; Zhang, P.; Hirsch, R A; Garher, G. 

B.; Covey, A C.; Prentice, C. L. Chem. M'er. 1996,8,2030. 

Hhcb, K A; Wilson, S. R; Moore, J .  S .  Inorg. Chem. 1997,36,2960. 



Neenan, T. X; Driessen, W. L.; Haasnoot, J. G.; Reedijk, J. Inorg. Chi..  Acta 

1996,147,43. 

Neels, A; Neels, B. M; Stoeckli-Evarls, H.; Clearfield, A; Poojary, D. M. Inorg. 

Chem. 1997,36,3402. 

S h i m  G. K H; Enright, G. D.; Ratcliffe, C. L; Ripmeester, J. A; Wayner, D. D. 

M Angew. Chem. Int. Ed Engl. 1998,37, 1407. 

Gardner, G. B.; Vekataraman, D.; Moore, J. S.; Lee, S. Nmre 1995,3 74,792. 

Gardner, G- B.; Kiang, Y.-H.; Lee, S.; Asgaonkar, A; Venkataraman, D. J. Am. 

Chem. Soc. 1996,118,6946. 

Batten, S. R; Hoskins, B. F.; Robwn, R Inorg. Chem. 1998,37,3432. 

Batten, S. R; Hoskins, B. F.; Robson, R Chem. Eur. J 22000,6,156. 

Charbonnier, F.; Faure, R; Luiseleur, H. Acta Cryst. B 1977, B33,2824. 

Cotton, F. A; Daniels, L. M.; Mudlo, C. A Pofyh&on 1992,I I, 2475. 

Gunderman, B. J.; Squattito, P. J. Inorg. Chem. 1994,33,2924. 

Gunderman, B. J.; Spamito, P. J. I m p .  Chem 1995,34,2399. 

Gunderman, B. J.; Dubey, S. N.; Squattrito, P. J. Am Cryst, C 1997,17. 

Gunderman, B. J.; Kabeli, I. D.; Squattrito, P. J.; Dubey, S. N. Inorg. Gim. Acta 

1997,258,237. 

Kosnic, E. J.; McClymont, E. L.; Hodder, R A; Squamito, P. J. Imrg. Chim. A m  

1992,201,143. 

Leonard, M. A; Squattrito, P. J. Acla Cvst. C 1997, C53,648. 

Leonard, M. A; Squamito, P. J.; Dubey, S. N. Acta Cryst. C 1999, C5.5, 35. 

Shimizy G. K_ H; Enright, G. D.; Ratcliffe, C. L; Rego, G. S.; Reid, J. L.; 

Ripmeester, J. A Chem Marer. 1998,10,3282. 

Shubnell, A J.; Kosnic, E. J.; Squattrito, P. J. Imrg. Chim. Am 1994,216,101. 

Couldwell, C.; Prout, K; Robey, D.; Taylor, R Acta Cryst. B 1978, B34,1491. 

Kosnic, E. J.; McClymont, E. L,; Hodder, R A; Squamito, P. J. Inorg. C k  A m  

19%, 244,253. 

Yaghi, 0. M.; Li, G.; Li, H N e e  1995,378,703. 



(83) Chui, S. S.-Y.; Lo, S. M-F.; Charmant, J. P. H; Orpen, A G.; WdIiarns, I. D. 

Science 1999,283, 1148. 

(84) Higashi, L. K; Lundeeq M; Hilti, E.; See K Imw Chem. 1977,16,310. 

(85) Smith, G.; Lynch, D. E.; Kennard, C. H. L. Inorg. Ckm. 1996,35,2711. 

(86) Smith, G.; Cloutt, B. A; Lynch, D. E.; Byriel, K. A; Kennard, C. EL L. Inurg. 

Chem. 1998,37,3236. 

(87) CMonnier, F.; Faure, R; Loiseleur, HA& Cryst. B 1978, B34,3598. 

(88) Evans, C. C,; Sukarto, L.; Ward, M D. J. Am Chem. 5bc 1999,121,320. 

(89) Russell, V. A; Evans, C. C.; Li, W.; Ward, M D. Science 1997,276, 575. 

(90) Russell, V. A; Etter, M C.; Ward, M D. Chem Mder. 1994,6, 1206. 

(91) Chanhkbarl  K Acta Cryst. B 1977, B33, 143. 

(92) Walsh, B.; Hathaway, B. I .  J .  Chem. Soc., Dahn Trans. 1980,68 1. 

(93) Hemnam, W. A; ThieI, W. R; Kuchler, J. G.; Behm, J.; Herdtweck, E. Chem. Ber. 

1990,123, 1963. 

(94) Cotton, F. A; Daniels, L. M.; Monterq M. L.; Murillo, C. A PoQhe&on 1992,11, 

2767. 

(95) Charbonnier, F.; Faure, R; LoiseIeur, H. Cryst. SM. Comm 1981,10,1129. 

( 9  Kimura, K; Kimura, T.; Kinoshita, I.; Nakashima, N.; Kitano, K. I.; Nishioka, T.; 

Isobe, K Chem, Corn  1999, 1453. 

(97) Moore, J. S. http~/~. .scs.uiuc.edu~ 

(98) Lu, J. Y.; Lawandy, M. A; Li, J.; Yuen, T.; Lin, C. L. Inorg. C h  1999,38,2695. 

(99) Robinson, F.; Zaworotko, M. J. Chem C o m .  1995,2413. 

(100) Aakerdy, C. B.; B m ,  A M. J. MoL Stma 1999,474,91. 

(101) Yaghi 0. M; Li, H.; Groy, T. L. J.  Am Chem. Soc. 1996,118,9096, 

(102) Hyeon, K-A; Byeon, S.-I% Chem Mder. 1999,11,352 

(103) Li, H.; Laine, A; OXeek M.; Yaghi, 0. M Science 1999,283, 1145. 

(104) Aoki, S.; Shiro, M; Koike, T.; Kimura, E. J.  Am Chem. SOC: 2000, I22,567. 

(105) Li H; Davis, C. E.; Gmy, T. L.; KelIey, D. G.; Yaghi, 0. M J .  Am. Chem. Soc. 

1998,120,2186- 

(106) Li, H; Eddaoudi, M; Groy, T. L.; Yagbi, 0. M. J Am Chiem. &c. 1998,120,8571. 



(107) Vaidhyanathan, R; Natarajan, S.; Cheetham, A K; Rao, C. N. R C h .  Mter.  

1999,11,3636. 

(108) Neels, A; Stoeckli-Evans, H.; Wan& Y.; Clearfield, A; Poojary, D. M Inotg. 

Chem. 1997,36,5406. 

(109) Carlucci, L.; Ciani, G.; Gudenberg, D. W. v.; Proserpio, D. M. New 3. Chem. 1999, 
23, 397. 

(1 lo) Biradha, K.; Sward, C.; Zaworotko, h4. J. Angew. C h ,  Int. Ed Engl. 1999, 38, 

492. 

(1 11) Murata, M.; Kojirna, M.; Hioki, A;  Miyagawa, M.; Hirotsu, A t ;  Nakajima, K; 
Kita, M.; Kashino, S.; Yoshikawa, Y. Coord Chem. Rev. 1998,174. 

(1 12) Gudbjartson, H.; Biradha, K; Poitier, K. M; Zaworotko, M. J. J .  Am. Chem. Suc 

1999, I t l ,  2599. 

(I 13) Trobajo, C.; Espina, A; Jaimez, E.; Khainakov, S. A; Garcia, J. R 3. Chem. Soc, 

Dalton Trans. 2000,787. 

(I 14) Xiong, R-G.; Wilson, S. R; Lin, W. J .  Chem. Soc., Dalron Trans. 1998,4089. 

(I 15) B m e r ,  S.; Emmett, P. K; Teller, E. J. Am. Chem. Soc 1938,60,309. 

(1 16) Hirsch, K A; Venkatamman, D.; Wilson, S. R; Moore, I. S.; Lee, S. Ckm. Cum. 

1995,2199. 

(127) Shimizu, G. K H; Enright, G. D.; Ratcliffe, C. I; Ripmeester, J. A, unpublished 

results 

(118) Kiritsis, V.; Michaelides, A; Skouiika, S.; Golhen, S.; Ouahab, L. Inorg. Chm. 

1998,37,3407. 

(119) Kepert, C. J.; Hesek, D.; Beer, P. D.; Rosseinsky, M Angew. Chen, IM Ed EngL 

1998,37,3158. 

(120) Fujita, M; Sasaki, 0.; Watanabe, K-y.; Ogura, EL; Yamaguchi, K. New J ,  Chem. 
1998,22, 189. 

(121) Carlucci, L.; Ciani, G.; Moret, M; Proserpio, D. M; Rizzato, S. Angew. Chem, Ini. 

Ed EngL 2000,39,1508. 




