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Summary
The research presented in this thesis looks into the development o f  novel inorganic-organic 

hybrid materials with a particular focus on exploiting lanthanide(III) ions. The project considers 

the synthesis and structural characterisation o f  these materials and investigates their 

photoluminescence properties.

Chapter 1 introduces the reader to the area o f  research described in this thesis, introducing 

the Cheetham and Rao description for inorganic-organic materials. The discussion relates 

specifically to lanthanide-organic hybrid materials and discusses how inherent photoluminescence 

and magnetic properties o f the lanthanide (ITI) centre are developed for applications in some o f the 

contem porary materials reported to date. This chapter closes with a look at the aims for this thesis.

Chapter 2 provides an account o f  the experimental details for this work.

Chapter 3 discusses the synthesis o f three novel lanthanide phosphonate series using the 

ligands ?£’/?-butyl-(Bu'-P0 3 H 2), 1-napthalene (N aph-P 0 3 H 2) and 4-biphenyl (B iphen-P 0 3 H 2) 

phosphonic acid. The Ln-Bu' series, [Eu(H0 3 PC(CH 3)3)3] H3 0  was shown to be a ID  coordination 

polymer that packs into a pseudo-ID  layer through hydrogen bonding. The Ln-Naph series, 

[Ln(0 3 PC|oH7)2(H ;0 )2], is a 2D structure with two additional water molecules in the lanthanide 

coordination sphere and has a structure related to a reported lanthanide benzyl phosphonate. The 

Ln-Biphen, [Ln(0 3 PC i2H9)2], series displays a 2D structure that is different from both Ln-Bu' and 

Ln-Naph. The nano-morphology o f the resulting materials was studied to understand the effect o f 

ligand size and shape and the effects o f  previously known crystal habit modifier, sodium para- 

toluenesulfonate. It was found that these materials can display 1D nanorods and 2D plates and the 

possible driving forces for the morphology are discussed. The photoluminescence (PL) properties 

for the three series o f  compounds, when Ln = Eu'”, Tb'", N d”' and Yb"', w ere studied to investigate 

the ability to sensitise lanthanide luminescence through the aromatic ligand. In this respect, we 

report the first room temperature near-infrared (NIR) photoluminescence o f  an Yb"'-phosphonate, 

and discuss the absence o f  room-temperature Tb'" photoluminescence when excited through 1- 

naphthalene phosphonic acid.

Chapter 4 reports the isolation o f mononuclear Na2[Eu2(Hheidi)4(H20)(Me0H)] -3M e0H , 

2, and binuclear Na2[Eu(Hheidi)(heidi)(H20)2] H20, 3, lanthanide com plexes fi-om reaction with 

A^-(2-hydroxyethyl)iminodiaeetic acid, H3heidi. By changing the type o f  base (NaNs—>NaOH) and 

pressure (atm ospheric—»high pressure) in the reaction conditions, additional /^2-hydoxo interactions 

form that allow the binuclear complex o f  3 to be isolated instead o f m ononuclear complex o f  2. A 

study o f  the steady-state and solution properties indicates that PL can be observed from Eu'"- and 

Tb'”- in the visible region, and from N d '”- in the NIR region o f  the spectrum. W e further show that 

in solution the m ononuclear complex is stable and represents a potential solution species from 

which we can synthesise new hybrid materials using additional ligands.

In Chapter 5 we discuss the chemistry o f  2,2'-((3-carboxy-2-hydroxynaphthalen-l- 

yl)methylazanediyl)diaeetic acid (H4C3hnida) and 2,2'-((6-carboxy-2-hydroxynaphthalen-l-



yl)methylazanediyl)diacetic acid (H4C6 hnida) with lanthanide ions. We find that under 

solvothermal conditions the ligand H4C6 hnida yields the structure 5,5'-methylenebis(6-hydroxy-2- 

naphthoic acid), 4, and we discuss the relevance o f  the structure in relation to pamoic acid, an 

important reagent in isolating pharmaceutical products through lowering the product solubility. 

Reacting the alternative ligand, H4C3hnida, with lanthanide ions can yield the chiral 3D structure 

[Ln5(HC3hnida)(C3hnida)3(H20)io]'25H20, 5, that displays chiral blade-like channels along the c- 

axis and separate hydrophobic and hydrophilic channels along the a- and Z)-axes. The 

dimensionality o f  the material can be altered as a function o f  temperature towards the ID 

coordination polymer [Nd|7(C3hnida)i2(//3-OH)4(H2O)30] jcH2O, 6 , forming at higher temperature. 

We have investigated the optical properties o f  these materials and discuss the potential applications 

that these materials could be developed for.

The work presented in C h ap te r  6  considers 3D chiral networks, N a[Ln(C6H5C0 2 )4], 7, 

derived from the achiral ligand, benzoic acid. The structure is discussed and identifies the origin o f 

the chirality which manifests along the c-axis. Circular dichroism spectroscopy reveals a band 

centred at 240 nm assigned to the ligand absorption and shows that one enantiomer crystallises in 

excess. The photoluminescence o f 7-Eu was investigated and a high emission quantum yield, <i>n. 

= 23.8% measured. The potential isolation o f an enantio-pure material and reasonably high 

emission quantum yield, make these promising materials for chiral security tags.

C h a p te r  7 looks into the synthesis o f  lanthanide networks using the sulphate ion. 

Particular emphasis is placed on the influence o f  organic templating agents for the isolation o f 

higher order lanthanide sulphates. The 2D structure o f  [Ln2(S0 4 )3(H 2 0 )8], 8 , forms in the absence 

o f  an organic template. By comparison, the crystal structures o f  (C2NH8)9[Nd5(S0 4 )i2], 9, 

NH4[Dy(S0 4 )2(H 2 0 )], 10, and (NH4)3[Dy(S0 4 )3], 11 , show the progress made in determining new 

network materials that are 2D and 3D in their architecture and reveal a new approach to the use o f 

the organic template through the in-situ formation o f  the template by decomposition o f  the solvent. 

The sulphate ion as a ligand is identified as potentially useful for creating materials for magnetic 

cooling, and the magnetic properties o f  9 are currently under investigation.

C h a p te r  8  looks to provide some brief conclusions and outlines the future prospects for 

the research performed in this thesis.
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1.1 Functional inorganic-organic materials

In the 1990s, inorganic-organic hybrid materials came to the forefront o f research science 

with the development o f  metal organic frameworks (M OFs) that consist o f  inorganic cluster units 

which are connected through rigid polyfunctional ligands to produce extended structures that are 

often two-dimensional (2D) and three-dimensional (3D) in nature. These materials have largely 

been developed for creating porosity,''^ with applications designed towards gas storage** and 

separation’ and heterogeneous catalysis.'® The definition for metal-organic frameworks is often 

confused with coordination polymers and inorganic-organic hybrid m aterials.'' M etal-organic 

frameworks are now largely considered as 3D materials, where the rigid linkers impart porosity. 

These materials are a sub-group o f the wider definition o f inorganic-organic hybrids which are 

compounds that contain organic and inorganic components as part o f their structure and whose 

bonding extends infinitely in at least one dimension o f  s p a c e .T h e  focus o f  this thesis is the 

synthesis and characterisation o f  hybrid lanthanide-organic materials. In particular, the 

incorporation o f  lanthanide (III) ions (Ln'") to produce new functional materials that exploit the 

optical and magnetic properties o f  the lanthanide ion will be undertaken.

1.1 Classification of hybrid inorganic-organic materials

The classification outlined by Cheetham and Rao considers the dimensionality o f  hybrid 

materials to be broken into two types o f  connectivity; extended inorganic bridging (I) and bridging 

through an organic ligand (O).'^ This leads to a description o f  the overall dimensionality as TO'", 

where n is the dimensionality o f  the inorganic bridging mode and m is the dimensionality imparted 

by the bridging ligand, where the sum o f the exponents is the overall dimensionality in the 

structure.'^

T able 1.1 summarises how the mixing o f  the two different bridging modes results in 

different inorganic-organic networks. The following paragraphs aim to highlight the structural 

features that differ between these structures. The description, I*0”, describes molecular cluster 

based complexes, which go beyond the scope o f  the present work.

2



T ab le  1.1: C lassification o f  hybrid inorganic-organic m aterials.
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1.1.1 H ybrid  structures built from  inorganic  connectiv ity ,

T he first row  in T a b le  1.1 describes hybrid m aterials that have inorganic d im ension ality  

varying from  on e-d im en sion a l ( I D )  inorganic chains, to layers (2 D ) and 3D  netw orks (F ig u r e  1.1). 

A unique exam p le o f  on e-d im ensional Ln'" ch ains is observed  in [L n 2(H 2 0 )2(C |4Hs0 4 )3] 

w here Ln'" =  Nd'" or Dy'" and (C 14H 8O 4) =  b ip h en y l-2 ,2 '-d icarb oxy lic  acid.'^ T he structure 

con ta in s tw o  unique Ln'" centres in a d istorted dodecahedral geom etry and coordinated  through  

tw o ligands, on e that binds in a m onodentate fashion and a sccon d  ligand that bonds through tw o  

m onodentate ox y g en  centres and one b is-b identate carboxylate group. B ridging through the 

carboxylate groups to further lanthanide centres results in the grow th o f  a ID  chain  that c lo se ly  

resem bles the natural m ineral, tancoite, o f  com p osition  [M (T 0 4 )2L]„, w here M  and T are cation s  

w ith  different coordination  geom etry  and L =  sm all an ion ic  ligand (e.g. O ' , O H  ).

M etal p hosphonates are ex ce llen t exam p les o f  hybrid inorganic layers w ith  con n ectiv ity  

1 0̂ '’.'^ In the lanthanide phenyl phosphonate, [L n(0 3 P C 6H 5)(H 0 3 P C 6H s)], inorganic {L n '" -0}  

based regions ex tend  in tw o d im en sion s form ing a layered m o tif  from  the bridging P - 0  centres. 

The organic m o ietie s  are found to extend into the interlam ellar spacings. W e con sid er  lanthanide  

phosphonate sy stem s m ore ex ten s iv e ly  in C h a p te r  3.

U sin g  the sim p le  ligand, p yr id in e-2 ,5 -d iearb oxy lic  acid  (2 ,5 -H 2pyd c) under hydrotherm al 

con d ition s, the 3 D  inorganic netw ork [L n3(//-0H )4(2 ,5-pyd c)(2 ,5-H pyd c)3(H 20)4]„  is isolated.'^  

T he presence o f  four adjacent helical dodecahedral chain s that con n ect further through ed ge-  

sharing polyhedra results in the generation  o f  a 3D  fram ew ork built from  corrugated {L n ^ }  

m em b ered -w h eels. T he above exam p les are v isu a lised  in F ig u re  1.1.

DimenMonality uf inorganic connectn it>, I" (;i = 0-3)
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Figure 1.1: Representative crystal structures o f  (a) ID chains o f  [Ln2(H2 0 )2(C i4Hs0 4 )3], Î O”, (b) 2D
layers o f  [Ln(0 3 PC6H5)(H0 3 PC6H5)], 1̂ 0̂  ̂ and (c) network structure o f  [Ln3(/<-OH)4(2,5-pydc)(2,5- 
Hpydc)3(HiO)4]n, I'̂ O® whose bonding originates through inorganic M-O-M interactions. Blue arrows
denote the direction o f  inorganic connectivity.

1.1.2 Hybrid structures built from organic connectivity, 1^0"

The first column in Table 1.1 represents materials that are solely constructed from 

bridging organic ligands and are shown in Figure 1.2. One-dimensional Ln'" chains are isolated in 

[Dy(BTC)(H20)] DMF, where H3BTC = 1,3,5-benzenetricarboxylic acid and DM F = N,N'- 

dim ethylform am ide.’’ Crystallising in the chiral space group P4^22, the chiral chains pack to form 

a porous framework that was shown to remain stable upon removal o f  coordinated H2O, leading to 

a high surface area o f  655 m^ g ', with potential for H2 and CO2 storage capabilities due to the free 

Lewis acidic site obtained from dehydration.

A layered material based on a two-ligand system that was developed for white

lighting is shown in Figure 1.2b.'* The reaction o f  Ln(N03)3 with 4-sulfobenzoic acid (4 -SBA) 

and l//-im idazo[4 ,5- / ] [ l ,10]-phenanthroline (IP) yields the compound [Ln(4 - 

SBA)(IP)OH] - I.5H2O. The structure is built from a Ln‘" binuclear unit that is bridged through the 

/i-OH groups to give the building unit, [Ln2(/^2-OH)2(IP)2]''^. These [Ln2(/i2-OH)2(IP)2]''"^ units are 

further coordinated by the 4 -SBA molecules. The 4 -SBA bridges through the carboxylate and 

sulfo-moieties along the a-axis and the sulfo-moieties further link [Ln2(//2-OH)2(IP)2]^^ moities 

along the Z)-axis to form the layered structure.

The complexity o f  these building blocks can be extended to the formation o f  porous 3D 

framework materials with connectivity.'^ In the compound, [H2NMe2][Ln2(w-BDC)3(phen)2] 

where w-BDC is 1,3-benzenedicarboxylic acid and phen is 1, 10-phenanthroline, an octahedral 

building unit o f  [Eu2(COO)6] is formed in-situ. These units are constructed from four bridging and 

two chelating carboxylates. This leads to two types o f  coordination modes o f the w -B D C '” ligand. 

The first type coordinates in a //';//':?/':/;'://2 fashion linking the [Ln2(COO)6] units into a layer in 

the ^c-plane. The second type coordinates in a rf-. //': rf\ //j mode and links these layers further in 

the c-direction to produce a pillared 3D framework.
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F igu re 1.2: R ep resen ta tiv e  crysta l stru c tu res  o f  (a) ID  chains o f  [D y (B T C )(H 2 0 )] D M F, f o ' ,  '^(b) 2D 
layers o f  [L n(4 -S B A )(IP )O H ]-1  .SH iO , and (c) the n e tw o rk  stru c tu re  o f  [H iN M e 2 ][L n 2 (m-
B D C ) 3 (p h e n ) 2 ], l”o ’, w h ere  lan than ide  cen tres  are b rid g ed  th ro u g h  the ligands. R ed  a rro w s d e n o te  the 
p ro jec tio n  a lo n g  w h ich  co n n ec tiv ity  ex ten d s th rough  the b rid g in g  lig an d  m olecu les.

1.1.3 Hybrid structures built from mixed connectivity, T'O"

In Figure 1.3, examples o f mixed inorganic-organic layered materials, 1^0 ,̂ and mixed 

inorganic-organic 3D framework materials o f  connectivity I^O’ and 1^0^ are given. The 1^0^ 

connectivity is rare, with the lanthanum phosphonate, [La(H2NDP(l,4))(H3NDP(l,4))(H20)2]n 

(H4NDP(I,4) = naphthalene-1,4-diphosphonic acid) being one o f  the few cases.'® A number o f  3D 

frameworks are based on the 1^0^ connectivity. One such exam ple is [Tb(BTB)(H20)]-2ChH|20, 

where B T B =l,3,5-benzene/m benzoic acid and C(,Hi20 = cyclohexanol."' The Tb'" centre is 9- 

coordinate and bound by eight carboxylate oxygen atoms and one water molecule. A chain o f 

edge-sharing TbOq polyhcdra extends along the c-axis that are connected via the tritopic ligand 

resulting in a 3D-framework with hexagonal ID  pores. Upon removal o f  the cyclohexanol, pore 

diameters o f  ca. 10 A are observed and large surface areas o f  730-930 m^ g '' (Brunauer-Emmett- 

Teller (BET) model) could be obtained. In com parison, the lanthanide phosphonate, 

Ln(0 3 ?C(,H5P0 3 ) based on T’O  ̂ connectivity, is a 3D fram ework constructed from the pillaring 

effect o f  the ligand o f  the inorganic layer formed through the coordinating phosphonate oxygen 

donor atom s.“‘ Each phosphonate on a ligand coordinates in a bonding mode. This

coordination leads to the formation o f edge-sharing inorganic chains parallel to the [101] direction, 

which is further connected through the phosphonate oxygen atoms into an inorganic layer. The 

organic moiety o f  the ligand bridges and pillars these layers along the Z)-axis. The low surface area 

(29 m^ g ‘ (BET model) using N 2 at 77 K) shows that the channels created by the pillaring ligand 

are small and not accessible to the adsorbing gas.
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F igure 1.3: C rysta l stru c tu res  o f  d iscrete  layers o f  (a) [L a(H 2 N D P (l,4 ))(H 3 N D P (l,4 ))(H 2 0 )2 ]n  in the plane 
o f  the page, I^0^ '®(b) M ixed  ino rgan ic-o rg an ic  fram ew o rk  [T b (B T B )(H i0 )] -2 C 6 H |2 0 ,1^0^ " 'an d  (c) m ixed 
in o rg an ic-o rgan ic  fram ew o rk  L n(0 3 PC(,H5P 0 3 ), R ed  arrow s deno te  c o n n ec tiv ity  th rough  organic
ligands and blue a rro w s den o te  ino rgan ic  co n nectiv ity . T he blue triang le  den o tes the ino rg an ic  ch a in  in  (c) 
that runs in to  the page  a lo n g  the c-axis.

The examples given here demonstrate the variety in the structures that are accessible for 

lanthanide-based materials. By tuning the amount of inorganic connectivity to organic connectivity 

in the hybrid, the density o f the material can be tuned. Inorganic M-O-M bonding favours edge- 

sharing interactions between lanthanide centres and results in dense hybrid materials where the 

lanthanide centres are in close proximity. The higher density of lanthanide centres in these 

materials may favour applications that utilise the electronic and magnetic properties of the 

lanthanide. The result of organic connectivity can lead to larger voids between lanthanide centres 

or clusters of lanthanide centres. This often results in more open structures where the inherent 

porosity may be used for gas storage, small molecule sensing and catalytic purposes. This thesis 

focuses on the optical properties of the lanthanide and, where materials seemed interesting, 

considers the magnetic properties. The following section introduces some o f the theoretical 

background behind the physical properties that will be discussed.

1.2 Lanthanide coordination

The lanthanides are characterised by the occupation of electrons in the -f/ orbitals. The radial 

distribution function of the 4 f  orbitals shows the maximum charge density to be inside the 

outermost electrons of the 5d and 5s orbitals and is considered to be shielded. As a result the 

coordination nature is found to be largely due to electrostatic interactions with the ligands. Due to 

the large ionic radii of the lanthanide series (116.0-98.5 pm [La"'-Yb'" (coordination number = 

8)]),^^ larger coordination numbers are possible and structures with coordination numbers from 3- 

12 are known, although 8 and 9 are considered the most common.^'' Focussing on coordination 

numbers of 8 and 9, a number of common coordination polyhedra appear, including dodecahedra 

and square antiprism for eight coordinate ccntres, while the capped square antiprism and the 

tricapped trigonal prism are common for 9-coordinate geometries. The geometry adopted by the 

lanthanide centres is difficult to predict and is a balance between the electrostatic interaction of the 

ion and ligand, and the steric demands originating from the ligand.

6



1.3 Optical transitions in lanthanide ions 

1.3.1 Origin of lanthanide photoluminescence

M any o f the lanthanide ions are known to display photolum inescence (PL) and this 

phenomenon arises from intra-4f/'transitions. Depending on the lanthanide centre it is possible to 

observe visible (Ce"'(4/-5i/)-blue, Tm"'-blue, Sm '"-orange-red, Eu"'-red and Tb"'-green) and Near- 

Infrared (NIR) (N d'", E r'” and Y b'") PL responses. Emission may also be observed from Pr'", Dy'", 

and Ho"' in both the visible and NIR regions, albeit much weaker than the former lanthanides. As 

the ^ / electrons are shielded by the 5s and 5p orbitals, the resulting emission bands are narrow 

which leads to the high colour purity that the lanthanides are known for.

The splitting o f the energy levels o f  the 4 f  orbitals is a consequence o f  electronic repulsion, 

spin-orbit coupling and ligand field effects, as shown in Figure 1.4. The strength o f  these 

interactions varies, resulting in the observed splitting o f  the energy levels. Electronic repulsion 

between electrons is the strongest interaction and splits the energy levels on the order o f  10^ cm"' 

into term states o f  different energy. Spin-orbit coupling is the interaction between the spin angular 

m omentum and the orbital angular momentum o f the electrons and splits the energy levels on the 

order o f  10^ cm ', resulting in the J-states o f  the ^ / levels. When placed in a ligand field, the 

degeneracy o f  the J-states is removed with splitting on the order o f  10  ̂ cm '. The small nature o f 

this splitting is a result o f  the shielded nature o f  the electrons.

The splitting o f  the energy levels into different ./-states is summarised within a term 

symbol,"^*'/,^, which can be described according to the Russel 1-Saunders coupling scheme.^* This 

describes the spin multiplicity, 2S+I, where S  is the total spin angular momentum o f  the system. 

The total orbital angular momentum, L, is the combination from coupling o f  the individual orbital 

angular momenta, /„ where L = L, i,. The value o f  L is given by the symbols S ( I  = 0), P (Z, = 1), D 

(L = 2), F (L = 3), G (L = 4) etc. Finally, J  describes the total angular momentum and accounts for 

the spin-orbit coupling o f the electrons and determined as (/i +  Sj). To determine the ground 

state term for the lanthanide ion, if  the 4 f  electronic configuration is more than half-filled then J  = 

Jmax and when the electronic configuration is less than half-filled, 7  = Jmm-
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Figure 1.4: Schematic representation o f  the splitting o f  the 4 /en e rg y  levels due to electronic repulsion, spin- 
orbit-coupling and ligand-field effects. The exam ple presented is for a Eu"’ ion.

Electron transitions occur between these energy levels via the absorption o f light. For this 

to happen there are three operators that are related to the nature o f  light; the odd-parity electric 

dipole (ED), the even-parity magnetic dipole (M D) and the electric quadrupole operator (EQ). 

Transitions between electrons must obey certain selection rules related to these operators and are 

summarised in Table 1.2."  ̂ The Laporte (parity) rule also requires that the angular momentum of 

the electrons between the initial and final state must change by an odd integer. This restricts 

transitions from occurring within the same shell, i.e. d-d  transition and / - / transitions.

Table 1.2: Selection rules for f - f  transitions betw een different energy levels.^*’

O perator Parity A5 XL A7

ED Opposite 0 <6 <6

MD Same 0 0 0,±1

EQ Same 0 0 ,± 1 ,± 2 0, ±1, ±2

By considering the Laporte rule, electric dipole transitions within f - f  transitions are 

forbidden. Magnetic transitions are allowed, although they are observed with weak intensity due to 

low oscillator strengths. The Laporte rule and electric dipole transitions can be relaxed through a 

number o f  mechanisms. When the lanthanide centre experiences a ligand field, coupling between 

vibrational states reduces the symmetry around the lanthanide and increases the probability for the
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transition to occur. Other mechanisms involve J-mixing and mixing with opposite-parity 

wavefunctions, largely the 5d orbitals, and through these mechanisms the electric dipole transitions 

become partially allowed. The result of these selection rules is that the molar absorption 

coefficients (e) o f these transitions are very low, with e < 5 mol ' dm^cm '.

Due to the core-like nature o f the 4/ electrons, the PL spectra for the lanthanides do not 

vary strongly with coordination environment. The emission lines arise from transitions between 4 f  

energy levels and only small shifts in the wavelength of the bands in different ligand environments 

are observed. As such, the typical emission lines for certain lanthanides in this thesis are 

summarised in Table 1.3.

Table 1.3: Typical emission bands observed for Eu'",, Tb'", Nd'" and Yb'" in the solid-state.

L n"' Transition U nm L n” ' Transition yj nm

Eu ^ D o - ^ ' F o 580 Nd 4 t 7 ___^ 4 t
^ 3/2~ ^  ^ 9/2 880

' D o ^ ^ F , 590 ”* F  3/ 2— 1/2 1060

614 '^ F 3 /2 —> ^ l l 3 /2 1330

■ D()— 650

' D o- ’ F 4 700 Yb ' F 5 / 2 ^ ' F 7 / 2 980

Tb ' D 4 ^ ’ F , 490

' D 4 - ^ " F 5 550

' D 4 - ’ F 4 590

'D 4 ^ ’Fj 620

■ ' D 4 ^ ' F 2 650

1.3.2 Quenching by high frequency oscillators

There are a number of non-radiative processes that compete with the radiative 

luminescence pathway and in particular, O-H ( v q h  ~ 3300-3500 cm '), C-H ( v c h  ~ 2950-3050 cm ') 

and N-H (vnh ~ 3300 cm ') vibrations can play a significant role in the quenching of energy from 

the excited s ta te .Q u en c h in g  occurs through vibronic coupling with the 4 f  excited electronic 

states and a harmonic level o f the vibration. As such, the quenching is more significant when a 

smaller number o f harmonic vibrational quanta matches the lanthanide energy gap. This results in 

the O-H vibration showing significant quenching o f the Eu‘" and Tb"‘ luminescence by the fourth 

harmonic of the O-H vibration. The lanthanides Nd'", Er'" and Yb'" have smaller energy gaps 

between the excited and ground states and so can be more efficiently quenched by the second 

harmonic of C-H and N-H oscillators. The relationship between the fiandamental and harmonic 

energies o f the different oscillators with the energy o f the lanthanide excited states is summarised 

in the Figure 1.5. The extent to which the different lanthanide centres are quenched significantly
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affects the em ission lifetim e and quantum  yields o f  the lanthanide. The lanthanides, Eu"' and Tb'", 

w ith  a larger energy gap, are sign ifican tly  quenched by the O -H  oscilla tor and have lifetim es in the 

m illisecond  (m s) range, and the resulting  quantum  y ields are often higher. By com parison , the NIR 

em itters are also prone to quenching  from  the C-H and N -H  oscillators, w hich is reflected  by their 

shorter lifetim es in the range o f  |is-ns, and m uch sm aller em ission quantum  yields.
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Figure 1.5: Schematic diagram  show ing the energy o f  the main excited state transitions for em ission from 
Eu'", Tb'", N d'", Er"' and Y b'" and the energy o f  the harm onic levels o f  the vibrational oscillators o f  OH, CH 
and NH.

1.3.3 Quantitative analysis o f  lanthanide luminescence

In addition  to m easuring the steady-state PL spectrum  o f  L n '" m aterials, the observed 

em ission  lifetim e, Tobs, and the em ission quantum  yield, (Pn. can be m easured. W hen the excited  

and em issive state is form ed v ia  only  light absorption  or is form ed w ith un itary  efficiency, the 

em ission quantum  y ield  can be considered  as the ratio  o f  the num ber o f  em itted  photons to the 

num ber o f  photons absorbed  and m ay be m easured d irectly  using  an in tegrating  sphere, o r through 

determ ination  against a know n standard. This p roperty  is a balance betw een the radiative rate 

constant, k,-, and the non-rad iative rate constant, k^,, w hich accounts for all pathw ays that result in 

relaxation  o f  the excited  state w ithout em ission o f  a photon. This can be expressed  as:

^obs Eqn. 1.1

^ n r  "1"

w here  0pL is the em ission quantum  yield, ^„r includes all non-rad iative processes such as internal 

conversion, in tersystem  crossing  and vibrational relaxation  and is the radiative lifetim e. The 

observed  em ission lifetim e, robs, is the average tim e that an electron  spends in the excited state 

before spontaneous em ission to the ground state and given by:

1 1 Eqn. 1.2
^obs k obs

w here )tobs is the rate constan t for the de-population  o f  the excited  state by both rad ia tive and non- 

radiative pathw ays. In lan thanide-based m aterials, the observed  em ission  lifetim e, robs, p rovides
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information on the number o f unique lanthanide centres within the complex/networi< structure. 

This may be obtained through fitting multi-exponential functions to the luminescence decay, where 

each exponential decay component relates to a unique lanthanide centre. However, caution must be 

taken in these measurements to (i) ensure no artefacts from the initial lamp excitation pulse are 

present at the start o f the decay, ( ii) the decay lasts up to five or six lifetimes and ( iii)  the signal 

returns to the background value at the end o f the decay. The emission lifetimes can also be used for 

more in-depth analysis that w ill be discussed further below.

The Eu'" ion is a particularly good example where additional information can be extracted 

from the steady-state (Figure 1.6) and time-resolved PL. I f  the emission quantum yield cannot be 

measured directly, we can see from Eqn. 1.1 that i f  the radiative lifetime, r̂ , is known, in addition 

to Tobs, then the efficiency o f emission from the lanthanide centre, we shall denote as ;/Ln, can be 

estimated. In the case o f Eu'", the radiative lifetime, can be determined using the corrected 

emission spectrum and by noting that the ^Dq—>̂ F| (Figure 1.6) is purely magnetic dipole in 

nature. By assuming that the energy and dipole strength o f this transition is constant it is possible 

to estimate r, using the equation below:

1 Eqn. 1.3
—  =  (-|— )
Tr 'MD

where /Jmd 'S a constant (14.65 s‘ ‘ )̂ ** and is the spontaneous emission probability for the *'Do—>̂ F| 

transition in-vaciio, n, is the refractive index o f the medium and (/,oi//md) is the ratio o f the 

integrated area for the Eu"' emission spectrum, /,„i, to the integrated area for the ^Do—►̂F| 

transition, /md-

1.0x10“-

„  8.0x10'-

S  4.0x1 o’ -

2.0x10‘ -

0.0
550 600 650 700

Wavelength (nm)

Figure 1.6: A typical steady-state PL spectrum for a Eu'" compound (3-Eu from Chapter 4) measured in the 
solid-state. The transitions have been identified for clarity with the text.
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Figure 1.7: Schematic Jablonski diagram identifying the three main steps considered important in the role of 
the antenna effect in sensitising Ln'" emission. ISC -  intersystem crossing, FET -  forward energy transfer.

The low molar absorption coefficient exhibited by Ln’“ ions typically leads to poor 

excitation o f  the centre and consequently weak emission. To overcome this drawback, the antenna  

ejfect has been established as an alternative route to excite the Ln'" c e n t r e .T h e  mechanism for 

sensitisation o f Ln'" luminescence through an antenna ligand is often described by a three step 

process (F igure  1.7) involving (i) ligand excitation to the excited singlet state, 5n (often n = 1), (ii) 

intersystem crossing to an ligand excited triplet state, (often n = 1) and (iii) energy transfer from 

the excited ligand triplet state to the excited state in the higher excited states o f  the Ln'" centre, 

followed by emission. Although this is accepted as the primary mechanism, other sensitisation 

routes involving energy transfer from excited S| states are known^”' and it is believed that up to 

30 different rate constants are involved within the sensitisation pathway.^^ By considering the 

simplified three step model, a few empirical guidelines to ligand design have surfaced:

( i) The molar absorption coefficient o f  the ligand is to be as high as possible.

(ii) For Eu'" and Tb'", a Tn-Ln energy gap between 2500-3500 cm ' is recommended. 

Below this range the probability o f  back energy transfer from the lanthanide to the 

ligand triplet state increases/^'^^

(iii) The ligand should fully fill the first coordination sphere o f  the lanthanide. Through this 

approach, coordinated water molecules are minimised, which reduces quenching 

through 0 -H  oscillators.

Taking the above simple model for the antenna effect, the emission quantum yield upon ligand 

sensitisation, 0 ls, can be considered by the following relation:

<̂ >15 =  ^sens'J’PL Eqn. 1.4

where rjstm is the efficiency o f  sensitisation from the organic ligand and takes into account the 

efficiency o f  ligand absorption, intersystem crossing in the ligand and energy transfer to the Ln'" 

centre. The closer to unity the value o f  //sc„s, the greater the sensitisation from the ligand and as a 

result the stronger the emission from the Ln'" centre.
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Additional analysis o f the steady-state PL spectrum o f the Eu"' ion provides information 

on the num ber o f  unique Eu‘" sites and site symmetry o f the centre. The ^Do—►’Fq transition is 

strictly forbidden, however, in the presence o f  a ligand field this transition may be weakly 

observed in the PL spectrum (Figure 1.6). As the excited and ground states o f  the transition are 

both non-degenerate, there is a one-to-one relationship between unique lanthanide centres and the 

com position o f the band. By utilising Gaussian deconvolution o f the emission line, the num ber o f 

com ponents required to fit the transition will directly relate to the number o f  Eu'" centres.

The Stark splitting patterns o f  the emission lines provide site symmetry information.^* The 

num ber o f  Stark splitting components o f  the ^Dq— i transition indicates the crystal system that 

the compound is in. A single component relates to the cubic crystal system, two components for a 

tetragonal, trigonal or hexagonal crystal system, while three components are due to the lower 

symmetry orthorhombic, monoclinic and triclinic crystal systems. The hypersensitive transition 

^Dfl—>’p 2 can be used to help determine the possible point group symmetry o f  the Eu'" centre based 

on the number o f  splitting components.

Lanthanide emission is sensitive to quenching by non-radiative pathways typically from O-

H, C-H and N-H vibrations (Section 1.3.2) which decreases the observed em ission lifetime. It is 

possible to determine the number o f  coordinated water molecules, n^,  to the lanthanide centre from 

the measured lifetime values in hydrated and deuterated solution. From a large series o f  lanthanide 

com plexes, the following equation has been determined that can reliably determine for 

lanthanide compounds:

, 1 1 , Eqn. 1.5

~  ^K(H20) ~ TiD̂ O) ~  

w here t(H 2 0 ) and t(D 2 0 ) are the observed lifetimes in milliseconds in water and D2O, 

respectively, and A and B are pre-determ ined constants that depend on the lanthanide (A = 1.11- 

Eu"', 5.0-Tb"‘, B =  0.31-Eu"', 0.06-Tb"')” ' In the case o f  the Eu"' ion, this can be modified to 

detennine in solid-state media, through substitution o f  for r(D 2 0 ) and Tabs, for r(H 2 0 ) we 

obtain:^'^

 ̂ 1 , Eqn. 1.6
n^ = l . l l [ ----------fc^-0.31]

^obs

I.3.4 Magnetic properties of the lanthanide ions

The high spin value, S  = 7/2, for the Gd'" ion has resulted in it being exploited for the

successful development o f magnetic resonance imaging (MRI) contrast agents in the medical

f i e l d . S i n c e  the discovery o f  the {Mnii} cluster, which led to the characterisation o f single

molecule magnets (SMMs),'*" there has been a growth o f interest in this research area with

hundreds o f  SMMs now known. As a sub-set o f this area, some groups moved towards the use o f

lanthanides and their high spin state, S, to develop new SMMs.'*^ The properties that have favoured

the use o f lanthanide ions for magnetic studies include the high magnetic anisotropy and the slow

relaxation o f  magnetisation.'*'' However, while the focus o f SMMs is on individual clusters, in
13



recent years there has been a shift towards investigating higher order coordination polymers and 

the m agnetocaioric effect (M CE) that som e o f  these polym ers exhibit.

The magnetocaioric effect is the heating or cooling o f  a magnetic material as an external 

magnetic field is applied. This property a llow s the use o f  magnets for cooling and refrigeration, 

particularly in cryogenic m agnetic cooling for temperatures sub-4 K. This property arises from  

coupling between the m agnetic moment with the temperature o f  the lattice, as a consequence o f  

entropy changes as an external m agnetic field is varied. When a magnetic field is applied, the spins 

w ill align with respect to the field, producing a more ordered state with lower entropy. W hen the 

magnetic field is removed, the spins no longer align in the same direction and disorder increases. 

To account for this increase in entropy, energy must be removed from the lattice leading to cooling  

o f  the material. This is measured in terms o f  the m agnetic entropy change, AS'm, and is given by:

ASjn =  —R l n ( 2 s  +  1) Eqn. 1.7

where R is the gas constant and s  is the spin state. The magnitude o f  is found to be inversely  

proportional to the m olecular weight and is measured in units, J kg ' K Based on these 

assumptions, focus to increase the m agnetic entropy has been directed at ions with high spin states 

using / ’ and electronic configurations and selecting those elem ents with larger relative atomic 

w eights, namely Gd'", Mn" and Fe'".

1.4 Applications of hybrid inorganic-organic materials 

1.4.1 White-lighting

The narrow bands and high colour purity in the visible region o f  certain ions (Eu'"-red, Sm'"- 

red/orange, Tb'"-green) make the lanthanides excellent candidates for developing warm w hite- 

light, solid-state lighting devices. In recent years, this has been achieved with som e success using  

lanthanide hybrid inorganic-organic materials where white-light em ission may be achieved through 

a number o f  routes.

The most com m on approach to achieving w hite-light is through a three-component system  

with appropriate contributions o f  blue, green and red light emitters. One exam ple is the ID  

coordination polymer, [Ln3(bidc)4(phen)2(N 0 3 )]-2 H2 0 , where bide =  benzim idazole-5,6- 

dicarboxylic acid."** The Eu'" and Tb'" polym ers displayed characteristic em ission bands in the red 

and green spectral regions with quantum yields o f  13.2 and 2.08% , respectively. The Gd'”- 

analogue has broad blue ligand-centred em ission band when excited in the UV. B y doping the Gd- 

matrix with Eu'" and Tb'", white-light could  be obtained by careful variation o f  the doping ratios. 

When the Gd'":Eu"':Tb'" ratio is 98.5:0.5:1 the C om m ission Internationale de I’Eclairage (CIE) 

colour coordinates were calculated to be (0 .322, 0 .328) which are very close to those required for 

pure white-light (0 .333 ,0 .333) (F igu re 1.8). Although white-light em ission w as obtained, no 

quantitative data in terms o f  em ission lifetim es and quantum yields were reported. This is still
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absent in m any publications, though  it is often  no ted  w hen determ ined  that im proving  low  quantum  

y ields is the next challenge to overcom e.

b
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F igu re  1.8: (a) Structure o f  the ID  coordination polym er [Ln3(b idc)4{phen)2(N 0 3 ) ] '2 H i0 , (b) em ission  
spectra o f  doped Gd-matrix w hile exciting the ligand =  3 7 6  nm) after varying the w eight % o f  Gd'", Tb'" 
and Eu'" in the com pound and (c) the corresponding CIE chrom aticity diagram for A -E  d isp laying the human

I • • 46response to the em ission  spectrum.

B y vary ing  the coord inating  ligand, the em ission quantum  y ie lds o f  the resu lting  hybrid  

m aterial can be im proved. W ith the coord ination  o f  4 -(d ipyrid in -2 -y l)am inobenzoate  (L ) to 

lan thanides, ano ther 1̂ 0̂  ̂ ID  coord ination  po lym er o f  fo rm ula [Ln(L)3(H20)2] (L n" '= E u" ', T b " ' and 

G d '") is isolated.'^’ W hile the G d '"-po lym er d isp lays a broad vio le t-b lue em ission  band  under 

ligand exc ita tion , the E u '" and T b '" po lym ers d isp lay  the ir characteristic  em ission  bands. The 

energy o f  the hgand excited  trip let state is 23 ,697 cm  ' and is a strong sensitiser o f  the Tb '" 

em ission , resulting  in a high em ission  quantum  y ield  o f  64% . Due to the larger energy  m ism atch 

w ith E u '", a low er quantum  yield  o f  7%  is obtained. T he three com ponent G d '" :T b " ';E u '"  system  

produces w hite-ligh t em ission (C IE  coord inates (0 .32 ,0 .34)) by tuning the L n '" ratios and the 

excita tion  w avelength  (A.ex). W hen X-c, is varied  across the ligand absorp tion  band, the resulting  

ligand em ission  can be con tro lled  to give a b lue to  yellow  response, depend ing  on the effic iency  o f  

in tersystem  crossing  for sensitisation  o f  E u '" o r T b '". The em ission  properties are greatly  im proved 

in the 3D  I ' o ’ fram ew ork  o f  [L n (B T P C A )H 20]-2D M F  (B T PC A  =  l , r , l " ( b e n z e n e - 1,3,5- 

triy l)trip iperid ine-4 -carboxy lic  acid).'"^ The L a" '-analogue d isp lays a b road  blue em ission  band 

ascribed  to the k -h * e lec tron ic transition  o f  the ligand and the isostructural E u '"- and T b '"- 

ana logues d isp lay  the typical em ission  bands o f  the L n"' centre. W hen the fram ew ork  is d oped  so 

that the L a '" :E u '" :T b '"  ratio  is 0 .6 :0 .1 :0 .3 , w h ite-ligh t w ith  the CIE  coord ina tes (0 .326, 0 .330) is 

ob ta ined , w ith a high em ission quantum  y ie ld  o f  47 .3%  (F ig u re  1.9). E ffective tun ing  o f  the w hite- 

light p roperties w as found to be a balance o f  the energy  transfer pathw ays betw een  the ligand  to 

L n '" a n d  betw een  T b"' to E u"', as revealed  through em ission  lifetim e analysis.
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Figure 1.9: (a) Structure o f  [Ln(BTPCA)H20] -2DMF and (b) the emission response o f  the La-doped matrix, 
La, Eu, Tb ratio o f  0.6,0.1,0.4. Inset: optical photograph o f  powder sample o f  La-doped matrix under UV  
(365 nm) excitation.

The above discussion has demonstrated some o f the problems with formulating white-light 

emitters and how they have been overcome. However, other strategies are also available. A few 

reports have dernonstrated the possibility o f  white-light emission in two-component systems. A ID 

chain is obtained through reaction o f  Ln(N 0 3 ) 3  (Ln = Gd'", Eu'") with 3-sulfobenzoic acid (3- 

SBA) and l//-im idazo[4,57/][l,10]-phenanthroline (IP).^’ The broad brand em ission o f  the IP 

ligand covers the range 400-580 nm and by doping small quantities o f Eu'" (0.12-0.77% ) into the 

Gd'"-m atrix, white light can be obtained upon ligand excitation, with reasonable emission quantum 

yields up to 9.8%. It is also possible to use different lanthanides. One example is the doping o f 

Dy"' into the Bi-Cd framework.^*’ The 2D l”0 ‘ framework o f  [Bi2Cd(pdc)4(H20)2] H20 (H 2 pdc = 

pyridine-2,6-dicarboxyiic acid) exhibits a broad blue emission band with a maximum at 471 nm. 

When 5% Dy'" is doped into the framework, the Dy'" emission bands centred at 479 nm (blue) and 

571 nm (yellow) are sensitised by the framework leading to white-light with the CIE coordinates 

(0.32,0.37).

The compound [Ln 2 (N-BDC)3 (DM F)4 ] (N-H 2 BDC = 2-aminoterephthalic acid, Ln'" = 

Gd'", Eu'", Tb'" and Sm'") is the first single-component hybrid material reported to produce white- 

light.^' The ligand is able to sensitise the photoluminescence o f  Eu'", Tb'" and Sm'" centres. 

However, when the excitation wavelength o f  the Sm '"-analogue is varied between 300-400 nm, the 

intensity o f  the Sm'" bands can be tuned. Harnessing the concomitant broad blue band emission o f 

the ligand (400 -  500 nm), the system can be tuned to produce light in the white region with CIE 

coordinates (0.309, 0.232).

As an alternative approach to the doping o f  lanthanide ions into a host matrix, some reports 

have demonstrated the ability o f  a 3D framework to encapsulate the lanthanide ions and engineer 

white-light through framework sensitisation. This approach was realised using the aluminium 

MOF, MIL-53, as the host matrix.^^ The uptake o f  lanthanide ions into the pores was achieved by 

soaking nanocrystals o f  the MOF in an ethanolic solution o f  lanthanide salt and could be monitored 

using inductively-coupled mass spectrometry (ICP-MS). By utilising the broad blue emission of 

the ligand o f the MOF, white-light could be obtained by varying the concentration o f  Eu'" in the 

pores or by varying the excitation wavelength in the UV range. As the energy moves to the lower 

range o f  the UV, the intensity o f  the broad blue band grows with a concomitant reduction in the 

Eu'" bands. This novel approach o f encapsulation has numerous positive attributes. The first is the
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demonstration of sensitised Eu'” emission through the antenna effect of the MOF-based ligand. 

Secondly, they were able to demonstrate that strong photoluminesccnce from Eu'" could be 

obtained in water, which was attributed to protection of the Ln"' centre from 0-H  oscillators by the 

MOF scaffold. To further show the novelty of this approach for practical applications, a colloidal 

suspension o f Ln-encapsulated MOF was used to prepare continuous homogenous thin films that 

were studied by scanning electron microscopy (SEM). O f particular interest is that the thin films 

still show white-light under the correct excitation (Figure 1.10). Ma et al. showed separately that 

Ln'" ions can be encapsulated into a zinc-based MOF using a similar approach resulting in 

reasonable emission quantum yields up to 8% for white-light emission.
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F igu re  1.10; (a ) The spectral response o f  Eu'" encapsulated MOF as a function o f  excitation w avelength , (b) 
the spectral response on a CIE diagram and (c) the prepared colloidal solutions o f  nanocrystals used to 
prepare (d ) hom ogenous thin film s and (e) the corresponding w hite-light response.

White-light emission can also be achieved through materials built from layer-by-layer 

epitaxial growth mechanisms.^'* Using the 3D lanthanide MOF, [Ln2(Mell){H20)8] (Fl,,Mell = 

mellitic acid), sequential layers of the isostructural MOFs, using Eu'" (red), Gd"' (blue - ligand 

emission) and Tb"' (green) were grown (Figure 1.11). By producing a material where the blue- 

green-red (BGR) layers were isolated in separate crystalline phases, it was possible to reduce and 

avoid the effects of energy transfer experienced by the more conventional doping approach, that 

can make optimisation of white-light emission difficult.
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Figure 1.11: (a) Optical m icrographs o f  [Tb2(M ell)(H20)s] (green), [Gd2(Mell)(H20)«] (blue) and 
[Eu2(Mell)(H20)g] (red) M OFs and schem atic for layer-by-layer epitaxial growth o f  blue-green-red (BG R) 
prepared material, (b) Fluorescence m icroscope image o f  the BGR-M OF material, (c) Corresponding 
em ission spectra o f  the BGR-m aterial at different excitation wavelengths and (d) the respective CIE 
coordinates.

1.4.2 Sensing applications

T he ab ility  o f  lanthanide sy stem s to act as sen sin g  p la tfon n s has been  ex ten s iv e ly  

researched in aqueous m edia and often  exp lo its  the use o f  supram oiecular interactions in the 

system.^^'^'’ A s the fie ld  o f  hybrid inorganic-organic m aterials has d evelop ed , so  has the m otivation  

to sen se  analytes through a heterogeneous system  w here the hybrid m aterial is in the so lid -sta te . To  

date, the range o f  analytes has covered  ca tion s, anions and sm all organic m olecu les.

S ign ifican t advances have been m ade in the fie ld  o f  cation sensing , in particular, steps are 

bein g  taken to extend these m aterials tow ards sen sin g  in b io log ica l m edia. The se lec tiv e  sen sin g  o f  

Cu-" ions using  the 3D  f o '  hybrid, [H 2N (M e )2][L n 3(L )2(H C 0 0 )2(D M F ):(H 2 0 )] (H 4L =  2 ,6 -  

di(3',5 '-d icarboxylph en yl)pyrid ine and Ln =  Eu'", Tb'", Gd'" and D y ‘") is p o ss ib le .”  T he ligand  

conta ins hard oxygen  donors that coordinate the lanthanide centres and the central pyrid ine-N  

atom s rem ain uncoordinated, leav ing  them  open  to interaction w ith  other cations. T he 3D  structure 

is constructed from  three d ifferent n an ocages w ith  d ifferent diam eters o f  2 .4 , 1.1 and 1.1 nm, 

resp ectively , w h ich  are occu p ied  by so lven t m olecu les. From the transition m etal cations  

investigated  as analytes, it w as found that on ly  C u‘  ̂ ions sign ifican tly  quench the lum in escen ce  

in tensity  o f  the Eu'"-fram ework. T his w as attributed to the sm aller ion ic  radius o f  Cu^^, that a llo w s  

the ions to co m e in c lo se  enough  contact w ith  the free pyridine N -atom  to coordinate. A fter the 

Cu^^ ion  coordinates to the pyridine there is a  reduced e ff ic ien cy  o f  energy transfer from  the ligand  

to  the Eu"' centre, resulting in quench ing  o f  the PL intensity. In contrast, alkali earth and other 

transition m etals investigated  produced a sm all or n eg lig ib le  increase in the lu m in escen ce intensity. 

T his w as b elieved  to be due to the ions b ind ing inside the nan ocages, w ith  a concom itant ex c lu s io n  

o f  q uenching so lven t m o lecu les  from  the fram ework. T he rem oval o f  so lven t from the nanocages  

leads to a reduction in non-radiative q u ench ing  through the 0 -H  vibration.
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T he 3D  i W  cationic fram ew ork  o f  [Ln 4 (//3 -O H )4 (B P D C ) 3 (B P D C A )o 5 (H 2 0 )6 ]C 1 0 4 -5 H 2 0  

(L n '" = Tb'") and  H iB P D C  = 2 ,2 '-d ipyrid ine-3 ,3 '-d icarboxy lic  acid and H 2 B PD C A  = b iphenyl- 

4 ,4 '-d ica rboxy lic  acid has been show n to se lec tive ly  sense C u “̂  ions in aqueous conditions 

s im ulating  a ce llu lar environm ent.^* T he fram ew ork  contains tw o types o f  m icropores; one running  

a long  the b-'dxis w ith  d im ensions 3 x 7  and the second  w ith pore size 4.5><5.5 running along  

the c-axis. W hen the hybrid  m aterial w as treated in aqueous so lution  w ith a num ber o f  m etal ions, 

a high se lec tiv ity  tow ards C u “̂  w as observed  and detected  through the quench ing  o f  Tb^^ 

lum inescence. In buffered  conditions at pH 7, the quenching  ab ility  o f  Cu^* ions is still observed , 

d em onstra ting  that hybrid  inorganic-organic m ateria ls show  potential in the sensing o f  specific ions 

in a biological environm ent.

T he fram ew ork, [Ln 2 (N -B D C ) 3 (D M F ) 4 ], described  earlier as a w hite -ligh t em itter, also 

d isp lays a sensing  ab ility  tow ards m etal ca tions, specifically  By u sing  the em ission  spectra

o f  the E u '”-analogue, the sensing o f  m etal ions leads to d ifferen t quench ing  responses (Figure  

1.12). In the presence o f  M "’=  L i ',  Mn"", 7 .n ^ \ Cd^^ and N i'^, a sm all quenching  effect o f  the E u '" 

em ission  w as observed , w ith a concom itan t increase  in the ligand em ission betw een 450-550  nm. 

T h is  created  a red  to  p ink  co lour change tha t cou ld  be observed by the eye. In contrast, for M"'^ = 

C u " \  Fe'^ and F e ^ \  the E u '"- and ligand-based  em ission  is sign ifican tly  quenched , sw itch ing  o ff  

the em ission. W hen AP^ is introduced, the em ission  o f  the E u '" is fu lly  quenched, but the ligand 

em ission  rem ains strong, p roducing  bright b lue-light. This m ethod provided a distinct sensing  

approach  w ith high se lectiv ity  tow ards Al^"  ̂ ions and a good indicator for o ther b io log ically - 

im portan t Fe^^^^  ̂ and Cu^^ ions. D epending on the m etal cation, three d ifferen t m echanism s can 

exp lain  the quench ing  process. For those cations that produce a red -to -p ink  PL response, the 

p resence o f  the cation  leads to less efficien t ligand to  Eu '" energy transfer. W hen M"^ =  Cu^^, Fe^" 

an d  Fe^", pow der X -ray  d iffraction  show s that the crystal structure changes o r co llapses 

com pletely . W hen the structure collapses, the E u '"  em ission  is quenched  and in so lution  M"^ = 

C u ‘ , F e’" and Fe^^ com plete ly  quench  the ligand em ission , causing  the em ission  to sw itch o f f  In 

so lu tion , the Ap* does not quench  the ligand em ission  resu lting  in the selective blue spectral 

response.
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Figure 1.12: (a) Luminescence intensity o f the ^Do— transition o f the [Eu 2 (N-BDC)j(DMF)4 ] in DMF 
solutions of different MClj = 365 nm). Upper inset: optical images o f the luminescence response at 365 
nm cxcitation. Lower inset: Relative intensity o f Eu-analogue through quenching from Cu^^, and
A p".(b) Photoluminescence spectra o f the responses to different
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A highly sensitive, Hg‘^-sensing 2D framework based on 

[Eu2(bqdc)3(H20)(DMF)3] 0 .5DMF H20, where bqdc = 2,2 '-biquinoMne-4 ,4 '-dicarboxyMc acid, 

has been characterised and successfully incorporated into a thin film sensor device.^’ The 

quenching mechanism is attributed to the coordination o f  the Hg^^ to the free N-pyridyl sites on the 

ligand and the resulting interference o f  the energy transfer from the ligand to the Eu”' centre. A 

thin film sensor was developed by film growth on a Eu(0H)3 support on an indium-tin-oxide (ITO) 

surface (F igure 1.13). Reproducible films could be made, as shown by SEM, and were able to 

sense Hg"^ ions with a red to UV-blue colour change detectable by the naked eye. Furthermore, the 

films were responsive w ithin the range o f  U.S. permitted Hg^" levels in drinking w ater, allowing 

identification down to dangerous levels.

^Biank

JdT | dii
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Figure 1.13: (a) Top-down SEM image of the coated film of the sensor hybrid material, 
[Eu2(bqdc)3(H20)(DMF)3], (b) Side-on SEM image of sensor film (layer I: sensing film; layer II: ITO glass 
support, (c) Selective photoluminescence response of Hg^”̂ ions, (d) Optical images of thin film sensor using 
a small UV source (i) no Hg‘  ̂(ii) Hg‘* detection.^’

Large metal clusters such as polyoxometalates (POMs) may also be sensed by lanthanide 

hybrid materials.^® The 3D framework o f  [Ln(tip)i 5] (H2tip = 5-/er?-butylisophthalic acid) forms 

hexagonal channels running along the c-axis with the hydrophobic /er/-butyl groups located within. 

To act as a sensor, thin films o f  the crushed framework prepared on a quartz slide were immersed 

in aqueous solutions o f  different analytes. The common ions, sulphate, carbonate and phosphate, 

showed no quenching o f  the luminescence from the framework. However, detection o f  the POMs 

(NH4)(,Mo7024 and H3PW12O40 was observed by a strong quenching o f  the red emission o f  the Eu'" 

centres. By washing the sample with w ater post-sensing, the material regained its luminescence
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and could be re-used multiple times. It was proposed that the strong UV-induced photoelectron 

transfer processes o f  the POMs compete for the excitation light and so reduce the light absorbed by 

the ligand that can sensitise the lanthanide centre.

Alternative approaches to cation sensing have been dem onstrated using nucleotide/ 

coordination polymers.*' SEM and FT-IR studies showed that an Ln^^-ADP-phen coordination 

polymer could be synthesised whose lum inescence was 32 times stronger than the weakly emissive 

Ln^"-ADP polymer. The aqueous stability o f  the polymer was shown up to 30 days and the 

m aximum luminescence intensity was obtained at pH 7.4, m aking it suitable for cell conditions. 

The coordination polymer was screened for sensing o f several metal cations and significant 

quenching was observ'ed for Fe"*, Hg“̂  and Cu’ .̂ By using the masking agents Sodium 

Dimercaptopropane Sulfonate (Na-DM PS) and N H 2OH HCI, the Hg‘" and Cu^* responses could be 

removed to enable the selective sensing o f  F e ' . T im e-resolved fluorimetry allowed detection o f 

Fe"^ in human serum and a linear Stern-Volm er correlation was observed in the range 80 nM -  6 

|iM, typical for a healthy body.

A cation that is o f  biological importance, yet is less investigated using hybrid materials, is 

H*. One elegant example o f  pH sensing was performed using the layered material, ITQMOF-3, 

prepared from the reaction o f  Eu"' with l,10-phenanthroline-2,9-dicarboxylic acid.*" The ligand 

was shown to strongly sensitise Eu'" emission, with a high em ission quantum  yield o f  56%. There 

are two different layers within the structure, a negatively-charged layer o f  stoichiometry fEu(L)i] 

that contains the crystallographically unique E u (l) centre and a positively-charged layer o f 

[Eu2L2(0H)H20)4] that contains the crystallographically unique Eu(2) centre. These two different 

Eu'" environm ents can be identified from the 'Do—>̂ Fo transition where two bands are observed, 

one band associated with each unique Eu'" centre. When the pH is varied in the range 5-7.5, the 

intensity o f  the '̂ Do—>̂ Fo band for Eu(2) (positively charged layer) increases while the intensity o f 

E u (l) remains constant. Using the ratio o f  the two bands, an internal calibration for pH allows a 

linear response in the pH range 5-7.5 (F igu re  1.14). A prototype pH sensor was made using a 

commercial fibre optic with a rapid response between the PL and pH showing potential as a sensor 

for biological cells.
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Figure 1.14: (a) Structure of the layered framework ITQMOF-S and (b) the pH response in aqueous media 
by monitoring the "'Do—̂’Fo transition. Insef. Linear response of pH v.v. ratio intensity of Eu(2VEu(l).*’̂
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Phosphate-Ln coordination polymers have proven effective in the detection o f  small 

molecules such as dipicolinic acid (DPA) (a biomarker for anthrax)'’̂  and the molecule tetracycline 

(TC) (a broad spectrum antibiotic) in milk.*"* In both cases, an Ln-AMP (adenosine 

monophosphate) coordination polym er was utilised. DPA can efficiently sensitise Tb'" emission 

due to favourable overlap o f  its excited triplet state. In sensing anthrax, the coordination o f 

dipicolinic acid to form the Tb-AM P-DPA polymer results in PL enhancement and a linear 

response curve down to detection limits o f  10 nM is achieved. Those are levels significantly lower 

than the maximum lethal level (-0 .1  |j M) o f anthrax spores to human beings. For the sensing o f 

TC, a related coordination polymer, Eu-AM P-cit (cit = citrate) was utilised. In this polymer, no PL 

is observed from Eu”' and is considered the “o f f ’ state. With the addition o f  TC to an aqueous 

solution o f  polymer, PL enhancem ent is observed due to the displacement o f  coordinated water 

molecules. A linear response allowed detection o f  TC to levels below the maximum limits set by 

the U.S Food and Drug Administration.

The development o f  heterogeneous methods for small molecule detection using hybrid 

Ln"'-materials is still limited and in many cases restricted to the sensing o f  different solvents. For 

example, the 2D Ln-Cd network [Eu2Cd3(EDTA)3(H20)4](H20)i4 (EDTA = 

ethylencdiaminetetraacctic acid) has been shown to sense amines by the quenching o f  the Eu'" 

luminescence, with ethanol amine and triethyl amine showing the most significant response.*’̂  The 

analyte amines were shown to absorb strongly up to 400 nm and competitively absorb the 

excitation light instead o f  the Eu'" centre resulting in strongly quenched Eu'" intensities.

The elegant detection o f  biogenic amines was demonstrated using the 1D coordination 

polymer K{[Ru'"VtBubpy)(CN)4]2-Ln*'"'(H20)4} (where 'Bubpy = 4,4'-di-/er?-butyl-2,2'-

bipyridine).^* The ID coordination consists o f  alternating [Ru"(‘Bubpy)(CN)4 ] 2  and K[Ln'"(H20)4] 

units along the /)-axis. The titration o f  alkyl amines into an ethanolic solution o f the coordination 

polymer results in a shift o f  ca. 30 nm in the absorption spectrum. This is also reflected by a ca. 

15-20 nm shift in the ^MLCT transfer band o f  the Ru" unit (yellow-to-red colour change). Benesi- 

Hildebrand analysis suggests that two amine molecules coordinate to the Ln"‘ centre. The 

spectroscopic properties reflect the coordination o f  the amine to the Ln'" species and concomitant 

dissociation o f the polymer. Using these principles, a sensor film was demonstrated, whereby the 

coordination polymer was blended into a polystyrene film and used as a chemical dosimeter to 

detect gaseous biogenic amines from fish samples (Figure 1.15). The blended polymer was shown 

to have a linear colorimetric response to increasing putrescine concentration, which can be 

determined with the naked eye.
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F igu re 1.15: (a) L um inescence response o f  K {[Ru{IT)('Bubpy)(CN)4]2-P r(III)(H 2 0 )4} (IxlO"* M ) in EtOH  
with the analytes (1 ) histam ine; (2 ) none; (3 ) aniline; (4 -9 ) H 2S, CO, N 2, C H 4 , H 2 and air, respectively, (b ) 
SEM  and photo-im age o f  the porous polym er blended sensor film s and (c) the lum inescent response o f  the 
sensor fihns upon exposure to putrescine over 120 m inutes =  365 nm ).“

T he m ajority  o f  stud ies are still largely  restricted  to com m on so lven t system s and the 

effects on the lum inescence o f  the m aterial. T hese system s are still poorly  understood; how ever, 

new  insights are being  gained. The flexible 3D  Ln-organic fram ew ork [Ln2(L)2(H20)4] (H 3 L =  

rm ((4 -carb o x y l)p h en y ld u ry l)am in e) has an elegant PL response based on expansion  and 

contraction  o f  the fram ew ork in the p resence o f  d ifferen t solvents.^’ For D M F, an increase in the 

cell param eters w as obseiA'ed and a concom itan t increase in the PL intensity . O th er so lvents H 2 O, 

EtO H  and C H 2 C I2  resu lt in a decrease o f  the cell param eters and a quench ing  o f  the PL.*’’ A m ore 

prom ising  approach  to this sty le o f  sm all m olecule sensing is realised  in the double layered  

m aterial, [LnT C M (H 20)2]-3D M F H 20, w here  H jT C M  = (4 ,4 ',4 ''-(((2 ,4 ,6 -trim eth y lb en zen e -l,3 ,5 - 

triy l)-?m (m eth y len e ))-/m (o x y ))trib en zo ic  acid.^** W ith the pack ing  o f  sequential layers th rough 

supram olecu lar in teractions, a 3D  netw ork  w ith  12.3x12.5 A "  channels dow n the a-ax is form . 

These channels w ere used  to sense d iffe ren t vo la tile  organic m olecu les th rough host-guest 

in teractions. By co -dop ing  the m aterial w ith  E u '" and T b"' ions it w as observed  that the p resence o f  

d iffe ren t m olecules leads to the em ission  co lou r transition ing  across th ree d iffe ren t co lour gam uts 

in the CIE  d iagram  (Figure 1.16). Each o rgan ic  m olecule affects the effic iency  o f  energy transfer 

from  the an tenna ligand to the L n '" cen tres and betw een  T b '"-to -E u" ' cen tres d iffe ren tly  resu lting  

in a  un ique co lou r response fingerprin t in the presence o f  each organic m olecu le. The com m on 

strategy  for sensing  in these L n"’-m aterials is to  detect changes in em ission  in tensity  o f  a single 

type o f  L n '" ion. By co-doping , fingerp rin t spectral responses for a group  o f  sm all m olecules can 

be co llected  and g rea ter sensitiv ity  to d iffe ren t m olecules are observed , resu lting  in this technique 

being a m ore pow erful approach to  sm all m olecule sensing.
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Figure 1.16: (a) Emission spectra for [Euo.35Tbo65TCM(H20)2]-3DMF H20 for sensing a series o f  organic 
volatile molecules and (b) the conesponding CIE chromaticity coordinates o f  the respective emission  
spectra.*’'*

Early exam ples for an ion  detection  w ere m ade using the T b"'-analogue o f  

[L n(B T C )]'M eO H , (H 3B T C = I,3 ,5 -benzenetricarboxy lic  acid).'*'^ W hen the m aterial w as exposed  to 

solu tions o f  halides, C 0 3 "' o r S0 4 ‘̂ in m ethanol, an increase in the em ission in tensity  w as 

m easured. The m echanism  for th is in tensity  increase w as related  to hydrogen bond form ation 

betw een  the anion and the solvent. T his in teraction  leads to a reduction in energy o f  the 0 -H  bond 

and thus an increase in L n '" em ission  w as observed. E xplo iting  the form ation o f  hydrogen bonds 

has also been dem onstrated  in the fram ew ork, [Ln(H 4m uc)i 5], w here Hf,mue =  m ucic acid.™ In 

contrast to the previous exam ple, the hydrogen bond form s d irectly  betw een the 0 -H  groups o f  the 

ligand w ith the anion. This resu lts in a reduction  in v ibrational m ovem ents in the channels w hich 

leads to an increase in em ission  intensity . M any hybrid  inorganic-organic m aterials con tain  ligands 

w ith  m any N-H  and 0 -H  functions presen t and the ab ility  to form  hydrogen bonds is inherent in 

m any structures. As such, anion sensing  through hydrogen bond form ation in these m aterials is a 

p rom ising  area that requires fu rther study.

An alternative approach  to an ion  sensing takes advantage o f  the cationic charge on a 

fram ew ork m aterial as in [Ln4(//3-OH)4(BPDC)3(BPDCA)05(H2O)fj]ClO4-5H2O, that w as discussed 

earlier for anion sensing.^** W hen treated  w ith aqueous solu tions o f  the typical an ions F ', and to  a 

lesser extent C0 3 ‘‘, sign ifican t quench ing  w as observed. The m echanism  for this is likely  due to 

the form ation  o f  hydrogen bonds inside the fram ew ork channels. D espite its cationic charge, the 

fram ew ork does not show  an im proved  up take o f  these sm all anions into the pores. In contrast, the 

ab ility  to sense the toxic po llu tan t C r0 4 ^' is observed  w ith  strong quenching o f  lum inescence. This 

occurs through anion exchange w ith  the com parab le sized  C 104‘ counter-ion. Q uench ing  occurs 

th rough less efficien t sensitisation  o f  E u '"  em ission  from  the ligand and strong com petition  for the 

excita tion  light by the Cr0 4 ‘̂. T he curren t exam ples in the literature indicate that a satisfactory  

understanding  for anion sensing in these m aterials has not yet been achieved. O ne m ajor problem  

that m ay need to be tackled is the accessib ility  (or curren t lack thereof) o f  sensing sites to the anion 

analyte. This w ill require fu rther study in to  nanosized m aterials that have a larger active surface 

area, o r as an alternative, a focus on  the low er d im ensional coordination polym ers that are soluble
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in aqueous media to interact in a similar manner to the successful anion sensing platforms based on 

supramolecular assembly.

1.4.3 Im aging and non-linear optics

The optical properties of the NIR-emitting lanthanides (Nd'", Er'" and Yb‘") have potential 

for applications within cell imaging and non-linear optics. An early example is shown with the 

porous network o f [Yb2(pvdc)3(H20)2]-6DMF.”  The ligand 4,4-[2,5-dimethoxyl,4-phenylene-^//- 

2 ,l,ethenediyl]/)/.ybenzoic acid (Hjpvdc) was shown to efficiently sensitise the luminescence of 

Yb'" at ca. 980 nm ('Fs/.—’Fto). By co-doping with Er“', and later Nd"‘, a method for creating NIR 

luminescent barcoded systems was proposed, with potential for labelling of bioanalytical assays. 

As the ratio o f each lanthanide was varied, the respective NIR emission of each Ln'" centre 

increased linearly, enabling multiple labels to be synthesised (Figure 1.17).^'
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Figure 1.17: (a) Schematic for the method used to created NIR barcoded hybrid materials, (b) Barcoded 
emission spectrum of [(Ndoo9Ero 55Ybo,36)2(pvdc)2(H20)2]-6DMF-8.5H20. '̂

Using the same ligand, an Yb'"-framework, [Yb2(pvdc)3(Fl20)3], was developed and 

nanoscale crystallites obtained using a reverse microemulsion synthesis.’  ̂ Despite the low 

emission quantum yield of the material (5.2 ± 0.8xl0'^ % in 0.1 M HEPES buffer), the nature of 

the framework material ensured a high number of sensitiser and Yb'” ions per unit volume, which 

reduced the impact of the low quantum yield. Using this hypothesis, the material was studied for 

NIR imaging of cells. The stability of the nano-framework was shown to remain intact up to four 

weeks, with little to no crystallinity loss and minimal leaching o f Yb'" ions into the cellular media. 

After internalisation into cells, the Yb'" intensity was measured at regular time intervals and 

showed no change in emission intensity, confirming the Yb'" framework maintains its crystal 

integrity. The material was also resistant to photobleaching under constant irradiation for up to 13 

hours. The combination of these factors allowed the imaging of living cells, with the material 

locating in the cytoplasm (Figure 1.18). The cytotoxicity was investigated and the compound 

shown to be a promising cell imaging probe.
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F igu re  1.18: (a ) B right-field, (b ) v isib le em ission  (H^pvdc em ission  =  350  nm, =  450  nm) and (c) 
NIR Yb"' em ission  im ages for [Yb2(pvdc)3(H20)3] internalised in liv ing cells.

T he N IR -em ittin g  lanthanide ions m ay also  be used in non-linear optics. U p-conversion 

(U C ) falls in this area and involves a sequential photon absorp tion  that leads to excitation o f  the 

em itting  ion. M any UC processes involve the absorption  o f  m ultip le N IR  pho tons, resulting in the 

em ission o f  v isib le light. T his is a p referred  approach to using  organic chrom ophores and quantum  

dots in cell im aging that require U V  light. By using  N IR  light (for U C), the effects o f  

photobleaching, au to fluorescence and photodam age to the b io logical sam ple are considerably  

reduced. The co-doped  [(Y; Er, Y b)(oba)(ox)o 5(H 2 0 )2] m aterial (H 2oba =  4 ,4-oxybis(benzoic acid) 

and H 2OX = oxalic acid) has been show n to d isp lay  up-converted  blue, green and red em issions.’  ̂

F or the green ( ^ H n / 2 ,  * 8 3 /2 — >''115/2, 520 and 540 nm, respectively) and red ( " F 9 /2 — >'’ li5 /2 , 660 nm) 

lines a conventional tw o photon  absorp tion  m echanism  under 980 nm  laser excita tion  gives rise to 

the em ission. The blue em ission (^H9/2—>"l|5/2, 407 nm and "F5/2—>^li5/2> 455 nm ), required a three 

photon absorption  process into the ^V\qi2 excited  state o f  Er'" fo llow ed by non-rad iative relaxation  

into the em issive ‘'F 5/2 state (Figure 1.19). T w o-photon  m echanism s for green and red UC 

processes have also  been observed  fo r o ther lanthanide hybrids, including the co-doped  [(Y: Er, 

Y b)(pza)(0 H )(H 2 0 )] (H 2p za= 2 ,3 -pyrazinedicarboxylic  acid)’'* and the co-doped Y ;E r, Y b polym er 

o f  [Ln3(B D C )3,5(0 H )2(H 2 0 )2] ■ H 2O (H 2BD C = 1,4-benzenedicarboxylic  acid).’^

II/}
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F igu re 1.19: Proposed tw o- and three-photon m echanism s for red, green and blue UC in Yb"V Er'" doped  
framework materials.
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V isib le-to -v isib le  UC w as ach ieved  in [N d2(ndc)3(D M F)4] H 2 0  (H indc =  1,4- 

naph thalencd icarboxy lic  ac id ).’  ̂ T h is fram ew ork consists o f  an N d ‘" d inuclear unit that is bridged 

into a layered netw ork built from  1D doub le  chains. A 580 nm  laser excita tion  g ives rise  to  blue 

UC em ission  by tw o m echanism s, the first being  a conventional tw o-photon  absorp tion  process to 

an excited  state. The second m echanism  involves energy  transfer UC betw een  ad jacen t N d '" 

cen tres in close proxim ity  (4.10 A), w here tw o cen tres absorb  a photon by g round state absorp tion . 

This is fo llow ed by one cen tre return ing  to  the ground  state th rough non-rad iative energy  transfer 

to the second  centre that is exc ited  to the upper exc ited  state (Figure 1.20), This g ives a  strong  blue 

U C em ission  w hen excited  at 580 nm  (yellow ) into the hypersensitive '*G5/2<—''I9/2 transition . T here 

are still ju s t a few  exam ples o f  U C lan thanide hybrid  m aterials; how ever, the field  has po ten tia l for 

fu ture biological applications.
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Figure 1.20; (a) Schem atic representation for a traditional tw o-photon UC process w here a ground state 
absorption (GSA) to an excited state occurs, followed by an excited state absorption (ESA ) into a higher 
excited state, (b) Schem atic for energy transfer UC where two centres absorb a photon by G SA  follow ed by 
non-radiative relaxation o f  one centre to the ground state resulting in the second centre in a higher excited 
state by the process known as energy-transfer up-conversion (E T U ).’*

S econd-order harm onic generation  is a  non-linear optical process that has been  observed  in 

som e lanthanide hybrid  m ateria ls. It requ ires m ateria ls tha t c i^ s ta llise  in non-cen trosym m etric  

space groups and is the result o f  the in teraction  betw een the electron  density  o f  the m o lecu le / 

m ateria l and an alternating  electric  field  o f  a l a s e r . D u e  to the harm onic doub ling  o f  the 

frequency , this field  o f  non-linear op tics prim arily  has applications in the laser industry  and 

op toe lec tron ic  technologies. Due to the flex ib ility  in contro lling  the d im ensionality  and  structure o f  

lan than ide inorganic-organic m ateria ls, there has been an in terest in studying  the second  order 

generation  properties o f  relevant com plexes. In the search  for new  m ateria ls that d isp lay  this 

p roperty , second harm onic generation  has been achieved in ID,^“ 2D^'^ and 3D  fram ew ork  

materials.*** "̂**" In m any cases, the second  harm onic generation  is m odest, rang ing  from  ca. 2 0 x to 

several 100>: a-quartz , w hich is the standard  m aterial used for com parison . T hese values are still

27



low  compared to the technologically important L iNb0 3 , that has an activity 600x that o f  a-quartz.*^ 

However, lanthanide hybrid materials do show  strong potential as highlighted by the 2D  non- 

centrosymmetric [Eu(cda)3(H20)3] (Na(cda)=sodium  carbamyldicyanomethanide), that far exceeds  

the activity o f  LiNb0 3 , with ca. 6000x  a-quartz.’’ In this case, the strong non-linear behaviour was 

characterised in terms o f  a strong delocalised n:-system within the aZ)-plane o f  the crystal.

1.4.4 Magnetic properties and the magnetocaloric effect (MCE)

There have been a number o f  exam ples o f  discrete m olecules derived from 3d, 4 f  and 

mixed 3d-4f  metal ions that display MCE properties but fall beyond the scope o f  this thesis. 

Instead, w e shall focus on higher order Ln'" hybrid inorganic-organic materials. The first exam ple 

is a ID coordination polymer o f  Gd'" constructed from bridging acetates,*'* w hose structure 

depends on the solvent. In water, a G d”'-dimer is formed through a zig-zag m otif, w hile in 

methanol the polymer is more linear. These polymers exhibited magnetic entropy changes, A5m. 

with values o f  47 .7  J kg ' K ‘ and 45 J kg ' K ', respectively. The higher value in water was 

reasoned to be due to a lower ratio o f  diamagnetic components. Other 1D coordination polymers 

have been characterised using formate and acetate as co-ligands.*^ The polymer 

[Gd(HC0 0 )(0 A c)2(H 2 0 )2] was shown to have weak antiferromagnetic coupling between centres 

with a large magnetic entropy change o f  45 .9  J kg ' K '.

The Gd'"-squarate, [Gd(C404)(0 H )(H 2 0 )4] is currently the only layered magnetic cooler.*^ 

The layered m otif arises from three o f  the squarate hydroxyl groups bridging to different Gd'" 

centres, while the fourth remains protonated and hydrogen bonds to the coordinated water 

m olecules. This arrangement is favourable to a high m agnetic entropy change o f  47.3 J kg ' K '.

There have been a number o f  Gd'"- 3D  framework materials that show m agnetic cooling  

properties; however, the value o f  m agnetic entropy change varies considerably. One consideration  

to make is the size o f  the ligand in the framework. When the ligand is reasonably large, such as 

fumaric acid, 1,4 benzenedicarboxylic acid or 4 ,4 ’-dicarboxylate-2,2’-dipyridine, slightly  

lower magnetic entropy changes, no greater than 30 J kg ' K ', are obtained. To improve the values 

o f  the magnetic entropy change, smaller ligands have been used. The pillared-layered structure o f  

[Gd(HC0 0 )(C«H404)] contains layers o f  Gd'" ions bridged through the formate ion, which are 

then pillared by the terephthalate ligand.*^ The metal centres were shown to w eakly interact,which  

leads to a large entropy change o f  47 J kg ' K '. When the terephthalic acid is removed from the 

reaction system  a dense 3D  Gd"'-formate, [Gd(HCOO)3], can be isolated.’® There is a large 

distance (6.4 A) between the Gd'" centres that results in weak magnetic interactions and leads to a 

very high entropy change o f  59 J kg ' K"'. This was the first molecular based coolant that 

outperforms the magnetic cooling material, gadolinium gallium  garnet (GGG). The use o f  small 

ligands has been proven to be a successfu l approach further exem plified by the G d‘"-hydroxy 

carbonate [Gd(0 H)(C0 3 )].‘*' This material showed an entropy change up to 66.4 J kg ' K ', which  

was high due to the increased ratio o f  m etal/ligand and the denser packing o f  the Gd'" centres.
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The above discussion has highlighted the classification o f  hybrid inorganic-organic 

materials and placed them in the context o f  traditional cluster coordination chemistry. Hybrid 

materials have developed as a field o f  functional m aterials and m atured into an area where many 

real-world problems are being tackled. The literature reviewed above has focussed on the use o f  

the lanthanide ions and their unique optical properties and some o f  the applications that can be 

exploited from this property. The latter end o f  the review  also touched on the m agnetic properties 

with a particular focus on the interesting application o f  lanthanide ions (namely G d'") as molecular 

refrigerants.

1.5 Aims and objectives

This thesis looks into com bining the expertise from two research groups. The Schmitt group 

has expertise in synthetic approaches to inorganic-organic hybrid materials. Two types o f  ligand 

have been identified (i) the phosphonic acids and (ii) ligands that incorporate the iminodiacetic 

acid function.

Phosphonic acids have been identified as appropriate ligands as they contain a functional 

group that displays variable coordination modes which has previously resulted in the successful 

isolation o f  novel inorganic-organic capsules^”’ and poiyoxom etalate m a t e r i a l s . T h e  ligands 

incorporating iminodiacetic acids have been shown to be flexible ligands with the ability to 

stabilise large clusters”* '™’ and 3D a r c h i t e c t u r e s . I t  was believed these could be excellent 

candidates for controlling the dim ensionality o f  the resulting inorganic-organic hybrid. The Evans 

group has expertise in the characterisation o f  lanthanidc(lll) ions, with notable contributions to 

understanding the optical properties o f layered lanthanide m aterials'”  ̂ and the complex energy 

transfer dynam ics involved,'”'' as well as studies into the aggregation o f  trivalent lanthanides in 

surfactant m e d i a . I n  this thesis, we wished to bring these two areas together with the aim o f 

indentifying new lanthanide-organic hybrid materials w ith tuneable optoelectronic and magnetic 

properties.

The specific goals o f  the thesis are outlined below;

(a) Synthesis o f  novel lanthanide phosphonate hybrid materials.

(b) Investigate morphology o f the resulting m aterials and try to understand the controlling 

variables involved

(c) Stabilise Ln(III) centres in solution to yield hybrid materials o f  tuneable dimensionality.

(d) Identify structural features that can be exploited in the developm ent o f  future applications.

(e) Investigate and understand the optical properties o f  the hybrid m aterials in solution and/or 

the solid-state.

(f) Determ ine the physicochemical properties to gauge the stability o f  all materials.
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To achieve these goals the following strategies and techniques will be exploited.

(i) Synthesis by traditional benchtop reactions and high pressure solvothemial conditions.

(ii) Variation of ligand design based on steric bulk, aromaticity and position o f functional

groups in the ligand.

(iii) X-ray diffraction to interrogate the structures.

(iv) Characterise crystal morphology through scanning electron microscopy.

(v) A combination of infrared, nuclear magnetic resonance and mass spectroscopies and 

thermogravimetric analysis will be used to aid structural characterisation and to 

determine the physicochemical properties.

(vi) UV/Vis absorption, steady-state and time-resolved photoluminescence spectroscopies 

will be utilised to characterise the optical properties.
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2.1 M aterials and m ethods

2.1.1 Reagents

1-Bromonapthalene (>95%) and //-(2-hydroxyethyl)im inodiacetic acid were purchased 

from Fiuka and used without further purification. All other chemicals and solvents were o f  reagent 

grade and purchased from Sigma-Aldrich Ltd. or local solvent suppliers and were used as received, 

unless otherwise stated. W ater was deionised before use.

2.1.2 Nuclear magnetic resonance (NMR)

Solution NM R spectroscopy was performed on a Bruker DPX 400 NM R machine. 'H , '^C 

and ^'P spectra were obtained at an operating frequency o f  400, 151 and 162 MHz, respectively, 

and were measured by either Dr. John O ’Brien or Dr. Manuel Ruether. Samples were dissolved in 

a suitable deuterated solvent identified in the ligand characterisation. Standard abbreviations for 

assignments are given; s, singlet; d , doublet; t. triplet and m, multiplet.

2.1.3 Fourier transform-infrared spectroscopy (FT-IR)

Fourier transform infrared (FT-IR) spectra were measured on a PerkinElmer Spectrum 100 

FT-IR spectrometer in the range 4000-650 cm ' using a universal attenuated total reflectance 

(ATR) sampling accessory. Data was collected at a scan rate o f  16 scans per minute with a 

resolution o f  4 cm '. The following abbreviations are used to describe the intensities: s, strong; m, 

medium; w, weak and br, broad.

2.1.4 Mass Spectrometry

Electrospray ionisation mass spectrometry was performed on a M icromass LCT 

Electrospray mass spectrom eter by Dr. Martin Feeney or Dr. Gary Hessman. Samples were 

dissolved in a suitable HPLC grade solvent and are listed under the appropriate characterisation 

section.

2.1.5 Thermogravimetric analysis (TGA)

TGA was performed using a Perkin Elmer Pyris 1 TGA thermogravimetric analyzer in the 

range 30-900 °C in an air atmosphere using ca. 2-5 mg sample, at a heating rate o f  10 °C/min in a 

ceram ic crucible. The instrument was calibrated to In and Ni standards in an air atmosphere.

2.1.6 Elemental analysis

Elemental analyses (CHN) were performed on an Exeter Analytical CE 440 elemental 

analyser through the service provided in the M icroanalysis Lab o f  the School o f  Chem istry and 

Chemical Biology, University College Dublin.
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2.1.7 Single crystal X-ray diffraction

The data collection for crystal structures described in this report were m easured by Dr. 

Brendan Twam ley or Dr. Tom M cCabc on a Bruker Apex II CCD diffractom eter or a Rigaku 

Saturn -724 diffractometer.

Both diffractom eters use a graphite m onochrom ated M o-K a (0.71073 A) radiation source. 

The om ega scan method was used to collect a full sphere or hemisphere o f  data for each crystal, 

w ith a detector to crystal distance o f  5 or 6 cm. Data sets collected on the Bruker Apex II were 

processed and corrected for Lorentz and polarisation effects using the SM A RT' and SAINT- 

PLUS” software. The structures were solved using direct methods with the SHELXTL program 

package.

Data sets collected from the Rigaku Satum -724 contained a total o f  1680 diffraction 

images, each o f  0.5° interval. Data integration, reduction and correction for absorption and 

polarisation effects were accounted for using the Crystalclear SM 1.4.0 software. Space group 

determ ination, structure solution and refinement were obtained using the Crystalstm cture ver3.8 

and the Bruker SHELXTL^ software packages.

All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were assigned to 

calculated positions using a riding model with appropriately fixed isotropic thermal parameters.

2.1.8 Powder X-ray diffraction (PXRD)

PXRD patterns were m easured on a Siemens D500 diffractom eter using Cu Ku; radiation 

(X = 1.54056 A). Samples were measured using a [100] silicon substrate to minimise for 

background scatter. Samples were prepared by lightly grinding the crystalline m aterial and 

sprinkling onto a thin layer o f  petroleum jelly  on the substrate. Diffraction patterns were m easured 

in the 28  range 2-70° using a 0.02° step size and 14.7 s counting rate. Some powder patterns 

exhibit additional reflections from instrumental artefacts at 16  = 39.4 and 34.6°, respectively. 

These artefacts are highlighted in figures with a red asterisk. For space group determination, 

reflections in the powder pattern were deconvoluted using the software package XFIT.'* Space 

group assignment was made using the program TAUP'^ within the CRYSFIRE Suite.**

2.1.9 UVA^is absorption spectroscopy

Solution-state UVA^is absorption spectroscopy was perform ed on a Shimadzu UV-2401 

PC spectrom eter or a Perkin Elmer, Lambda 35 UVA^is spectrom eter using m atched quartz 

cuvettes (path length 10 mm) at room temperature. Samples made up in H^O were o f  M illipore 

grade, while all other solvents were o f  HPLC grade and higher.

Solid-state UV/Vis diffuse reflectance spectroscopy was performed on a Perkin Elmer 

Lambda 1050 spectrom eter using an integrating sphere accessory across the range 215-800 nm. 

The sample was held between two quartz slides and the total reflectance measured with the sample 

at the rear o f  the integrating sphere. The background for the quartz slide was accounted for by
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m easuring  the transm ission  o f  the slide w hen positioned  in front o f  the em pty sphere and the 

reflec tance o f  the slide positioned at the rear o f  the sphere. D ata w as treated for background 

correction  by substitu ting  into Eqn. 2.1:

Rc — R d
   E qn . 2.1
Tb

w here /?$ is the sam ple reflectance, R b the reflectance o f  a blank quartz  slide and is the 

transm ission  o f  the blank quartz  slide.

2.1.10 Photoluminescence spectroscopy

S teady-state  photo lum inescence em ission and excita tion  spectra w ere m easured  on a 

F luorolog-3  spectropho tom eter (H oriba Jobin Y von), using  the front-face configuration  for so lid- 

state sam ples. Low  tem perature phosphorescence m easurem ents on ligands w ere perform ed at 77 

K using  a liquid  nitrogen filled  quartz dew ar. Spectra m easured in the UVA^is range used a room  

tem perature R9281x pho tom ultip lier tube as the detector. N IR  spectra w ere m easured  using  a 

liquid n itrogen  cooled  R 5509 photom ultip lier tube as the detector. Em ission and excita tion  spectra 

w ere co rrec ted  for the w avelength  response o f  the system  and the intensity  o f  the lam p profile over 

the excita tion  range, respectively , using correction factors supplied  by the m anufacturer. Solid- 

state m easurem ents in the UVA^is region w ere recorded  in front-face configuration  w ith  the 

sam ple held  betw een tw o quartz  slides. S lit w idths w ere optim ised to m axim ise the resolution  o f  

em ission  lines and to m ain ta in  in tensities below  2x10^; typ ically  excitation  and em ission slits w ere 

<  2 nm. N IR  solid -state  em ission /excita tion  spectra w ere m easured in a righ t-angle configuration  

and requ ired  larger slit w id ths < 12 nm. A bsolute photo lum inescence quantum  y ie lds ) w ere 

m easured  using  an F -3018 in tegrating  sphere accessory  (H oriba Jobin  Y von), w hich is ca lib rated  

betw een 330-850  nm. To determ ine <?pl, four m easurem ents are taken; the scatter response o f  the 

em pty  in tegrating  sphere, La, the scatter response o f  the sam ple, Lc, the em ission spectrum  

m easured  in an em pty  sphere, Ea and the em ission spectrum  o f  the sam ple, Ec- W ith  these four 

quantities, 0 p i  can be determ ined using the relationship;

^  E c  ~  E qn . 2.2
^ P L -  L -  I

T hree m easurem ents fo r each sam ple w ere taken and  the average value is reported. The m ethod

has an erro r o f  10%. Em ission lifetim es in the m icro-m illisecond  tim escale w ere m easured  using  a

Jobin-Y von F luorom ax-3 equipped  w ith  a Spex 1934D phosphorim eter accessory. E m ission  decay

curves w ere fit in the O rig in  8.0 data analysis program . Em ission lifetim es in the nanosecond

tim escale w ere m easured  on a H oriba Jobin  Yvon F luorolog-3  equipped w ith a F luoroH ub v2.0

single photon  contro ller using the tim e-corre la ted  single photon counting m ethod  (T C SPC ), run in

reverse  m ode. The sam ple solutions w ere excited  at 294  nm  or 372 nm  w ith  a pu lsed  nanosecond

ligh t-em itting  diode (NanoLED®). The tim e distribution o f  the lam p pulse, < 1.0 ns =  294  nm )

and 1.1 ns =  372 nm ), also called  the instrum ent response function, w as recorded  p rio r to

lifetim e m easurem ents in a separate experim ent using  a scatter so lution , in this case a solution  o f
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Ludox (Aldrich). All the measurements were performed at 298 K. The emission decay curves were 

analyzed using IBH DAS6 software. Data fitted as a sum o f exponentials, employing a nonlinear 

least-squares error minimization analysis:
n

/( t)  =  • exp ^ 2-3
i = i  ‘

The pre-exponential factors (a,) are shown normalized and the errors are taken as two 

standard deviations. Emission decay curves were fit to either a single or double exponential decay 

fiinction and the average lifetime < t > is given by:

f  - T -  Eqn. 2.4

where the fractional contribution o f the lifetime i,fi, is defined as :
a;  • T,

f i  =  ---------  Eqn. 2.5
l a j - T j

The goodness of fit to all emission decay curves was assessed qualitatively by looking at 

the symmetric distribution o f the residuals. The residuals are determined by:

i  =  y  — y  Eqn. 2.6

A A

where e is the residual, y  is the observed data point and y  is the predicted data point from the 

model. A quantitative assessment of the fitted decay curves are made by determining the chi- 

squared value, given by:

^  (0 -  EY 2.7

where O is the observed data. E is the theoretical data and ct’ is the variance of the measured point. 

In addition to determining the coefficient o f determination, Br, is determined by the following 

relation:

Eqn. 2.8
^^tot

A

where SSr̂  ̂ is the residual sum o f the squares, given by SS^gs =  S/Cyi where y ,  is the

predicted data point and v" is the mean of the observed data. SSio, is the total sum o f the squares, 

given by =  Y,i(yi ~  where v/ is the observed data point.

2.1.11 C ircular Dichroism

Circular dichroism spectra were measured on a Jasco J-815 CD spectrometer. The 

instrument measures the absorption of both left- and right- polarised light and the final signal is an 

average of these at each wavelength. A small quantity of sample was held between two quartz 

slides and the measurement made at 25 °C. All spectra were corrected by subtraction o f the quartz 

slide background. For solid-state measurements the absorbance maximum should not exceed a 

value o f 1.
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2.1.12 Scanning electron m icroscopy (SEM )

Scanning electron  m icrographs w ere recorded on a Z eiss-U ltra  S canning Electron  

M icroscop e at an accelerating  vo ltage  o f  2 -5  kV. Im ages w ere co llec tcd  using  an In-lens (Carl 

Z eiss ) detector. Sam ples for SEM  w ere prepared by d isp ersing  1-2 drops o f  the m other liquor from  

the sam ple reaction in 2 m L  o f  H 2 O and son icated  for tw o  m inutes. T he d ispersed  m aterial w as  

drop-cast onto cut silico n  w afers and a llow ed  to dry. T he w afer w as m ounted  on to  a carbon disc  

and a con nection  m ade betw een  the w afer  and stage u sin g  A g -D A G  paint to reduce charging  

e ffec ts  on the sam ple.

2.1.13 Solvotherm al syntliesis

Solvotherm al syn th eses w ere carried out using a Parr Instrum ent C om pany Series 4 7 6 0 /4 7 6 5  

general-purpose d igestion  bom b w ith a 23 m L T eflon  lined insert. Individual reactions w ere  loaded  

w ith  so lv en t and reagents o f  d ifferent quantities, as outlined  in the com p oun d  syn th esis list. The 

heating  cy c le s  are a lso  listed  here and w ere heated in a con ven tion a l oven .

2.2 L igan d  S yn th esis

2.2.1 Synthesis o f 1-naphthalene phosphonic acid (N aph-P0 3 H2)

PO 3 H2  T he ligand w as prepared using  a m od ified  A rbu sov  reaction as outlined

in previous syn th eses o f  other arom atic phosphon ic acids.^ T o a 25 0  m L round 

bottom  flask  1 ,3-d iisopropyl b enzene (5 0  m L), NiBr^ (0 .5 0 0  g) and l-brom o  

naphthalene (3 .3 8 0  m L, 2 0  m m ol) w ere added and heated to 185 °C. T riethyl phosphite (5 m L, 29  

m m ol) w as s lo w ly  added over six  hours and the reaction m ixture w as left to reflux for 2 4  hours. 

A dditional N iB r 2 (0 .2 5 0  g ) and triethyl phosphite (2 .5  m L, 14.5 m m ol) w ere subsequently  added  

over three hours, fo llo w ed  by a further 2 4  hour reflux. T he resu lting b lack  so lu tion  w as d istilled  

under vacuum  to rem ove so lven t, unreacted triethyl phosphite and side-products, leav in g  a v isco u s  

black o il. The black o il w as d isso lv ed  in d ich lorom ethane (D C M ) and p assed  through a ce lite  p lug  

to rem ove n ickel im purities, y ie ld in g  a y e llo w  filtrate. T he D C M  w ash in gs w ere concentrated  to 

g iv e  a go lden  y e llo w  o il, w h ich  w a s iden tified  as the phosphate ester through 'H and ^'P N M R  

sp ectroscop y . H yd rolysis o f  the ester w as ach ieved  through reflux o f  the o il in H Cl (5 0  m L, 37% ) 

overn ight. U pon co o lin g , the desired  product, N a p h -P 0 3 H 2 , precipitated from  so lu tion , and w as  

subseq uently  filtered  and w ash ed  w ith  D C M  to g ive  a w h ite  pow der. Y ield : 2 .9 9 7  g (72% ); m.p: 

2 0 3 -2 0 5  °C. 'H  N M R  (4 0 0  M H z, ^ /,-D M SO ) 8 .58  (d , IH . ), 7 .5 4 -7 .6 3  (m , 3H ), 7 .9 8 -8 .0 9  (m ,

3H ). ^'P N M R  (1 6 2  M H z, t/,-D M S O ) <5?: 13.1 ppm . FT-IR  v„^x (cm  '); 3 0 4 4  (w ), 2 2 8 4  (br), 1956  

(w ), 1726 (w ), 1621 (w ), 1593 (w ), 1573 (w ), 1508 (m ), 1459 (w ), 1338 (w ), 1433 (w ), 1224, 1189  

(s ) , 1065 (s), 1028 (s ), 99 6  (s), 913  (s), 861 (m ), 797  (s ), 77 0  (s ), 6 7 l( s ) .  H R M S (m /::-E S ): Found: 

20 7 .0211  (M  -H . C ioH 8 0 3 P ;ca /c .: 2 0 7 .0 2 1 1). C H N  an alysis for C 10H 9 PO 3 : E xpected: C 57.70% ; H 

4 .36% . Found: C 54.91% ; H 4.40% .

40



2.2.2 Synthesis o f 1-biphenyl phosphonic acid (B iphen-P0 3 H2)

A similar procedure to Naph-POsHi was adopted, where 1-
2 14 3 2 1

bromonaphthalene was substituted for 4-bromobiphenyl (4.684 g, 20

mmol) and reacted with triethyl phosphite under the conditions

described above. Yield: 1.306 g (56%); m.p: 237-240 °C. 'H NMR (400 MHz, ^/.-DMSO) 8 h: 7.42

(t. IH, Hs), 7.50 (t. 2H, H4 ), 7.71 (d, 2H, H,), 7.77 (t, 4H, H4 5 ). '̂P NMR (162 MHz, ^/«-DMSO)

Jp: 13.8 ppm. FT-IR v̂ ax (cm''): 2736 (br), 2271 (br) 1678 (w), 1602 (m), 1553 (m), 1484 (m), 

1448 (w), 1391 (m), 1143 (m), 1017 (s), 1000 (s), 977 (s), 942 (s), 835 (m), 759 (s), 721 (m), 689 

(m), 665 (s). HRMS (m/z -ES): Found: 233.0368 (M -H. C i.H hA ?; ca/c.: 233.0368).

2.2.3 Synthesis o f 2 ,2'-((3-carboxy-2-hydroxynaphtha!en-l-
yl)m ethy!azanediy!)diacetic acid (H 4C3 hnida)

 ̂ i_i To 10 mL deionised water, iminodiacetic acid, (3.90 g, 29.3
CO2H

mmol) was added and the pH raised to pH 6.5 using 4M NaOH. In a 

OH round-bottom flask, 3-hydroxy-2-naphthoic acid (5.00 g, 20.3 mmol)

N ^ ^ C 0 2 H was dissolved in 100 mL acetic acid. The aqueous iminodiacetic acid 

^ C 0 2 H solution was then added and stirred for 2 0  minutes, after which 

formaldehyde (2.85 mL, 38. 3 mmol) was added dropwise and heated to 80 °C. After ca. 3 hours, a 

yellow precipitate is fornied. The product was filtered and washed with cold ethanol and deionised 

water, before drying under vacuum. Yield: 4.53 g (67%) 'H NMR (400 MHz, D2 0 +Na2C0 3 ) <5h: 

3.28 (s, 4H, 2 X N(CH:)C0 2 H), 4.26 (s, 2H, CH,), 7.28-7.32 (t, IH, Hj), 7.52-7.55 (t, IH, H,), 

7.82-7.84 (d, IH, H4), 8.18-8.20 (d, IH, H,), 8.31 (s, IH, H5). FT-IR (cm’'): 3117 (br), 3019 

(w), 2993 (w), 2971 (w), 1738 (s), 1679 (s), 1630 (s), 1605 (m), 1583 (w), 1514 (w), 1433 (m), 

1457 (s), 1288 (m), 1247 (m), 1210 (s), 1164 (s), 1098 (s), 1000 (m), 960 (m), 941 (m), 891(m), 

796 (s), 754 (s), 720 (s), 674(m) HRMS (m/z -ES): Found: 332.0771 (M -H. C16H14N1O7; ca/c.: 

332.0770). CHN analysis for C 16H 14N 1O7 : Expected: C 57.66%; H 4.54%, N 4.20%. Found: C 

57.08%; H 4.23%, N 3.99%.

2.2.4 Synthesis o f 2 ,2 '-((6-carboxy-2-hydroxynaphthalen-l-
yl)m ethylazanediyl)diacetic acid (H 4C6 hnida)

HO2C The same synthetic procedure was used as for H4 C 3 hnida, 

but substituting in 6-hydroxy-2-napthoic acid (5.00 g, 20.3 mmol) 

to dissolve in 100 mL acetic acid. After the reaction was left under 

N" ^C0 2 H stirring at 80 °C for ca. 3 hours a white precipitate is obtained. 

^ C 0 2 H This powder was filtered and washed with cold ethanol and water,

followed by drying under vacuum. Yield 3.992 g (59%) 'H NMR (400 MHz, D2 0 +Na7C0 3 ) <5h: 

3.41 (s, 4H, 2 X N(CH2)C0 2 H), 4.45 (s, 2H, CH,), 6.98-7.04 (d, IH, H5), 7.65-7.67 (d, IH, H4),

7.76-7.78 (d. IH, H2), 7.88-7.90 (d, IH, H,), 8.25-8.27 (s, IH, H3). FT-IR v,^, (cm '): 3266 (br),
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3075(w), 3024(w), 2975 (w), 1688 (s), 1625 (s),1487 (m), 1431 (m), 1338 (m), 1293 (s), 1258 (s), 

1208 (s), 1156 (m), 1078 (m), 982 (m), 905 (s), 818 (m), 756 (s), 7 17 (s), HRMS (m/z -ES): Found: 

332.0771 (M -H. CifeH^NiO,; calc:. 332.0770). CHN analysis for CifiHuNiO?: Expected: C 

57.66%; H 4.54%, N 4.20%. Found: C 58.32%; H 4.77%, N 3.87%.

2.3 Synthesis o f lanthanide-organic hybrid compounds

In a typical synthesis for the lanthanide phosphonates (Chapter 3), a mixture o f  ligand (0.4 

mmol), LnCl3 -6 H2 0  (0.02 mmol, Ln'" = Nd'", Eu'", Tb"’ and Yb'") and an appropriate solvent (5 

mL) were placed in a 20 mL Tetlon liner and stirred for 30 minutes to give a white cloudy 

suspension. The pH was adjusted to pH 2 using 1 M NaOH aqueous solution. The Teflon liner was 

inserted into a steel autoclave and placed in an oven at 100 °C for 48 hours. Following cooling to 

room tem perature, the resulting material was filtered and washed with water and ethanol before 

drying at 80 °C.

2.3.1 Synthesis of lanthanide tert-bntyX phosphonates (Ln-Bu').

The ligand used was /ert-butyl phosphonic acid (0.055 g, 0.4 mmol) and the solvent was 

acetonitrile. For E u -B u '(l) small plate crystals suitable for single X-ray diffraction were found to 

form in solution. Yield: 0.078 g (67%). FT-IR Vmax (cm '): 2976 (m), 2952 (m), 2908 (m), 2870 

(m), 1640 (m), 1475 (m), 1397 (m), 1361 (m), 1122 (s), 1051 (s), 945 (s), 8 8 8  (s), 869 (s), 832 (s), 

774 (m), 658 (s). Nd-Bu': Yield 65 mg (53% ). FT-IR v™ ,(cm '): 2973 (m), 2950 (m), 2904 (m), 

2868 (m), 1626 (m), 1481 (m), 1393 (m), 1364 (m), 1119 (s), 1063 (s), 1028 (s), 972 (s), 898 (s), 

834 (s). Tb-Bu': Yield 69 mg (56%). FT-IR (cm '): 2952 (m), 2906 (m), 2869 (m), 1649 (m), 

1479 (m), 1394 (m), 1362 (m), 1127 (s), 1061 (s), 1034 (s), 1004 (m), 966 (s), 893 (s), 836 (s), 661 

(s). Yb-Bu': Yield 74 mg (64%). FT-IR v w (c m  '): 2973 (m), 2907 (m), 2871 (m), 1640 (m), 1480 

(m), 1396 (m), 1363 (m), 1237 (m), 1115 (s), 1071 (s), 1039 (s), 981 (s), 943 (s), 914 (s), 878 (s), 

834 (s), 656 (s). CHN analysis for EUC12H 3 2 P 3O 1 0: Expected: C 11.35%>; H 7.62%. Found: C 

11.09%; H 6.97%.

2.3.2 Synthesis of lanthanide naphthalene phosphonates (Ln-Naph)

The ligand was naphthalene phosphonic acid (0.083 g, 0.4 mmol) and deionised water was 

used for solvent. Nd-Naph: Yield 0.068 g (59%). FTIR v™x(cm '): 3057 (w), 3041 (w), 1591 (w), 

1574 (w), 1507 (m), 1460 (w), 1335 (m), 1211 (m), 1134 (s), 1043 (s), 1014 (s), 966 (s), 797 (s), 

770 (s), 677 (s). Eu-Naph: Yield 0.077 g (67%). FTIR v„^,(cm '): 3057 (w), 1591 (w), 1506 (m), 

1460 (w), 1334 (w), 1211 (m) 1140 (s), 1080 (s), 1034 (s), 1016 (s), 968 (s), 856 (m), 830 (m), 

796 (s), 770 (s), 727 (m), 677 (s). Tb-Naph: Yield 73 mg (65%). FTIR Vmax(cm '): 3058 (w), 3043 

(w), 1592 (w), 1507 (m), 1460 (w), 1335 (w), 1212 (m), 1142 (s), 1077 (s), 1046 (s), 1016 (s), 968 

(s), 857 (m), 830 (m), 797 (s), 770 (s), 728 (m), 678 (s) Vb-Naph: 0.074 g (61%). FTIR Vn,ax(cm' 

'): 3048 (w), 3009 (w), 1622 (w), 1593 (w), 1574 (w), 1507 (m), 1460 (w) 1337 (w), 1221 (m),
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1135 (s), 1094 (s), 1061 (s), 991 (m ), 896 (s), 797 (s), 770 (s), 675 (s). C H N  analysis for 

EuCjoH isPjO s: E xpectcd; C 40 .02% ; H 3 .02% . Found: C 39 .66% ; H 2.61% .

2.3.3 Synthesis of lanthanide biphenyl phosphonates (Ln-Biphen)

T he ligand w as b iphenyl phosphon ic acid  (0 .094  g, 0 .4  m m ol) and deion ised  w ate r w as the 

solvent. N d-B iphen: Y ield  0 .108 g (85% ). FTIR  v,„a,(cm  '): 3054 (w ), 3031 (w ), 1678 (w ), 1603 

(m ), 1554 (m ), 1485 (m ), 1446 (m ), 1391(m ), 1185 (w ), 1116 (s), 1054 (s), 1025 (m ), 973 (s), 933 

(m ), 826 (s), 755 (s), 720 (s), 687 (s), 678 (s), 661 (s). E u -B ip hen: Y ield  0 .106  g (84% ). IR FTIR  

Vn,ax(cm '): 3054 (w ), 3034 (w ), 1678 (w ), 1602 (m ), 1555 (m ), 1484 (m ), 1447 (m ), 1392 (m ), 

1185 (w ), 1145 (s), 1060 (s), 1025(m ), 980 (s), 933 (m ), 909 (m ), 833 (s), 756 (s), 719 (m ), 6 8 8  (s), 

673 (s). T b-B iphen: Y ield  0.103 g (82% ). FTIR  v™ x(cm '): 3054 (w ), 3033 (w ), 1678 (w ), 1602 

(m ), 1555 (m ), 1484 (m ), 1447 (m ), 1392 (m ), 1146 (s), 1062 (s), 981 (s), 910 (s), 833 (s), 757 (s), 

720 (s), 689(s), 671 (s). Y b-B iph en : Y ield  0 .102 g (82% ). FTIR  vw x(cm  '); 3056  (w ), 3031 (w), 

1603 (m ), 1554 (m ), 1484 (m ), 1446 (m ), 1427 (m ), 1392 (m ), 1241 (m ), 1146 (s), 1075 (s), 1006 

(m ), 985 (s), 911 (s), 833 (s), 757 (s), 723 (s), 691 (s), 670 (s). C H N  analysis for EUC2 4 H 1 8 P 2 O 6 : 

E xpected: C 46 .77% ; H 2 .94% . Found: C 46 .47% ; H 2.54% .

2.3.4 Synthesis of Na2[Eu2(Hheidi)4(H20)(Me0H)], (2)

T he ligand /V -(2-hydroxyethyl)im inodiacetic acid , H jheid i, (0 .089  g, 0.50  m m ol) w as 

rcactcd  w ith E uC l3 ' 6 H 2 0  (0 .092  g, 0.25 m m ol) and N aN j (0 .244  g, 3.75 m m ol) in 10 m L M cO H . 

U nder stirring  the so lu tion  w as re tlu x ed  for 2 hours and then cooled  to  room  tem perature . The 

so lu tion  w as filtered  and layered  w ith  4 m L CH3CN. A fter ca. six days sm all plate crystals 

appeared  in the solution . 2-Eu Y ield  0 .055 g (9% ) F T -IR  Vmax(cm '): 3231 (br), 2971(w ), 2913(w ), 

2863 (w ), 2047 (w ), 1737 (w ), 1570 (s), 1404 (s), 1307 (s), 1255 (m ), 1120 (m ),1062 (m ), 1002 

(m ), 923 (m ), 885 (m ), 822 (m )

T he sam e procedure w as repeated  u sing  L n "’ =  T b '"  to  y ie ld  isostructural 2-Tb. Y ield: 

0 .067  g (11% ). FTIR  (cm ‘‘): 3292 (br), 2972 (w), 2905 (w ), 2857 (w ), 2747 (w ), 2039 (w), 

1574 (s), 1410 (s), 1307 (s), 1259 (m ), 1 1 5 7 (m ), 1121 (m ), 1061 (m ), 1004 (m ), 924  (m ), 8 8 8  (m ), 

825(m ).

2.3.5 Synthesis of Na2(Eu(Hheidi)(heidi)(H20)2] H2O, (3)

A solution  o f  EUCI3  6 H 2 O (0.091 g, 0.25 m m ol), H 3 heidi (0 .044  g, 0.25 m m ol) and  1 M 

N aO H  (0.75 m L, 0.75 m m ol) w as stirred  fo r 30 m inutes in 8  m L  so lven t [v:v 3:1 M eO H / H 2 O] to 

y ie ld  a w hite  suspension. T he T eflon  liner w as p laced  in an au toclave and  hea ted  at 100 °C fo r 16 

hours. T he au toclave w as slow ly  cooled  to  room  tem peratu re  and  opened  to y ie ld  sm all co lourless 

crysta ls  am ongst som e pow der. T he crysta ls w ere m anually  iso lated  from  the m ixture. 3-E u  Y ield  

0 .043 m g (29% ) FT-IR  v w ( c m  '): 3384(m ), 3289 (br), 2971 (w ), 2941 (w ), 2892 (w ), 2842 (w ).
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1599 (s), 1576 (s), 1398 (s), 1316 (m), 1257 (m), 1227 (m), 1115 (m), 1067 (m), 1019 (m), 923 

(m), 886 (m), 826 (m).

The same method was applied using N dCl3'6H20 to isolate crystals o f  3-Nd. Yield 0.051 g 

(35%). FT-IR v„,ax(cm '): 3388{ m), 3288(br), 2971 (w), 2940, (w), 2918(w), 2882 (w), 2854 (w), 

2835 (w), 1600 (s), 1575 (s), 1397 (s), 1315 (s), 1256 (m), 1228 (m), 1150(m), 1113 (m), 1066 (m), 

1018 (m), 921 (m), 884 (m), 823 (m).

2.3.6 Synthesis of 5,5'-methylenebis(6-hydroxy-2-naphthoic acid), 
C23H„06 3DMF, (4)

The ligand H 4C 6h n ida  (0.033 g, 0.1 mmol) was mixed with N dCl3'6H20 (0.036 g, 0.1 

mmol) and 1 M NaOH (0.3 mL, 0.3 mmol) in a mixed H2O/ DMF solvent system (1:1 v;v) and 

stined  for 30 minutes to yield a white suspension. The Teflon liner was transferred to an autoclave 

and heated at 100 °C for 15 hours. After slow cooling to room temperature, colourless block 

crystals were found amongst a black powder and manually isolated. Yield 0.009 g (17%). FT-IR 

Vn,ax(cm '); 3398 (br), 3310 (w), 2935 (w), 2811, (w), 2695 (w), 2654 (w), 1651 (s), 1567 (s), 1497 

(m),1454 (m),1434 (m), 1415 (s), 1389 (s), 1307 (m), 1254 (m), 1100 (s), 1064 (m), 1020 (m), 972 

(m), 956 (m), 921 (m), 892 (m), 722 (m), 661 (m).

2.3.7 Synthesis of [Nds(HC3hnida)(C3hnida)3(H20)iol‘251120, (5)

In 5 mL o f HiO, N dCl3'6H20 (0.036 g, 0.1 mmol), H 4C 3h n ida  ( 0.033 g, 0.1 mmol) and 1 

M NaoH (0.3 mL, 0.3 mmol) were stirred at room  temperature for 30 minutes after which the 

Teflon liner was transferred to an autoclave and heated at 60 °C for 17 hours. After slow cooling to 

room temperature, green diamond-shaped crystals were identified in solution. 5-Nd Yield: 0.071 g. 

(26% ) FT-IR v w (c m  '): 3217 (br), 2971 (w), 2954 (w), 2921 (w), 1737 (m), 1621 (s), 1574 (s), 

1540 (s), 1500 (s), 1457 (s), 1425 (s), 1393 (s), 1308 (s), 1263 (s), 1210 (s), 1177 (m), 1155 (m), 

1123 (m), 1102 (m), 1042 (m), 1011 (m), 925 (m), 901 (m), 886 (m), 875 (m), 815 (m), 783 (s), 

743 (m), 697 (m).

The procedure was repeated by substituting the lanthanide for EuCl3-6H20 (5-Eu), 

GdCl3-6H20 (5-G d) or Y bCl3'6H; 0  (5-Yb).

5-Eu Yield 0.016g (6%). FT-IR i w ( c m  '): 3215 (br), 3028 (w), 2971 (w), 2953(w), 2920 

(w), 1737 (m), 1621 (s), 1576 (s), 1499 (s), 1459 (s), 1398 (s),1308 (s), 1264 (s), 1211 (s), 1177 

(m), 1154 (m), 1125 (m), 1102 (m), 1042 (m), 1012 (m), 928 (m), 902 (m), 886 (m), 816 (m), 784 

(m), 744 (m), 697 (m).

5-G d Yield 0.083 g (31%). FT-IR v w  (cm '): 3224 (br), 3073 (w), 2972 (w), 2956 (w), 

2909 (w), 1737 (m), 1621 (s), 1580 (s), 1500 (s), 1460(s), 1397 (s), 1308 (s), 1264 (s), 1211 (s), 

1177 (m), 1155 (m), 1126 (m), 1103 (M m), 1042 (m), 1012 (m), 928 (m), 903 (m), 877 (m), 816 

(m), 786 (s), 744(m), 698 (m).
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5-Y b Y ield  0 .026 g (9% ). F T -IR  (cm  '): 3285 (br), 3076 (w ), 2972 (w ), 2956 (w ), 

2922 (w ), 1737 (m ), 1622 (s), 1595 (s), 1548 (s), 1503 (s), 1458 (s), 1397 (sO, 1307 (s), 1264 (sO< 

1212 (s), 1155 (m ), 1127 (m ), 1103 (in), 1042 (m ), 1013 (m ), 890 (n i), 816 (m ), 790 (m ), 744 (m ), 

699 (m).

2.3.8 Synthesis o f [Ndi7(C3hnida)i2(//3-OH)4(H2O)30l xHiO,  (6)

T o 5 mL o f  H 2O, N dC ls ^H iO  (0 .036  g, 0.1 m m ol), H 4C 3 hn ida (0.033 g, 0.1 m m ol) and 1 

M N aO H  (0.3 m L, 0.3 m m ol) w ere added  and stirred  for 30  m inutes. The T eflon  liner w as p laced  

in an au toclave and heated  at 100 °C for 17 hours. F o llow ing  coo ling  to  room  tem peratu re , large 

green crysta ls w ere found in the solu tion . Y ield: 0 .016 g (2% ). FT-IR  v„iax(cm ''): 3269 (br), 2914 

(w ), 1620 (s), 1586 (s), 1533 (s), 1499 (s), 1454 (s), 1395 (s), 1308 (s), 1263, (s), 1210 (s), 1178 

(m ), 1155 (m ), 1126 (m ), 1101 (m ), 1044 (m ), 1013 (m ), 929 (m ), 902 (m ), 812 (m ), 780 (m ), 725 

(m ), 698 (m).

2.3.9 Synthesis o f Na[Ho(C6HsC02)4l, (7)

T o 10 m L o f  M eO H , a m ix ture o f  H oC l3' 6 H 2 0  (0 .095 g, 0 .25 m m ol), H 3heidi (0 .044  g, 

0.25 m m ol), sodium  benzoate (0 .108 g, 0 .75 m m ol) and N aN j (0 .049  g, 0 .75 m m ol) w ere added 

and stirred  at re tlux  for 2 hours. The so lu tion  w as coo led  to room  tem perature , filtered  into a 

sam ple tube and sealed  w ith  parafilm . T w o sm all holes w ere  puncturcd  into the parafilm  to allow  

slow  diffusion. A fter ca. 12 days, sm all pink block crysta ls fo rm ed in solution. Y ield: 0 .054  g 

(32% ). FT-IR \ w ( c m  '): 3063 (w ), 3029 (w ), 1600 (s), 1538 (S), 1496 (s), 1399 (s), 1308 (m ), 

1178 (m ), 1072 (m ), 1023(m ), 931(m ), 848 (m ), 713 (m ), 683 (m).

T he sam e procedure w as used  substitu ting  in E uC l3' 6 H 2 0  as lan than ide to iso late the 

isostructural 7-Eu Y ield  0.069 g (42% ) FT-IR  Vmax(cm '): 3062 (w ), 3026 (w ), 2971 (w ), 1739 (w ), 

1600 (s), 1539 (s), 1496 (s), 1417 (s), 1308 (m ), 1178 (m ), 1072 (m ), 1023 (m ), 931 (m ), 848 (m ), 

716 (s), 684 (s).

2.3.10 Synthesis o f [Nd2(S0 4 )3(H 2 0 )8l, (8)

A m ixture o f  N dC l3 ' 6 H 2 0  (0 .072 g, 0 .20  m m ol), H 3heidi (0 .035 g, 0 .20  m m ol), phenyl 

phosphon ic acid  (0 .032  g, 0 .20  m m ol) w as stirred  in a 5 M  H 2SO 4 so lu tion  (8  m L, 40  m m ol) fo r 30 

m inutes. The resu lting  suspension in the T eflon  liner w as transferred  to  an au toclave and heated  at 

100 °C for 21 hours. A fter slow  cooling, purp le crysta ls w ere iso lated  from  the reaction  m ixture. 

The m aterial cou ld  be iso lated  by an alternative reaction  in the absence  o f  the ligands by stirring  

N dC l3' 6 H 2 0  (0 .072 g, 0 .20  m m ol) and 1 M  H 2SO 4 so lu tion  (0.3 m L, 0.3 m m ol) in 2 mL o f  H 2O for 

30 m inutes. T he so lu tion  w as layered w ith  1 m L CH3CN and  crysta ls fo rm ed in solu tion  afte r one 

day. Y ield  0.062 g (43% ). FT-IR  i w ( c m  '): 3338 (br), 2972 (m ) 2933 (m ), 1637 (m ), 1467 (m ), 

1380 (m ), 1303 (m ), 1116 (s), 1073 (s), 995(s), 950 (s), 815 (s), 743 (m ).
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2.3.11 Synthesis of (Me2NH2)9[Nd5(S0 4 ),2), (9)

In a so lu tion  o f  10 m L D M F, N dC l3 ' 6 H 2 0  (0 .072 g, 0 .20  m m ol), H 3heidi (0.018 g, 0 .10 

m m ol), phenyl phosphonic ac id  (0 .016  g, 0 .10  m m ol) a n d lM  H 2SO 4 (0 .3  m L, 0.3 m m ol) w ere 

stirred  for 30 m inutes. T he suspensions w ith in  the Teflon liners w ere transferred  to au toclaves and 

heated at 170 °C for 69 hours. A fter cooling , sm all p la te-shaped  crystals w ere observed  am ongst 

som e pow der. T he reaction  w as m odified  and the ligands rem oved , w here only  N dC l3 ' 6 H 2 0  and 

IM  H 2SO 4  are used in the sam e quantities. Y ield  0.043 g (9% ). FT-IR  v^ax (cm  '); 3260 (m ), 2981 

(w ), 1595 (w ), 1416 (m ), 1088 (s), 1065 (s), 978 (s), 831 (m ).

By substitu ting  Ln'" =  G dC l3 ' 6 H 2 0  and D yC l3 -6 H 2 0 , the isostructural m aterials, 9-Gd and 

9-Dy w ere isolated. 9-Gd: Y ield  0.065 g (15 % ). 3520 (w ), 3213 (w ), 2988 (w), 1634 (w ), 1465 

(w ), 1228 (w ), 1078 (s), 1034 (s), 988 (s), 891 (m ), 836 (m ). 9-Dy: Y ield  0 .038 g ( 8  % ). FT-IR  

(cm  '): 3469 (w ), 3183 (w ), 3131 (w ), 2989 (w), 1644 (w ), 1583 (m ), 14465 (w), 1364 (w), 1206 

(m ), 1078 (s), 1034 (s), 991 (s), 893 (m ), 818 (m ), 791 (m).

2.3.12 Synthesis of NH4 |Dy(S0 4 )2(H 2 0 )|, (10)

In a so lu tion  o f  d ie thy lform am ide (5 m L), D y(N 0 3 )3 ' 6 H 2 0  (0.091 g, 0.2 m m ol) and 1 M 

H 2SO 4 (0 .6  m L, 0 .6 m m ol) w ere stirred  for 30 m inutes. T he T eflon  liner w as then sealed in an 

au toclave and heated  170 °C for 72 hours. A fter cooling  to  room  tem peratu re w hite plate crystals 

w ere found in solution. Y ield  0 .027 g (35% ). FT-IR  (cm  '): 3256 (m ), 3058 (m ), 1628 (w), 

1418 (m ), 1088 (s), 1069 (s), 1001 (s), 665 (s).

2.3.13 Synthesis of (NH4)3[Dy(S0 4 )3l, (11)

A m ixture o f  D y(N 0 3 )3 ' 6 H 2 0  (0.091 g, 0 .2 m m ol) and 5 M H 2SO 4 (0.8 m L, 4 m m ol) w as stirred  in 

5 mL d ie thy lfo rm am ide for 30 m inutes. The T eflon  liner w as sealed  in an autoclave and heated  at 

170 °C for 72 hours and then allow ed to slow ly cool to room  tem perature. A fter cooling, sm all 

w hite  crysta ls w ere found in the solution. Y ield  0 .019 g (19% ). FT-IR  Vmax (cm  '): 3223 (m ), 3047 

(m ), 2843 (m ), 2508 (m ), 1737(w), 1627 (w ), 1410 (s), 1219 (s), 1171 (s), 1073 (s), 1014 (s), 957 

(s).
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Chapter Three

Shedding light on two-dimensional lanthanide 

phosphonates: Understanding the structure- 

property relationships toward developing visible 

and near-infrared emitters
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3.1 Introduction

The ability to manipulate organic and inorganic moieties as building blocks towards 

multidimensional m aterials has been exploited in the preparation o f  functional materials with 

potential applications in catalysis, ion-exchange, gas sorption and intercalation chem istry .'’  ̂ Metal 

phosphonates in particular display a tendency towards m aterials containing (2D) inorganic layers 

separated by hydrophobic regions due to the organic moieties protruding in to the interlamellar 

s p a c e .T r a n s i t io n  metal phosphonates have been exploited extensively for use in industrial 

technologies such as corrosion inhibitors,^ waste water management^ and heterogeneous catalysis.**

W ith the com bination o f  a Ln(IIl) centre and m onofunctional organophosphonate ligands, 

layered materials can also be isolated.'' ’ However, the design and characterisation o f  new 

structures has proven difficult due to the low solubility and poor crystallinity o f  the lanthanide 

phosphonates.'® To mitigate these drawbacks, three strategies have been realised that improve the 

solubility and crystallinity o f  the lanthanide phosphonates: (i) Further fijnctionalisation o f the 

phosphonic acid with additional coordinating groups has been shown to work. When a carboxylic 

acid is introduced there is a general tendency towards novel 3D fram ew orks,"' and a particularly 

interesting ID triple-stranded helical c h a i n . I n  the case o f  additional amino-functionality, 3D 

frameworks are favourable,'" while hydroxyl moieties encourage ID chain s t r u c t u r e s . ( i i )  The 

solubility o f  the organic moiety may be increased by grafting phosphonic acids onto crown ethers 

and calixarenes where isolated clusters become f a v o u r a b l e , a n d  in some cases ID hybrid 

m aterials form,^' although one ligand does yield an interesting 3D porous network.^" (iii) The 

addition o f  a second coordinating ligand helps improve crystallinity by com peting for the 

coordination sphere o f  the lanthanide. Oxalic acid has proven highly successful for isolating 3D 

networks^^'^' and 1,10-phenanthroline can yield materials from OD to 3D frameworks.

Now that strategies have been developed to improve crystallinity in lanthanide

phosphonatc systems, interest is shifting towards investigating the optical properties that are still

poorly understood, even in the case o f  simple layered lanthanide phosphonates. A step to bridging

this gap was taken in the characterisation o f  the layered lanthanide phenyl phosphonate, whose

structure was first determined in 1992."  ̂ Since then, several studies probing the structure,

m orphology and optical properties o f  lanthanide phenyl phosphonates prepared from the reaction

with phenyl phosphonic acid have been reported. Ma and coworkers dem onstrated that addition o f

sodium  p-toluene sulfonate (STS) to the reaction mixture under hydrothermal conditions promoted

preferential growth o f ID  n a n o ro d s .C o m p a r iso n  o f  Eu'" and La'"/Eu'" phenyl phosphonate

nanorods against the corresponding bulk materials revealed that crystal size has only a negligible

effect on the photoluminescence (PL) properties. Pinna et al. have since shown that changing from

an aqueous to non-aqueous synthetic route can greatly enhance the photoluminescence quantum

yields (<?pi ) o f  the Eu"'-doped lanthanum phenyl phosphonate, reporting an impressive ^ n  = 45%

for La(H03PC6H5)2:0.06Eu via ligand sensitisation.”  The improved PL efficiency is attributed to a

com bination o f  reduced concentration quenching via co-doping with La'" and inhibition o f non-
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radiative multiphonon relaxation via O-H oscillators through the use o f  an organic solvent. Pinna et 

al. further dem onstrated that citric acid can act as a crystal habit-m odifier for the related 

YH(03PC6H5)2:Ln0.05 (Ln = Eu'", Tb'"), prom oting the formation o f  dandelion-like 

superstructures com posed o f  multiple individual n a n o ro d s .N o ta b ly , a ~50%  increase in the <?>pl 

o f  YH(03PC(,H5)2:Ln0.05 could be obtained in m oving from plate-like to dandelion-like 

morphologies. It is clear from these initial studies that the chem ical com position, morphology and 

optical properties o f  these m aterials are closely linked; an understanding o f  the specific nature o f 

this relationship, however, rem ains elusive.

Under this prem ise, we were interested in developing a strategic approach to the design 

and synthesis o f  layered lanthanide phosphonates with targeted morphology and optical properties. 

In this chapter, we have carefully selected three ligands, nam ely /er/-butyl-, 1-naphthalene- and 4- 

biphenyl phosphonic acid, which will allow us to selectively probe the effect o f  ligand size on the 

interlam cllar spacing o f  the corresponding lanthanide phosphonates. M oreover, 1-naphthalene- and 

1-biphenyl phosphonic acid were chosen on the basis o f  the energy o f  their excited electronic states 

and their high m olar absorption coefficients, and are expected to efficiently sensitise the emissive 

Ln'" state o f  different lanthanide centres.

3.2 Synthesis and characterisation of aromatic phosphonic acids

A series o f  aromatic phosphonic acids were synthesised utilising a m odified M ichaelis- 

Arbusov r e a c t i o n . T h e  first step involves the catalytic formation o f  the C-P bond o f  an aryl 

halide in the presence o f  N iBr2. The resulting arom atic phosphate ester was refluxed under acidic 

conditions to yield the phosphonic acid product. ^'P NM R spectroscopy and the chemical shift o f  

the ^'P nucleus aided identification o f  the respective chemical environm ent on the phosphorus 

centre. The mechanism outlining the m odified M ichaelis-A rbusov reaction is given below in 

Scheme 3.1.

The proposed m echanism involves the reduction o f  N i” to a Ni° phosphite com plex in-situ. 

The next step involves an oxidative addition o f  the N i“ phosphite interm ediate into the carbon 

halide bond o f the aryl reagent. This intermediate undergoes a reductive elim ination step to 

produce the aryl phosphate ester (product), alkyl halides (side-product) and regenerate the Ni° 

phosphite catalyst.

The ligand tert-b\i\.y\ phosphonic acid was purchased and used without further purification.
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1-n a p h th a len e- 4 -b ip h en y l- phosphoiiic acid

NIBrz + P (0E t)3

V - N i - L

LX
OR 

RO ' ,OEt

Schem e 3.1: (a) Structures o f  the ligands used in this study, (b) Proposed mechanism for the M ichaelis- 
A rbusov reaction in the conversion o f  aryl halides to aryl phosphate esters. L= triethyl phosphate.

3.2.1 I-naphthalene phosphonic acid (N aph-P0 3 H 2)

The ligand 1-rtaphthalene phosphonic acid (N aph-PO jH z) was prepared via  the reaction o f  

1-bromonaphthalene with triethyl phosphite in 1,3-diisopropylbenzene (solvent) and catalytic 

amounts o f  NiBr^. This yields the phosphate ester identified by a ^'P shift at 19.22 ppm. Upon  

hydrolysis o f  the phosphate acid, the phosphonic acid is formed (yield 72%) and the ^'P NM R shift 

at 13.10 ppm. The FT-IR spectrum indicated the presence o f  the phosphonic acid from stretches 

observed at 1506 (vc-p), 1140 (vp .o) and 1016 (vp.o) cm  ', respectively. The ESI mass spectrum o f  

N ap h -P 0 3 H2 in DM SO had a m olecular ion peak at 207.0211 m /z (calc. 207.0211).

Through a com bination o f  solution U V /V is absorption, steady-state photolum inescence  

and low  temperature phosphorescence spectroscopies, the molar absorption coefficient (e), excited  

state energies o f  the singlet S\ and Si and excited triplet T\ states have been determined and are 

summarised in T able 3.1.

3.2.2 4-biphenyl phosphonic acid (B iphen-P0 3 H 2)

The synthesis o f  4-biphenyl phosphonic acid was achieved under similar synthetic 

conditions, using 4-brom obiphenyl as the starting material. The ^'P NM R o f  the phosphate reveals



a peak  a t 19.17 ppm , that sh ifts to  13.81 ppm  upon  fo rm ation  o f  the phosphonic acid  in good  y ie ld  

(56% ).T he phosphonic acid w as identified  th rough stre tches at 1678 (vp=o), 1484 (vc-p), 1140 (vp_o) 

and  1016 (vp.o) cm  ’ in the FT-IR  spectrum . T he m olar abso rp tion  coeffic ien t and energy  o f  the 

exc ited  sta te and the excited  T\ state are sum m arised  in T ab le  3.1.

Table 3.1; The optical properties determined for Naph-POsHj and Biphen-POjHi including the second 
excited singlet state {Si), first excited singlet state (^i), first excited triplet state (Ti), absorption maximum 
(Xabs) and molar absorption coefficient (e).

L igand E n ergy S i  (cm  ‘) E n ergy 5 i (cm  ') E n ergy  T\ (cm  ') (nm ) / 

e (dm^ m ol ' cm  ')

N ap h -P 0 3 H 2 43,500 35,300 21,100 320/ 8500

B ipben-

P O 3 H 2 n/a 39,100 22,600 305/ 20,600

3.3 Synthesis and characterisation  o f  lan than ide phosphonates

T hree series o f  novel lan than ide phosphonates have been syn thesised  and characterised , as 

describ ed  below . T he three series o f  m ateria ls have been  iden tified  by the nam es Ln-Bu', L n-N aph  

and  L n -B ip h en  w here  Ln'" =  N d '" , E u '" , T b ”' and Y b '" . T h ro u g h o u t the course o f  this thesis, 

w here sing le crystal X -ray  d iffraction  has been m easured , the com pound  has been given a 

num erical label to identify  all crystal structure refinem ent m odels.

3.3.1 Synthesis and crystal structure of IEu(H0 3 PC(CH3)3)3) H 20, Eu-Bu', (1)

[E u(H 0 3 P C (C H 3)3)3] H 2 0 , 1, Eu-Bu', w as iso lated  using  a so lvo therm al approach w here 

tw o m o la r equ ivalen ts o f  rm -b u ty l phosphon ic ac id  w ere  com bined  w ith  L nC l3' 6 H 2 0  in 

aceton itrile  and ad justed  to pH  2 u sing  1 m ol dm'^ N aO H . T h is  m ix tu re  w as hea ted  at 100 °C for 

15 hours. F or Ln =  Eu'", fo llow ing  slow  coo ling  to room  tem pera tu re , sm all co lourless plate 

shaped  crysta ls su itab le fo r sing le crystal d iffraction  w ere  ob ta ined . [E u (H 0 3 P C (C H 3)3)3] HoO ( 1 ) 

cry sta llises  in the m onoclin ic  crystal system  in the space group  P ( l ) 2 |/c .  The asym m etric  un it o f  1 

(F igu re  3.1) consists o f  one crysta llog raph ica lly  un ique E u '" ion, th ree /m -b u ty l  phosphon ic acid  

ligands and a single constituen t w ater m olecule. F or each  d is tin c t ligand  m olecu le, a single 

phosphona te  oxygen  rem ains pro tonated  and the o ther tw o phosphona te  oxygen  atom s are free to 

coo rd ina te . The pro ton  o f  the phosphonate group co u ld  no t be re fin ed  from  the density  m aps and 

has been  assigned  by exam in ing  the P-O  bond  lengths. The P -O  bond  d istance o f  0 (3 ) ,  0 (6 )  and 

0 ( 9 )  are in the range 1.559(12) -  1.593(13) A. T hese values are considerab ly  longer than the o ther 

P-O  bond lengths tha t range 1.488(9) -  1.516(11) A ind icating  the oxygen  is p ro tonated .'^  These 

bond  lengths are g iven  in T able 3.2.
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0 (100)
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0(9) , 0 (8 )
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0(5')

0(1) 0(2)

0(3)( P(1)

0 (6) 0{2y

0 (8)

F igure  3.1: (a )  Asymmetric  unit o f  [Eu(H0 3 PC(CH 3)3) 3] H 20.  1. (b) Bridging o f  Eu ions along the c-axis  

leads to constnaction o f  ID polymeric chain. Eu grey, P magenta, O red, C black. H atoms are omitted for 

clarity and faded atoms represent symmetry generated atoms.

Each Eu'" centre binds to six different ligands to give a distorted octahedral geometry 

around the europium ion. The slightly distorted octahedral geornetry o f  the europium  centre is 

characterised by the bond angles that are close to the ideal octahedral values. Bond angles between 

0 (4 )-E u (l)-0 (2 ) and 0 (7 )-E u (l)-0 (8 )  are 89.3° and 89.2°, respectively, close to the ideal angle o f 

90°. However, other angles show much larger distortions. The bond angles between 0(4)-E u(1)- 

0 (7 )  o f  176.4° and 0(2)-E u( 1 )-0 ( 1) o f  174.0° have a greater deviation from the ideal 180°. Further 

distortions in the bond angles from the ideal 90° arc observed with angles between 0 (2 )-E u (l)-  

0 (5 )  o f  86.5° and 0 (8 )-E u (1 )-0 ( l)  o f  92.6° existing. Distortions in the octahedral geom etry can be 

attributed to the bridging nature o f  the binding phosphonate groups and the steric volum e occupied 

by the /e/7-butyl moieties. The bond angles are sum m arised in T ab le  3.3.

T able  3.2: Selected bond lengths for 1.

Bond Bond Length (A) Bond Bond Length (A)
P ( l ) - 0 ( 3 ) 1.589(13) E u ( l ) - 0 ( 1 ) 2 .321(10)

P (2 ) -0 (6 ) 1.593(13) E u ( l ) - 0 ( 2 ) 2 .282(11)

P (3 ) -0 (9 ) 1 .559(12) Eu( 1 ) - 0 ( 4 ) 2 .276(9)

P ( l ) - 0 ( 1 ) 1.516(11) E u ( l ) - 0 ( 5 ) 2 .294(9 )

P ( l ) - 0 ( 2 ) 1.488(12) E u ( l ) - 0 ( 7 ) 2 .291(10)

P (2 ) -0 { 4 ) 1.495(9) E u ( l ) - 0 ( 8 ) 2 .302(8 )

P (2 ) -0 (5 ) 1 .510(11)

P (3 ) -0 (7 ) 1.495(10)

P (3 ) -0 (8 ) 1.488(9)
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Table 3.3: Selected bond angles for 1

Bond Angle (”) Bond Angle (")

0(4)-Eu(l)-0(2) 89.3(4) 0(4)-Eu(l)-0(7) 176.4(4)

0(7)-Eu(l)-0(8) 89.2(4) 0(2)-E u(l)-0(l) 174.0(5)

0(2)-Eu(l)-0(5) 86.5(5)

0(8)-E u(l)-0(l) 92.6(4)

The three distinct Hgand m olecules all have the same coordination m ode, bridging two 

E u"’ centres in a j;'; »/': fashion. For cach phosphonate, two phosphonate oxygen atoms

coordinate through a m onodentate interaction to Eu'". The two binding phosphonate oxygen donors 

on each ligand bridge two europium  centres to produce infinite ID  polym eric chains that extend 

along the c-axis (F ig u re  3.2). The infinite chains are therefore produced via inorganic M-O-M 

bonding that leads to the definition o f the structure as an Z'o" material. Investigation o f  the E u-0  

bond lengths match well with other known structures containing octahedral Eu'" i o n s . ' ^ ' T h e  

bond lengths are observed in the range 2.276(9) to 3.321(10) A and are in good agreem ent with 

such six-coordinate Eu'" com plexes bound by a phosphonate ligand.

Figure 3.2; The packing of the ID chains of 1 as seen down the projection of (a) the c-axis and (b) the b- 
axis. Eu grey, C black, O red and P purple tetrahedra. Blue dashed line represents hydrogen bonding.

The europium  ion positions relate to two distinct polym eric chains in the unit cell. One 

chain runs parallel to the c-axis near the origin while the second chain runs parallel to the c-axis in 

the opposite corner o f  the unit cell. From the asym m etric unit, the first polym eric chain is 

generated via a c-glide plane where the reflection is in the ac-plane at>’ = 0.25. The second chain is 

generated through the asym m etric unit being regenerated through an inversion centre at (0.5, 0.5, 

0.5) and by the operation o f  a 2| screw axes located at (0.5, y, 0.25). This produces an array o f  ID  

chains that are located slightly above and below  a plane alternately, in the /)c-plane.
53



There is one constitutional w ater m olecule present in the chemical formula and its 

presence influences the 3D packing o f  the compound. The polym eric chains pack w ithin the bc- 

plane and the w ater m olecule is positioned between adjacent chains. A hydrogen bonding 

interaction occurs between the water and the protonated phosphonate oxygen allowing the chains 

to pack tightly into a pseudoAaycvcd  arrangem ent (Figure 3.2). Due to the alternate packing o f  the 

chains above and below the plane, a pleated inorganic sheet is observed where the organic moieties 

occupy the interlam ellar space. Despite the com pound strictly being a ID  material, it is interesting 

to note that the supram olecular packing is closely related to that o f  other layered lanthanide 

phosphonates such as lanthanum phenyl phosphonate.*^ All the data concerning the structure model 

refinem ent and crystal data are given in Table 3.4.

Table 3.4: Crystal data and structure refinement for 1.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system  
Space group 
Unit cell dimensions

Volume
Z

Density (calculated)

Absoiption coefficient 
F(OOO)

Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 24.99°

Refinement method
Data / restraints / parameters

Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)

Largest d iff  peak and hole

1
C 1 2 H 2 9 E U O 1 0  P 3  

578.22 
108(2) K 
0.71073 A 
Monoclinic 
P ( l ) 2 , /c
a = 1 3 .0 3 7 (3 ) A a =  90°.
b =  17.836(4) A p =  108.24(3)°.
c =  10.327(2) A y = 90°.

2280.7(9) A3 
4

1.684 Mg m'3

3.001 mm'*
1156

0 . 2  X 0 . 2  X 0 . 2  m m 3  

1.64 to 24.99°.
-15<=h<= 15,-21 <=k<=21, -8<=1<= 12 
16414
3879 [R(int) =  0.0731]
96.4%

Full-matrix least-squares on F^
3 8 7 9 /0 / 2 4 4

1.319
Rl = 0.0803, wR2 =  0.2058  
Rl = 0 .0 8 4 9 , wR2 =  0.2190

1.736 a n d -1.968 e.A '3
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3.3.2 Synthesis and structural characterisation o f [Ln(0 3 P-N aph)2(H 2 0 )2l and 
[Ln(0 3 P-B iphen)2l

The synthesis of aromatic-derived Ln phosphonates was achieved using hydrothermal 

conditions where two molar equivalents o f ligand were reacted with one molar equivalent of 

LnCl3'6H20. Aqueous NaOH (1 mol dm"^) was used to adjust the reaction mixtures to pH 2, which 

were then transferred to Teflon lined autoclaves and heated at 100 °C for 17 hours. Upon cooling 

to room temperature, crystalline precipitates were isolated in good yield.

The chemical composition o f the Ln-Naph series, [Ln(0 3 P-Naph)2(H2 0 )2] (determined 

using TGA data, see Section 3.3.3), is consistent with that o f the structurally-related benzyl 

phosphonate, [La(0 3 PCH2CftH5)2(H2 0 )2], which crystallises in the orthorhombic space group Pbcn 

with a = 10.801(2) K , b =  10.301(2) A and c = 33.246(8) A.^ Using the PXRD patterns of the Ln- 

Naph series, the individual reflections were indexed using the program Taup^’ to provide an 

orthorhombic unit cell with a = 13.76 k ,  h = 16.42 A and c = 23.31 A. Taking into account 

systematic absences, the centrosymmetric space group, Pcca, was assigned. With the aid of 

photoluminescence data (Section 3.5.1 for full detail) further insight on the structure is gained. The 

observation of a single component for the ‘̂ Do-’-̂ Fo transition confirms that there is only one unique 

crystallographic site of Ln in the material.'*”' ■*' Secondly, for Eu-Naph, splitting o f the ^Do—>̂ F| 

transition into three Stark components supports the unit cell assignment as orthorhombic.''" 

Furthermore, splitting of the ^Do—>^p2 into only three Stark components suggests a point group 

symmetry close to D; indicating the coordination environment around the Eu"'-centre is likely a 

distorted dod ecah ed ro n .T h is  information suggests that the structure of Ln-Naph will be related 

to the structure o f the lanthanide benzyl phosphonate."^ To summarise, the Eu'*'-centre will be eight- 

coordinate bound by six phosphonate oxygens, with the remaining two sites occupied by water 

(indicated by TGA).The phosphonate oxygens will bridge adjacent Eu”'-centres in the a- and c- 

directions to form the inorganic layer along the ac-plane. The organic naphthalene moieties will 

then extend out into the interlamellar spacings. We observe larger a- and c-unit dimensions in Ln- 

Naph (compared to lanthanide benzyl phosphonate) and this increase in unit cell parameters is to 

accommodate for the extra steric volume taken up by the larger naphthalene moiety in the material.

In a similar fashion, the PXRD pattern of Ln-Biphen has been indexed to provide a 

monoclinic unit cell, with dimensions a = 23.80 k ,  b = 6.75 A and c = 5.34 A with f{ = 92.95°. By 

considering the analysis o f the Eu-Biphen PL spectra, the splitting o f the ^D q^’Fi transition into 

three bands and the ^Dq—»’F2 into three or possibly four bands suggests an eight-coordinate 

environment with point group symmetry between D 2 and Since no water is present (see TGA, 

Section 3.3.3) the coordination sphere will be filled by phosphonate oxygens only. Bridging of 

adjacent lanthanide ions occurs in the /)c-plane forming an inorganic layer where the biphenyl 

moieties will protrude into the interlamellar spacings. Without single crystal data and higher 

resolution powder diffraction data, it is not possible to investigate and discuss further the specific
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coordination sphere and the number o f bridged Ln-centres along the h- and c-direction, 

respectively.

The PXRD patterns o f these materials allow the identification o f the layered nature of the 

lanthanide phosphonates. Figure 3.3 shows representative PXRD patterns for Eu-Bu' (I), Eu- 

Naph and Eu-Biphen, which all exhibit intense periodic reflections originating from their layered 

lamellar structures that are characteristic for organophosphonate-stabilised lanthanide coordination 

c o m p o u n d s . T h e  interlayer spacing, d, as determined from Bragg’s law is directly proportional 

to the ligand size, following the order Ln-Bu'(12.27 A ± 0.01) < Ln-Naph (16.38 A ± 0.01) < Ln- 

Biphen (23.64 A ± 0.01). The PXRD data shows that the d- spacing increases (reflected by a 

decrease in the 26 value o f the reflections relating to the layered plane) with the ligand size and the 

value reflects the presence o f the ligand from two adjacent stacked layers occupying the 

interlamellar void.

Increase ligand size 
Increase d-spacing 
Decrease in 2 theta

c

Eu-Biphen

Eu-Naph

Eu-Bu‘
n  '-----------1----------- '-----------1-----------'-----------1-----------'-----------1-----------'-----------1-----------'-----------

10 20 30 40 50 60 70

2 theta (°)
Figure 3.3: Comparison o f PXRD patterns for the different Eu’"-phosphonates highlighting the variation in 
(^-spacing with changing the ligand size. * indicate reflections from instrumental artefacts.

3.3.3 Physicochemical characterisation of Ln-phosphonates

The FT-IR spectra of all Ln-phosphonates display characteristic stretching modes 

associated with the deprotonated phosphonic acid group (Figure 3.4), namely Vp_o at -1000 cm ' 

and 1100 cm ', Vp=o at 1600 cm ' and Vp_c- at 1400 cm '.^  ̂ Typical C-H (-3000 cm ') and C=C 

stretching modes (-1600 cm ') associated with the organic ligand are also observed.
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Figure 3.4: FT-IR spectra o f  (a) Ln-Bu', (b) Ln-Naph and (c) Ln-Biphen phosphonates in this study.

Thermogravimetric analysis (TGA) of the Ln-phosphonates was performed in air (Figure 

3.5) to establish the chemical composition and thermal stability. The thermogram obtained for Ln- 

Bu' reveals three gravimetric events: a loss o f 3.3% between 50-100 °C due to the loss of the water 

of crystallisation (calc. 3.1%) and two subsequent losses at 420-450 °C and 520-580 °C, with a 

combined 31% weight loss {calc. 29.4%), attributed to decomposition and loss o f the /er/-butyl 

moiety. The residual substance is assumed to be a lanthanide phosphate. Ln-Naph materials 

display two gravimetric events: a 6.1% weight loss at 190 °C, which is assigned to two coordinated 

water molecules (calc. 6.0%) and a loss centred at 400 °C assigned to the loss of two coordinated 

naphthalene ligands, yielding [Ln(0 3 PC|oH7)2(H2 0 )2] (calc. 43.2-44.3%, obs. 40.3% [loss 2 equiv. 

CioHg moieties]) as a reasonable empirical formula. A single gravimetric event centred at 500 °C 

due to decomposition o f the organic residues for Ln-Biphen indicated two coordinated ligands 

with formula [Ln(0 3 PCi2H<))2] {calc. 49.1%, obs. 48.8 % [loss 2 equiv. CnHi, moieties]). These 

results demonstrate that further thermal stability can be imparted on these materials by increasing 

the aromatic nature of the coordinating ligands. This is an important consideration when 

investigating the long-term stability o f these materials for use in optical applications.
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Figure 3.5 : TGA therm ogram s o f  (a) Ln-Bu', (b) Ln-N aph and (c) Ln-Biphen phosphonates.

3.4 Controlling crystal morphology in Ln-phosphonates

An SEM study was undertaken to investigate the effect of hgand size and ionic radii on the 

morphologies of these materials (Figure 3.6), In general, the layered molecular structure is 

represented in the morphology and we observe platelet-type crystals of sub-micrometre dimensions 

for all samples. Notably, the Yb'"-based organophosphonates show a tendency towards anisotropic 

crystal growth to form rods whose aspect ratio is influenced by the nature o f the organic ligand. 

This may in part be attributable to the smaller ionic radius o f the Yb'" ion compared to the other 

Ln'" investigated.'*^ Addition of the STS habit modifier improves the monodispersity o f these ID 

rod materials. Moreover, in agreement with our crystallographic analysis, all Ln-Bu' exhibit rod­

like crystal morphologies providing further evidence for a pseudo-ID  structure that is assembled 

from ID coordination polymers. The Ln-Biphen series gives rise to film-like assemblies (Figure 

3.6f), whose amorphous character is consistent with the corresponding PXRD patterns (Figure 

3.3).
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Figure 3.6: SEM images o f (a) platelets o f Nd-Naph (no p-STS), (b) rod structure o f Yb-Naph among some 
nanoparticles (no p-STS), (c) phase pure rod structures o f Yb-Naph (with p-STS), rod structures o f (d) Yb- 
Bu' and (e) Nd-Bu' and (0  film-like assemblies o f  Yb-Biphen (with p-STS modifier).

Ln-phosphonates exhibit two distinct moiphologies; 2D plates and ID nanorods. We 

observe that a smaller ionic radius (i.e. Yb'") favours one-dimensional growth, which is consistent 

with the nanomorphology reported previously for layered lanthanide phosphates (LnP04) and 

lanthanide hydroxides (Ln(OH)3).‘*̂ Moreover, Ln-Bu' materials, in particular, exhibit rod-like 

crystal morphologies with a high aspect ratio, which is in excellent agreement with the formation 

o f a 1D coordination polymer that assembles in the solid-state via hydrogen bonding into a pseudo- 

ID  supramolecular structure, as identified by X-ray crystallography. The anisotropy o f these 

interactions that prevail in distinct directions o f space is thus rcflectcd in the crystal habit.

The addition o f STS generally leads to more uniform crystal morphologies, improving the 

sample monodispersity. The intluence of STS was previously considered in nanorod growth in 

lanthanide phenyl phosphonates."' Two growth mechanisms were proposed. In the first, the
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formation o f  an intercalated structure where STS molecules are held between the hydrophobic 

lamellar phase o f  the lanthanide phenyl phosphonate is described; subsequent removal o f  the STS 

exfoliates the structure into the individual nanorods. The second m echanism  postulates that ID  

crystal growth is possible if  the chemical potential o f  the monomers in solution are higher than the 

chemical potential o f  an atom on a crystal seed. Since we observed 1D crystal growth even in the 

absence o f  STS, we believe that for Ln-Bu' the connectivity o f  individual lanthanide phosphonate 

centres plays a more critical role in defining the crystal morphology.

W ith the exception o f  Yb-Naph, which forms rod-like structures, irregular 2D plates are 

more commonly observed for Ln-Naph materials. Considering this, it is likely that there is no or 

only a small anisotropic structural feature from the ligand-lanthanide bonding within the layer, so 

preferential favoured 1D growth is reduced or even absent. The Ln-Biphen series is influenced by 

the more extended hydrophobic ligand, which gives rise to film-like assem blies, whose amorphous 

character is consistent with the corresponding PXRD patterns.

3.5 Steady-state and tim e-resolved photolum inescence studies o f Ln- 
phosphonates

3.5.1 Eu"'- and Tb'"-phosphonates: Emission in the visible spectral region

The PL properties o f  the Eu'"- and Tb"'-phosphonates were investigated to gain a 

quantitative understanding o f  the effect o f  ligand choice and to obtain further structural 

information.

The solid-state UV/Vis reflectance spectra for the Eu'"- and Tb'"-phosphonates are given 

in Figure 3.7. An intense absorption band is observed at 320 nm and 305 nm, for Eu-Naph and 

Eu-Biphen, respectively. This indicates that the aromatic ligands strongly absorb light in the UV 

region and were investigated to see if  they could sensitise the Eu'" centre. In the reflectance spectra 

o f  Eu-Bu' a weak absorption band at 393 nm associated with the ’Fo transition is observ'ed. 

This suggests that Eu'" PL may also be observed through direct excitation. Tb-Naph and Tb- 

Biphen are dom inated by strong absorption bands in the UV at 320 and 305 nm, respectively, and 

direct Tb'" transitions could not be easily observed.

Eu-Biphen Tb-Blpheni

Tb-Naph

Eu-Naph

Eu-Bu'
Tb-6u'

800300 500 700 300 700400 600 400 500 600 800
Wavelength (nm) Wavelength (nm)

Figure 3.7: RT solid-state U V /V is reflectance spectra for (a) E u"'-phosphonates and (b) T b'"-phosphonates.
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Figures 3.8a and 8b show the PL and excitation spectra of Eu-Bu', Eu-Naph and Eu- 

Biphen. On direct excitation o f the Eu"’ centre = 393 nm, L̂6<—’Fq), characteristic Eu'"- 

centred red PL originating from ^Dq— transitions ( J =  0-4) between 570-720 nm was observed 

for all samples. Emission from higher excited states (e.g. 'Di)  was not observed indicating efficient 

non-radiative relaxation to the ^Do manifold. The characteristic Eu'" emission spectrum was also 

obtained for Eu-Naph and Eu-Biphen via ligand sensitisation (X„ = 320 nm and = 305 nm 

(Figure 3.8a), respectively). For both metal-centred and ligand excitation, the most intense 

transition is the hypersensitive ‘̂Dq—>’F2 emission line, which is common for eight-coordinate 

lanthanide centres.'*'^ The absence of ligand-centrcd emission in the PL spectrum suggests that 

energy transfer from the ligand to the metal centre is very efficient. The corresponding excitation 

spectra (monitored in the ^Dq—>’F2 transition) exhibit characteristic metal-centred // emission lines 

corresponding to transitions between the ’Fq ground state and the '̂ D4 .i, ^G2_6 and ^Lfi excited states. 

In addition, Eu-Naph and Eu-Biphen display broad excitation bands centred at 320 nm and 300 

nm. Comparison with the UV/Vis absorption spectra o f the free ligands confirms that these bands 

result from ligand-based excitation.
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Figure 3.8: (a) RT PL spectra for Eu-Bu' obtained upon direct excitation at 393 nm (̂ Lfi<—’Fq) and Eu- 
N aph and E u-B iphen on ligand excitation = 320 nm and =  305 nm, respectively), (b) Corresponding
RT excitation spectra (Xcm= 610-614 nm, >̂ F2 transition) and (c) low temperature (77-250 K) study o f
^D(|—>̂ Ffl transition in Eu-Naph.
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The PL characterisation of the Eu'"-phosphonates enabled us to investigate not only the 

optical properties o f these materials, but also provided complementary insight into the molecular 

structure, which was crucial for those systems where it was not possible to obtain single crystal X- 

ray diffraction data. When a free ion is placed into a crystalline environment the degeneracy o f the 

term is removed and can be split into a number o f crystal field levels. The number o f crystal 

field levels observed is dependent on the site symmetry of the lanthanide and these have been 

tabulated in the l i te ra tu re .A s  such it is possible to gain structural information of the lanthanide 

centre. For Eu-Naph, splitting of the ^Do—►’Fi transition into three Stark components indicates a 

unit cell in the orthorhombic crystal system.''^ Furthermore, splitting of the ^Do—••’F2 into only three 

Stark components suggests a point group symmetry close to Dj indicating the coordination 

environment around the Eu'"-centre is likely a distorted dodecahedron.^^ Using the same approach 

for Eu-Biphen, the ^Dq—>^F| transition splitting into three bands and the ^Dq—>̂ F2 into three or 

possibly four bands suggests an eight-coordinate environment with point group symmetry between 

Dj and C2v

The ground (^Fq) and the emissive ('^Dq) states o f Eu'" are non-degenerate and cannot be 

split by the crystal field.''® As such, there is a one-to-one correspondence between the number of 

bands associated with the ^Dq—>̂ Fq transition in the PL spectrum and the number o f distinct Eu'” 

environments.'*” '" Gaussian deconvolution of this band reveals a single Eu'" local environment for 

all Eu'"-phosphonates, which is in good agreement with the crystallographic data.

Interestingly, the ^Dq—>̂ Fq transition is absent for Eu-Naph at room temperature but 

gradually appears and increases in intensity on lowering the temperature to 77 K (Figure 3.8c). 

This observation can be explained due to the site symmetry around the europium centre and the 

selection rules enforced on the ^Do—>̂ Fo transition in Eu-Naph.'*^ It has been determined that Eu- 

Naph crystallises in the space group Pcca, a centrosymmetric space group with an mmm point 

group. Analysis of the Stark splittings reveals the site symmetry o f the Eu'" ion to be o f the 

point group, a centrosymmetric point group with four-fold symmetry. As such, at room 

temperature, the 'Dq—>̂ Fo transition is absent due to the electric dipole and magnetic dipole 

operators both being symmetry forbidden. However, when the sample is cooled, the site symmetry 

o f the Eu'" centre is lowered and shifts towards the point group Q , where the electric and magnetic 

dipole operators are symmetry allowed and the transition is weakly observed.'*^ ''*

Photoluminescence quantum yields (<Ppi ) for direct excitation o f Eu'" were ~l-3%  for all 

samples (Table 3.5). It is noted that emission quantum yields obtained for direct excitation o f Eu'"- 

phosphonates (0p l -0 .7 , 2 and 3% for Eu-Biphen, Eu-Naph and Eu-Bu', respectively) are lower 

than those previously reported for Eu"‘-doped La'" phenyl phosphonates (e.g. 0pl = 10% for 

La(H03PC6H5)2:0.06Eu).^^ This is attributed to enhanced concentration quenching in our Ln- 

phosphonate materials, whereby excitation energy transfer between nearest neighbour Eu'" lattice 

sites activates an additional non-radiative deactivation channel.''^
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T able 3.5: O bserved em ission lifetim e (determ ined from either m ono- o r bi-exponential decay functions) 

(rj), radiative rate constants (A,) non-radiative rate constants (Anr) absolute em ission quantum  yields 

calculated efficiency o f  metal centred em ission (//lp) and num ber o f  w ater m olecules in the first coordination 

sphere for E u"'- and Tb'"-phosphonates.

Com pound A „(nm ) T (ms) * r ( s ' ) knr (s ') <^*pi.(%) Vl.n(%)" «w

Eu-Bu' 393" 0.57 ±0.05 270 1500 3 1.3
2.3

Eu-Naph 393" 0.37 ±0.05 359 2457 2 -

2.3
330'’ 0.35 ±0.05 390 2427 14

0.1
Eu-Biphen 393" 0.88 ±0.05 440 695 0.7

0.45
305" 1.03 ±0.05 252 717 26

Tb-Bu' 377'' 1.64 ±0.05 - - 8 -

Tb-Biphen 377'' 0.63 ± 0.05 - -
/

-

a , .7^
305" 0.80 ±0.05 -

-
■. .• > d.

( Djf— F^), n calculated using experim ental lifetim es and corrcctcd em ission spcctm m  for Eu , M easured 
em ission intensities too low to determ ine <?pi N .B no em ission lifetim es o r quantum  yields m easured for Tb- 
Naph due to absence o f  room -tem perature photolum inescence.

The observed em ission lifetimes o f  Eu'" (''Dq) phosphonates are shown in Table 3.5. Upon 

direct excitation and ligand sensitisation Eu-Naph exhibits a m onoexponential decay cut^e, with 

an observed lifetime o f  r~0.36 ms. Eu-Biphen and Eu-Bu' both exhibit bi-exponential decay 

curves, com prised o f  a short-lived com ponent o f  sim ilar m agnitude (ri~0.30-0.38 ms) and a longer 

lived com ponent o f  r2~ l.00-l.32  ms, depending on the mode o f  excitation. Notably for Eu-Bu' the 

long-lived com ponent makes only a minor contribution (~7% ), but becom es the dom inant feature 

for Eu-Biphen (~73% ). The crystallographic data and deconvolution o f  the ^Dq— transition 

indicate a single Ln'" environm ent. However, concentration quenching, w here excitation energy 

m igrates between Ln"' sites before being trapped by a quencher site is common in solid-state 

m aterials where the Ln"' concentration exceeds more than a few percent, as is the case here.'*’* The 

bi-exponential decay behaviour could therefore arise due to em ission from quenched (short-lived) 

and unquenched sites (longer lived). Concentration quenching typically results in low emission 

quantum  yields, w hich is in agreem ent w ith the observed values tabulated. It has been shown in 

o ther solid-state m aterials that non-radiative energy transfer is dependent on both the 

dim ensionality and the distance between the donor and acceptor sites. Therefore, the bulk material 

o f  multiple 2D sheets o f  Eu-Biphen and the packed ID  chains o f  Eu-Bu' may observe differences 

in the rate o f  energy transfer through the material.

It was possible to determine the efficiency for metal centred em ission in the Eu'"- 

phosphonates from the experim ental lifetimes and the corrected em ission spectrum  due to the 

presence o f  the purely m agnetic ^Do—>^F| transition (Section 1.3.4), using the relationship:^®
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k f  '^obs Eqn. 3.1

w hereby  the rad ia tive Hfetim e, r„ is g iven  by;

1 . s /^ t o A  Eqn. 3.2
- =  A ^ D n \ - j — ) .
‘r ' ' ‘ M D '

W hen the refractive index is taken  as n =  1.5, is determ ined  to be 14% fo r E u-N aph  

and 31%  for E u-B iphen. T hese values show  that the effic iency  for m etal cen tred  em ission  can  be 

im proved  grea tly  by rem oving  w ate r from  the first coord ina tion  sphere as is observed  in E u- 

B iphen. H ow ever, the abso lu te em ission  quantum  y ie ld s are m uch low er than these  ca lcu lated  

values for both m ateria ls and m ay be due to  increased  non -rad ia tive  pathw ays, w hich  m ay include 

light absorp tion  into the ligand that re laxes non-rad ia tively , p reven ting  all the absorbed  light 

reach ing  the ''Do m an ifo ld  o f  the E u '" centre. T hese  low  abso lu te  em ission  quantum  y ie lds have 

been observed  in th is w ay  in o ther lan than ide phosphonates.^'*

Q uench ing  o f  L n”' life tim es by coord ina ted  w ate r m olecu les occurs as a resu lt o f  non - 

rad ia tive deactivation  o f  the em issive sta te  due to coup ling  w ith  O -H  oscillations.^ ' T he num ber o f  

w ate r m olecu les («„) in the Eu'" first coord ination  sphere have been determ ined  using the 

em pirical formula:^"'

— 1 .11  X [ t “  ̂ — kr —  0 .31 ]. Eqn. 3.3

T he values ca lcu la ted  for E u -N ap h  and  E u -B ip hen  o f  ~2 and ~0, respectively , are in 

excellen t ag reem ent w ith  the constitu tional and structural assignm ent fo r these m aterials. It is no ted  

that fo r E u -B ip hen , a sligh tly  e leva ted  ~  0.45 is ob ta ined  upon ligand sensitisation , w hich 

suggests the con tribu tion  o f  additional non-rad ia tive  deactivation  channels in this m aterial. For Eu- 

Bu', w e determ ined  ~  1.3, w hich  reflec ts  that this com pound  con tains both a constitu tional 

w ate r m olecu le and also  con tains m ultip le  partia lly -p ro tonated  o rganophosphonate  ligands w hich 

supp ly  additional O-H  oscilla to rs.

T he PL and  excita tion  spectra  for T b-B u' and T b -B ip hen  are show n in Figure 3.9a and 

8b. C haracteristic  T b '" -c e n tre d  green  em ission  is observed  in the range o f  450-700  nm  

correspond ing  to  ^D4 —v’Fj  ( J  =  6-3) transitions upon d irect excita tion  o f  the m etal centre. The 

excita tion  spectrum  for T b -B u' d isp lays characteristic  f f  transitions betw een 300-500  nm , 

co rrespond ing  to  transitions from  the ’p6 g round-sta te  to  the ^D4 _3 , ^L|o and '^G,/ exc ited  states. 

L igand sensitisation  o f  the T b '"  p ho to lum inescence is a lso  observed  for T b-B iphen  (F igu re 3.9a). 

The rela tive in tensity  o f  the observed  P L  is s ign ifican tly  g rea ter (under the sam e experim ental 

cond itions) than for d irect exc ita tion  o f  the  sam e sam ple , suggesting  tha t efficien t ligand to  m etal 

energy  tran sfe r occurs. This is supported  by the dom inance o f  the b road  ligand band  in the 

exc ita tion  spectrum  (m onito red  in the ^D4 —>’Fs transition), w h ich  obscures the w eak // 'tra n s itio n  

lines.
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Figure 3.9: (a) RT PL spectra for Tb-Bu' obtained upon direct excitation at 377 nm (*D3 <—^F ,̂) and Tb- 
Biphcn on ligand excitation 305 nm). (b) C orresponding RT excitation .spectra (A-cm = 610-614 nm,
'D 4 —>^F5  transition), (c) Low tem perature (77-250 K) PL spectra for Tb-N aph upon ligand sensiti.sation (A.̂ , 
= 320 nm).

No PL was observed for Tb-Naph, for either m etal-centred excitation or ligand 

sensitisation at room  temperature. However, characteristic Tb”' em ission was observed at 77-250 

K, with the relative PL intensity increasing as the tem perature decreased (Figure 3.9c). The 

excitation spectrum  for Tb-Naph observed at 77 K is dom inated by a ligand-centred band at 320 

nm and a w eaker em ission line centred at 377 nm attributed to the ^D3<— transition. Examination 

o f  the energy level diagram (Figure 3.10) reveals that the N aph-PO jH i state lies -6 0 0  cm ' 

above the em issive ^ 0 4  state (20,490 cm '). At room tem perature, thermal population o f  higher 

vibrational levels within the ''D4 manifold is expected, thus facilitating back energy transfer to the 

ligand. However, on cooling to 77 K, the characteristic T b '" em ission spectrum  is observed for Tb- 

Naph, suggesting that the probability for back energy transfer to the ligand T’l level is reduced due 

to a decreased Boltzmann population o f  vibrational levels. Sim ilar observations have been made 

with other Tb'"-m aterials that use naphthalene-based sensitising units.^'' In contrast, for Tb- 

Biphen, the ligand T\ state lies ~ 2 I00  cm ' above the Tb'" em issive state, resulting in efficient 

ligand to metal energy transfer and inhibiting back energy transfer at room temperature.

The em ission quantum  yield could not be m easured for Tb-Naph as it is non-em issive at 

room tem perature. W hen Tb-Biphen was excited directly, the resulting em ission was too weak to
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measure and the excitation energy required to excite the Hgand was outside the range o f  the 

integrating sphere. As such only the 0pL for Tb-Bu' was m easured and found reasonable at 8%.

Tb-Biphen and Tb-Bu' both exhibit bi-exponential decay curves, but the hfetime and 

contribution o f each com ponent differs significantly. Tb-Bu' displays two lifetimes, -0 .9 8  ms 

and T; ~2.69 ms that contribute equally to the decay curve. In contrast, Tb-Biphen exhibits two 

much shorter lived com ponents o f  sim ilar magnitude that also contribute equally (ri -0 .33  and Xj 

-0 .8 0  ms).

By changing the ligand, it has been shown there is a distinct effect on the 

photolum inescence properties. Ligand sensitisation is a desired route to photolum inescence as it 

can significantly improve em ission quantum yields and has been quantified for these Ln- 

phosphonates. Ligand sensitisation proceeds via energy transfer from the lowest excited triplet 

state (Ti) o f  the ligand antenna. It has been previously dem onstrated that energy transfer occurs 

most efficiendy when an energy gap o f  AE = 2500-3000 cm ' between the triplet donor state on the 

ligand and the emissive state o f  the acceptor Ln'" centre is present (Figure 3.10).^^' By 

system atic variation o f  the ligand, it is observed that N aph-P O aH i can strongly sensitise Eu'" PL 

due to a good energy overlap o f  the T\ state o f  the ligand and the Eu'" m anifold (-17400  cm ') o f 

-3 5 0 0  cm '. However, when the Tb'" m anifold (20,490 cm ') is taken into consideration the energy 

gap is much sm aller at -6 0 0  cm ' and through thermal population o f  higher vibrational levels in 

^□4 m anifold o f  Tb'", a route to back energy transfer to the ligand exists and no PL is observed at 

room temperature. In contrast, it has been shown that the ligand Biphen-PO.i|H2 has a much more 

favourable T\ state that is -2 1 0 0  cm ' above the Tb'" em issive state. At room tem perature, there is 

now a larger, more efficient ligand to metal overlap and so a route for back energy transfer is 

reduced. This results in a stronger Tb'" PL response. This indicates that with judicious matching o f 

the ligand donor and Ln'" acceptor energy levels it is possible to switch the Ln'" 

photolum inescence on and o ff  by changing the tem perature and thereby tune the emissive response 

to a desired application.
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represent radiative and non-radiative transitions, respectively.

3.5.2 Nd'"- and Yb'"-phosphonates: Emission in the Near-Infrared spectral 
region

NIR-emitting lanthanides have been shown to have applications in telecommunications 

industry, where the host materials are required to display properties o f preferential luminescence 

along a particular axis. As it was shown that some control over 2D to ID nano-morphologies were 

attainable the NIR emissive properties o f Nd'"- and Yb"'-phosphonates were investigated.

The solid-state diffuse reflectance spectra of Nd'"- and Yb'"-phosphonates were measured 

(Figure 3.11). For Nd-Bu' strong absorption bands due to intra ^/-transitions are observed from the

-15/2 ^I| 1/2 '

Further absorption bands in the UV were observed for Nd-Naph and Nd-Biphen at 320 and 305 

nm, respectively and are due to absorption from the aromatic moiety. For Yb-Naph and Yb- 

Biphen, a unique intense absorption band is observed at 320 and 305 nm, respectively. The diffuse 

reflectance spectra show that Nd'" PL should be accessible through both direct excitation and 

through sensitisation when an aromatic phosphonic acid is coordinated. Due to the 4f  ̂ electron 

configuration o f Yb'", PL from the Yb'" centre should be possible through a sensitisation pathway.

ground  state , ‘'I9/2, to  the "S7/2, "F7/2, "Gj/2 (J =  5 , 7 ), -L,5/2 '1,1/2 and  ‘*Dj/2, exc ited  sta tes, respectively .
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Figure 3.11: RT solid-state UV/Vis reflectance spectra for (a) Nd'"-phosphonates and (b) Yb”- 
phosphonates.

N otably , N IR  p ho to lum inescence from  both  N d '" and Y b '" p hosphona tes  w as observed  at 

room  tem perature . For N d-B u', N d-N aph  and N d-B iph en , characteristic  N d '"  em ission  lines 

assigned  to  the {J ~  13, 1 1 , 9 )  transitions are observed  fo r d irect N d '"  excita tion  (A-cx =

580nm , ^G5/2 <— '*F9 /2 ) (F igu re 3 .12), w ith  N d -B ip h en  exh ib iting  som e fine splitting  for these 

transitions. L igand sensitisa tion  o f  the em ission  is also  observed  for N d-N aph  and N d-Biphen  

(F igu re 3.12). T he cxcita tion  spectra  o f  N d-B u' m onito red  for the ‘’F 3/2 —►"'I11 /2 transition  (Â m ~ 

1060 nm ) exh ib it N d " '-cen tred  exc ita tions in the UV to v isib le  range o f  the spectrum  arising  from 

the ''I9 /2  g round  state to  the \  \n , ^'L\sn, ^Pi/2 , ^K ,5/2 , ‘'G 7/2 -5/2 , ''S 3 /2  an d  "F9 /2 .7 /2  excited

sta tes (F igu re 3.12). T he excita tion  spectra  fo r N d -N ap h  and  N d -B ip h en  also  d isp lay  b road  bands 

at 320 and 305 nm  due to absorp tion  by  the arom atic  ligand an tenna (F igure 3.12). This is in good 

agreem ent w ith  the U V /V is d iffuse reflec tance  spectra.

yz
‘1 *i
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*o ■ •O  '
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Figure 3.12; (a) RT PL spectra for Nd-Bu' obtained upon direct excitation at 584 nm (^Gs/2 -^ "Fq/2 ) and Nd- 
Naph and Nd-Biphen on ligand excitation (A.ex= 320 nm and =  305 nm, respectively), (b) Corresponding 
RT excitation spectra (A.em = 1057-1061 nm,''F3 /2 —►''in/: transition).

F igu re 3.13 show s the PL  spectra  fo r Y b -N ap h  and Y b-B iph en  ob ta ined  upon ligand- 

cen tred  excita tion  at 320 and  300 nm , respectively . A  b ro ad  band  cen tred  at 977-978  nm  

correspond ing  to the ‘'F 5/2—>"'F7/2 transition  is observed . T he exc ita tion  spectra  support this
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observation for Yb-Naph and Yb-Biphen where there is absorption from the ligand at 320 and 300 

nm, respectively, but no / f  transitions are observed (Figure 3.13).

Yb-Biphen

Yb-NaphYlvNaph

850 900 950 1000 1050 1100 1150 1200 300 400 500 600
W avelength (nm) W avelength (nm)

Figure 3.13: (a) RT PL spectra for Yb-Naph and Yb-Biphen upon ligand excitation (>.„= 320 nm and = 
305 nm, respectively) and (b) corresponding RT excitation spectra 977-978 nm, ‘'F5 /2 —>''F7 / 2  transition).

Although it was not possible to determ ine ^ i>l or r„bs w ith our experim ental set-up for the 

N d-phosphonate series, we note that relatively intense NIR em ission was observed under moderate 

experim ental conditions (7 and 10 nm excitation and em ission slit widths, respectively), despite the 

propensity for non-radiative quenching through C-H, C-C and O-H oscillations on the ligands and 

coordinated water molecules.^’'

3.6 Conclusion and Outlook

This chapter has looked at the synthesis and characterisation o f  three new series o f  

lanthanide phosphonates. The first family o f  lanthanide phosphonates was synthesised by reaction 

o f  the lanthanide with /er?-butyl phosphonic acid. This reaction yields a ID  infinite chain o f 

[Ln(H 0 3 PC(CH 3)3)3] H20 and a pseudo-ID  m aterial is observed through hydrogen bonding 

between the constitutional H 2O and adjacent Ln"'-phosphonate chains. Through a com bination o f 

pow der X-ray diffraction, FT-IR and TGA, coupled with analysis o f  the Stark splitting o f  the 

em ission bands in the PL o f the Eu”'-phosphonates, a further two series o f  Ln"'-phosphonates have 

been characterised upon reaction with I -naphthalene phosphonic acid and 4-biphenyl phosphonic 

acid.

A study o f  the m orphology o f  the crystals grow n in hydrotherm al conditions was 

undertaken and we found that control from 1D nanorods to 2D plates was largely dependent on the 

coordination environm ent o f  the Ln'"-centre and w hether an anisotropic growth preference was 

present as a result. Similarly, we found that the plates grown becom e more am orphous as the 

ligand becomes more hydrophobic as the ligand is varied from tert-h\iiy\- to biphenyl-phosphonic 

acid.

This study shows that by introducing an arom atic ligand we can greatly improve the 

efficiency o f  lanthanide em ission (;/Ln) by the exclusion o f  coordinated w ater m olecules in the first
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coordination sphere {cf. L n-N aph  vs. L n-B iphen) and further introduce an additional excitation 

path through sensitisation for Ln"'-phosphonates where Ln'" = Eu'", Tb'", Nd'" and Yb'". It was 

shown that the PL o f  the Eu'" ion can be exploited to collect further structural information on the 

materials by guiding the assignment o f  the crystal system and space group from the PXRD 

analysis. By determ ining the point group o f  E u-N aph it was possible to relate the structure (in 

tandem with TGA) to the structure o f  [La(0 3 ?C H 2C6H5)2(H 2 0 )2]'* and allowed us to identify the 

cause for the absence o f  the 'Do— transition. The careful choice o f  the aromatic group is 

required to obtain efficient sensitisation o f  the Ln'" centre, especially when Ln'" = Tb"' where a 

temperature dependant on-off PL response was observed. The near-infrared RT PL from both 

Nd'"- and Y b'"-phosphonates has been shown by ligand sensitisation and, to the best o f  our 

knowledge, this is the first case where this has been observed for an Yb'"-phosphonate.

Previous studies have managed to exfoliate lanthanide phosphonates by dispersal within 

polar solvents.^** Our approach where we have system atically varied the i/-spacing o f  the material 

should provide an alternative route to the exfoliation o f  lanthanide phosphonates and formation o f 

thin films, a requirement for the preparation o f  many m odem  optical devices.

To conclude, as outlined in the introduction and dem onstrated in this chapter, the isolation 

o f  crystalline lanthanide phosphonates is still a difficult task. As such we are interested in 

improving solubility o f  lanthanide phosphonate systems by introducing a second organic ligand. 

Within the group, there is considerable expertise in utilising iminodiacetic acid derived ligands, 

and these ligands were chosen with the aim o f improving lanthanide solubility, which is the focus 

o f  subsequent chapters.
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Chapter Four

Building bridges: Lanthanide complexes derived 

from the ligand A^-(2-hydroxyethyliminodiacetic

acid, H3heidi)
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4.1 Introduction

In chapter 3, it was dem onstrated that phosphonic acids bind strongly to lanthanide ions to 

produce stable hybrid m aterials. However, it is difficult to isolate crystalline material that can be 

characterised by single crystal X-ray diffraction. To stabilise the lanthanide ion in solution, softer 

coordinating groups are required. The carboxylic acid group has a lower electron charge density 

than phosphonic acids and can also show  variable coordination modes. In particular, a set o f  

ligands derived from im iniodiacetic acid, H 2 ida, are considered. Sche me  4.1 shows the structure o f  

H 2 ida and the related ligands; A/^-(2-hydroxyethyl)iminodiacetic acid, H 3 heidi, and 2- 

hydroxypropane-l,3-diamine-A^,7V,jV’,A^-tetraacetic acid, Hshpdta, w here the proton has been 

replaced by an additional alkyl substituent.

/-CO2H /CO2H HO2C CO2H
H- N ' ' i f

'^COzH H 02C .^ N ^ ^ ,A ^ N ^ C 02H

H jida H jheid i H 5hpdta

Schem e 4 . 1: Structure o f  iminodiacetic acid, H2ida, and its derivatives.

These ligands bear flexible coordination functions and may bind through the O-donors o f  

the carboxylate groups and the central N-donor. The coordination chem istry o f  these ligands is 

well developed in some transition metal com pounds, particularly the Fe'" and Al"' systems. The 

coordination o f  H iida with Fe'" and A l‘" can yield m ononuclcar M (ida ) 2  complexes where two O- 

donors, one from each carboxylate, and the N -donor on each ligand coordinate to the metal centre.' 

W hen the ligand-to-metal ratio is varied, larger clusters may be isolated, such as [Fe6(/i3-0)2(//- 

O H )5 (ida)6 ], where bridging 0 x 0 - and hydroxo-functions become important in stabilising the core 

unit." This approach can be applied to the Hsheidi and Hshpdta ligands. If  a metal-to-ligand ratio o f  

1:1 is used for the Hsheidi ligand, discrete [M (H eidi)(H 2 0 ) 2 ] 2  clusters are obtained, where the 

addition o f  the hydroxyethyl arm substitutes the hydroxo- and oxo-bridges for the bridging alkoxo- 

function o f  the ligand.^ C hanging the M"^;ligand m olar ratio to 1:2 results in the much larger Fe'" 

clusters [Fei7(//3-0)4(//3-0H)6(//-0H)„)(Heidi)s(H20)i2]^^ and [Fe,9 (/<3 -0 )6 (//3 -0 H)6 (//- 

OH)s(Heidi)io(H20)i2]" and the alum inium  cluster [Ali3(//3-0H)6(//-0H)i2(Heidi)6(H20)6]^*.^''' The 

Hshpdta ligand produces equally diverse com pounds in the Fe'" system  where neutral dinuclear 

com pounds,' tetranuclear c lusters ''^  and polynuclear structures with up to nine Fe'" centres* ’ may 

be isolated.

The variable coordination ability o f  these ligands is prom ising for stabilising lanthanide 

ions in solution. Some insight has been gained for lanthanide stabilisation using H 2 ida. Higher 

dim ensional hybrid m aterials are favoured w here chains o f  [Ln(ida)]CI-3H20,* 2D layers o f  

[Ln(ida)(H20)4]Cl2-H20'^ and [Ln 2 (ida)2 (C 2 0 4 ) 2 (phen)2 ] '‘' and 3D networks o f  

[Ln(Hida)2(ida)2]Cl2'3H20 and [Ln(ida)3 ] have all been characterised ." ' In all cases, individual
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clusters h ave not b een  iso la ted  and the carb oxy la te  O -donors sh o w  the ab ility  to  form  //^-bridges to 

m u ltip le  Ln'" centres.

In contrast, the ligand  2-hydroxypropane-l,3-diam ine-A^,A ^,A'’,A''-tetraacetic acid , Hshpdta, 

has been  sh ow n  to  form  sm all {L n 2 }'^’ and {Lot}'*^ co m p lex es . W hen  N a* is u sed  as a counter­

ion , the b inuclear com p ou n d  N a4[N d2(H 20)2 (/(2 -hdpta)2 ] is iso la ted . A s in the Fe'" sy stem s, a / / i-  

a lk o x o  bridge form s b etw een  each  Ln'" cen tre, w h ile  the acetate O -donors and coord inated  w ater  

m o lecu le s  com p le te  the coord in ation  sphere.'^ B y  ch an g in g  the counter-ion  to K the larger cluster  

K s[N d 4 (H 2 0 )4 (//2 -hpdta)2 (//3 -hpdta)2 ] is iso la ted , w here a fam iliar {L n 2 } bridged  unit is ob served  

through a / 1 2-a lk o x o  bridges; h o w ev er , tw o  hpdta ligands further bridge th ese  units to form  the 

tetranuclear cluster.'^

T he ligand  yV -(2-hydroxyethyl)im inodiacetic acid , H jh ed i, is re la tively  unstudied  in its 

reaction  w ith  the lanthanides. T o date, N a[L n (H h e id i)(o x )] is the o n ly  lanthan ide-h eid i com p ou n d  

reported and is a layered structure stab ilised  by  a s in g ly  protonated  H heidi ligand  and oxalate  

ligands.'^  W h ilst u sin g  H 2 ida results in h igh  d im en sion a l hybrid structures and H shpdta resu lts in 

sm all c lu sters, the coord ination  behaviou r o f  H 3 heid i is still largely  unknow n.

T he aim  o f  th is chapter is to in vestiga te  the coord ination  chem istry  o f  H sheid i upon  

reaction  w ith  the lanthanide series. From  a structural p ersp ective , H jh eid i can be v ie w e d  as an 

in term ediate b etw een  H 2 ida and Hshpdta and the coord ination  behaviour o f  either ligand system  

co u ld  be a cce ss ib le . It m ay be p o ss ib le  to sy n th esise  sm all iso la ted  c lusters and larger hybrid  

netw orks that can be used  in the d esign  o f  h igher order lanthanide hybrid m aterials. W e a lso  aim  to  

in vestiga te  the op tica l properties o f  the resu lting  com p ou n d s to gau ge the potential o f  these  

m aterials for incorporation  o f  sen s itis in g  ligan d s for d eve lop m en t o f  w h ite - lig h t d e v ic e s  or sen s in g  

platform s.

4.2 Cluster chemistry of 2-hydroxyethyIiminodiacetic acid, Hsheidi 

4.2.1 Crystal structure of Na2[Eu2(Hheidi)4(H20)(Me0H)] -3Me0H, (2)

W hen tw o  m olar eq u iva len ts o f  H^heidi w ere  reflu xed  w ith  o n e  eq u iva len t o f  E u C l3 '6H 20  

and 18 eq u iva len ts o f  N aN a in M eO H , fo llo w ed  by  s lo w  co o lin g  and subsequent layering  o f  

aceton itrile , sm all p late crysta ls o f  N a 2 [E u 2 (H h e id i)4 (H 2 0 )(M e0 H )]-3 M e0 H , 2, w ere  iso la ted  and 

a su itab le  crystal extracted  for s in g le  crystal X -ray  d iffraction .
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Figure 4.1: A sym m etric unit o f  Na2[Eu2(Hheidi)4{H20)(M e0H)], 2, show ing the coordination around (a) 
E u (l)  and (b) Eu(2). Eu grey, O red, N blue, C black and N a yellow. H atom s are om itted  for clarity.

The compound 2 crystallises in the triclinic crystal system  in the space group PT . The 

structure consists o f  m ononuclear europium  com plexes that are connected through space by the 

N a' cations. The asym m etric unit contains two unique E u"‘ ions, three singly protonatcd Hheidi 

ligands and one fully deprotonated heidi ligand, one coordinated H 2 O and three MeOH molecules. 

Both Eu'" ions are 9-coordinate bound by two Hheidi ligands and one coordinated H 2 O m olecule in 

the case o f  E u (l) and a coordinated M eOH molecule to Eu(2) (Figure 4.1). The coordination 

geom etries around each Eu'" centre may be viewed as distorted capped square antiprism s. The 

E u (l)  centre is coordinated by two carboxylate, 0 (7 ), 0 (1 1 ), 0 (1 9 ), 0 (2 3 ) and two hydroxo 0 (1 ) 

and 0 (1 3 ) oxygen donors o f  two Hheidi ligands. The coordination sphere is com pleted by the N- 

donors N(4) and N(16) o f  the ligands and a coordinated H 2 O, 0 ( lc ) .  The Eu(2) centre is 

coordinated by two different ligands in a sim ilar fashion through 0 (2 5 ), 0 (3 1 ), 0 (3 5 ), N (28) and 

0 (3 7 ), 0 (4 3 ), 0 (4 7 ), and N(40). A coordinated M eOH, 0 (2 c ) com pletes the coordination sphere o f 

Eu(2). To account for charge balance there are three sodium cations. N a (l)  is 6-coordinate and the 

coordination geom etry can be best described as a distorted octahedron. The coordination is 

occupied by carboxylate oxygen donors 0 (8 ), 0 (3 5 ') , 0 (3 6 ')  and 0 (4 4 ") from three different 

Hheidi ligands. Two MeOH m olecules, 0 (3 c ) and 0 (4 c ) com plete the coordination sphere. The 

Na(2) is also 6-coordinate and may be better described as a highly distorted trigonal prism 

coordinated through six carboxylate oxygen donors 0 (1 2 ), 0 (2 3 ') , 0 (2 4 ') , 0 (47 ), 0 (3 2 ") and 

0 (4 8 ) o f  four Hheidi ligands. Na(3) has three oxygen donors coordinated to it through 0 (2 0 )  and 

0 (4 8 ) o f  two ligands and a coordinated M eOH molecules, 0 (6 c). The Na(3) ion is positioned 

adjacent to the void within the layer w here heavily disordered M eOH m olecules were located. To 

account for this disorder the SQUEEZE routine was run and the com plete coordination o f  Na(3)
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cannot be fully refined. The results from the SQUEEZE routine indicate that up to three additional 

M eOH m olecules are located within this void space.

The E u -0  bond lengths (Table 4.1) cover the range 2.376-2.687 A and the bond length 

depends on the interaction between oxygen donor and Eu'" ion. Shorter bond lengths below  2.4 A 
are observed when the oxygen donor forms a //^-bridge betw een a Eu'" and a N a’ cation. The Eu-O 

bonds are seen to increase slightly when they becom e m onodentate in nature. Due to the sm aller 

electrostatic charge o f  the N-donors, the Eu-N bonds are considerably longer with bond lengths 

above 2.6 A.

Table 4.1; Selected bond lengths for 2.

Bond Bond Length (A) Bond Bond Length (A)
E u(l)-O d) 2.486(3) Eu(2)-0(31) 2.409(2)

E u(l)-0 (7 ) 2.376(3) Eu (2)-0(35) 2.387(3)

E u (I ) -0 ( l l) 2.387(3) Eu (2)-N(28) 2.630(3)

Eu (1 )-N(4) 2.654(3) Eu (2)-0(37) 2.475(3)

E u(l)-0(13) 2.436(3) Eu(2)-0(43) 2.407(2)

Eu(l)-0(19) 2.409(3) Eu (2)-0(47) 2.393(3)

E u(l)-0(23) 2.378(3) Eu (2)-N(40) 2.639(3)

E u(l)-N (l6) 2,687(3) Eu(l)-0(IC ) 2.520(3)

Eu (2)-0(25) 2.506(3) Eu(l)-0(2C) 2.478(3)

The four unique ligands coordinate to the Eu'" centre in an identical manner, but differ in 

their bridging m odes to Na cations (Schem e 4.2). A round the Eu( 1) centre, Ligand 1 adopts a //': 

t]': //': t]': coordination mode to E u (l) and two Na* cations. The hydroxo-O (l) forms a

m onodentate bond to E u (l)  and the carboxylate 0 (7 )  and 0 (8 )  form an anti, syn bridge to E u(l) 

and N a(l) , respectively. The carboxylate 0 (1 1 ) and 0 (1 2 ) donors form an anti, anti bridge to 

E u (l)  and Na(2), respectively. Ligand 2 bonds to a single Eu'" and tw o Na^ centres through a tj': 

t]': rj'\ t f  \ coordination mode where the hydroxo-0(13) forms a m onodentate bond to E u(l), 

while the carboxylate 0 (1 9 ) and 0 (2 0 ) donors form an anti, syn bridge to E u (l)  and Na(3), 

respectively. The additional carboxylate oxygen donors 0 (2 3 ) and 0 (2 4 )  form a chelate-bridging 

interaction to E u (l)  and Na(2'). The Eu(2) centre is coordinated by ligand 3 and ligand 4. The 

ligand 3 molecule has a t]': t]': t f \  bridging mode form ing a m onodentate interaction 

betw een the hydroxo-0(25) and Eu(2). The carboxylate donors 0 (3 1 ) and 0 (3 2 ) form anti, anti 

bridges to Eu(2) and Na(2"), respectively, leaving the second carboxylate 0 (3 5 ) and 0 (3 6 ) donors 

to form a bridging-chelate interaction to Eu(2) and N a (l ') , respectively. Ligand 4 coordinates to 

one Eu'" and three Na* centres through a tj': tj': t f :  t]~-m bonding description. The hydroxo- 

0 (3 7 ) forms a m onodentate interaction to Eu(2) and the carboxylate 0 (4 3 ) and 0 (4 4 ) donors form 

an anti, anti bridge to Eu(2) and N a(l"), respectively. The carboxylate 0 (4 7 ) and 0 (4 8 ) donors 

then adopt a bridging-chelate-bridging mode to Eu(2), N a(2) and Na(3), respectively.
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Scheme 4.2: Tiie coordination modes adopted by the four crystallographicaliy unique heidi ligands.

Due to the b ridg ing  nature o f  the heidi ligands to  E u ‘" and Na* ca tions, a chain o f  

a lternating  Eu"V Na^ po lyhedra  form  along  the /)-axis (F igu re 4.2a). T he E u ( l)  cen tre  bridges to 

N a(2) th rough a com m on vertex , w h ich  shares a fu rther com m on vertex  to Eu(2). The E u(2) is 

b ridged  to a N a( 1) th rough  a separate  com m on vertex  and N a( 1) fu rther connects to  a sym m etry  

equ ivalen t E u ( l ')  th rough a b ridg ing  ligand. T hrough  the prcscncc o f  inversion  cen trcs, a double 

a lternating  chain  o f  Eu"V N a ’ po lyhed ra  ex tend  in the h-axis.  T hese cha ins are fu rther bridged 

a long  the c-axis from  N a(2) po lyhed ra  th rough 0 (1 2 )  to  a second  Eu"V N a”̂ doub le  alternating  

chain  form ing layers in the ^)c-plane (F igure 4.2b). W ith in  the layers are sm all 8 -m cm bered  rings 

construc ted  from  four E u '"- and four N a"-ccn tres (F igu re 4 .2c). T he crysta l data  and structure 

refinem ent for 2 is p rov ided  in T ab le 4.2.

Eu(1) EiMD

w w W

W w W %

Figure 4.2: (a) Formation o f an alternating chain o f Eu /Na^ polyhedra through sharing a common vertex 
and bridging ligand interactions, (b) Formation o f  a layer in the 6c -plane through the bridging interaction of 
0 (12) to adjacent alternating chains, (c) The layers in 2 as viewed down the a-axis. Eu grey polyhedra, Na 
yellow polyhedra, O red, N blue and C black. H atoms have been omitted for clarity. The red circle identifies 
the 8-membered ring voids in the layer.
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T a b le  4 .2 : Crystal data and structure refinem ent for 2.

Identification code  

Em pirical formula 

Form ula w eight 

T emperature 

W avelength  

Crystal system  

Space group  

U nit cell d im ensions

V olum e

Z

D ensity  (calculated)

A bsorption coefficien t 

F(OOO)

Crystal size

Theta range for data co llection

Index ranges

R eflection s co llected

Independent reflections

C om p leten ess to theta =  25 .2 4 2 °

R efinem ent m ethod

Data / restraints / parameters

G o o d n ess-o f-flt on F^

Final R ind iccs [I>2sigm a(I)]

R ind ices (all data)

E xtinction coeffic ien t  

Largest d i f f  peak and hole

C 2 g H 4 6 E U 2 N 4 N a 3 0 2 5

1223 .59  

100(2) K 
0 .7 1 0 7 3  A 
T riclin ic  

P-l

a =  12 .5 0 8 0 (6 ) A 
b =  13 .2904(7 ) A 
c =  15 .9 1 2 9 (8 ) A 
2 3 4 4 .8 (2 ) A3 

2
1.733 M g m'^

2 .7 6 4  mm'*

1214

0 .2 3 0  X 0 .2 0 0  X 0 .2 0 0  mm^

1.674 to 27 .5 0 6 °.

-1 6 < = h < =  16, -1 7 < = k < =  17, -2 0 < = K = 2 0  

12 0 9 2 2

10759 [R(int) =  0 .0 3 7 5 ]

9 9 .9  %

Full-m atrix least-squares on F^

10759 /2 5  / 5 7 2  

1.068

R l =  0 .0 2 7 8 , w R 2 =  0 .0 7 4 4  

R l =  0 .0 3 5 1 , wR 2 =  0 .0 7 7 7  

n/a

3 .1 8 6  a n d -1 .5 4 6  e.A -3

a =  1 1 4 .2650(15)° . 

(3 =  9 3 .1 1 2 0 (1 7 )° . 

Y =  1 0 0 .6590(19)° .

4.2.2 Physicochemical characterisation o f 2

The phase purity o f 2 was confirmed through PXRD measurements with the reflections of 

the calculated powder pattern matching the experimental reflections obtained for the bulk material. 

An isostructural Tb'”-analogue (2-Tb) was synthesised and was shown to be have the same 

structure by comparing the PXRD with the Eu"'-analogue.

Using FT-IR spectroscopy, common bond stretches from the Heidi ligand were identified. 

Weak bands from 2971-2863 cm ' were assigned to alkyl C-H stretches and the characteristic C-N 

stretch identified at 1255 cm‘‘. The strong band at 1568 cm ' is assigned to the asymmetric 

carboxylate stretch while the symmetric stretch is identified at 1404 cm '. Using the equation 

A=[vasym(C02')-Vsym(C02')], valucs ranging from 164-261 cm ' support the assignment o f chelating 

and bridging interactions from the crystallography. The FT-IR spectra for 2-Eu and 2-Tb are 

identical.

The thermal stability of the structure was investigated by TGA in air. Two major 

decomposition events occur in the thermogram. An observed weight loss of 9.0% centred at 60 °C 

can be assigned to the loss o f three constitutional MeOH and one H^O molecule in the layer void
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(calc. 9.4%). The thermogravometric event centred at 371 °C is assigned to the decomposition of 

the four ligand molecules with an observed weight loss o f 39.5% {calc. 36.3%).

TbJ 6.0x10"- I 

j  2.0x10’ -

 Exp
 Calc. b

0.0
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4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ’)

200 400
Temperature (°C)

600
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Figure 4.3: (a) Comparison o f  experimental versus calculated PXRD patterns o f bulk 2-Eu indicate phase 
purity, (b) Comparison o f  experimental PXRD patterns o f  2-Eu and 2-Tb indicate they are isostructural 
materials, (c) FT-IR spectra o f  2-Eu and 2-Tb and (d) thermograms o f  2-Eu and 2-Tb in air. * indicate 
reflections from instrumental artefacts.

4.2.3 Crystal structure of Na2[Eu(Hheidi)(heidi)(H20)2] H2O, (3)

The compound Na2[Eu(Hheidi)(heidi)(H2 0 )2] H2 0 , 3, was synthesised from the reaction of 

one equivalent of Hsheidi and EUCI3 6 H2O in the presence o f NaOH in a H2O/ MeOH solvent 

system (1:3 v:v). Following stirring the reaction mixture was heated solvothermally at 100 °C for 

16 hours followed by slow cooling to room temperature. Upon cooling small plate crystals of 3 

were isolated and one selected for characterisation by single crystal X-ray diffraction.
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Figure 4.4: The asymmetric unit o f  Na2[Eu(Hheidi)(heidi){H20)2] H 20, 3. Eu grey, Na yellow , O red, N 
blue, C black. H atoms are omitted for clarity. Faded atoms represent symmetry generated atoms.

The com pound 3 crystallises in the triclinic crystal system  in the space group P I and 

consists o f  a dinuclear |E u 2 } core unit stabilised by the H 3 heidi ligand and packs into layers 

through interactions with the N a’ cations that balance for charge. The asym m etric unit contains a 

single E u (l)  ion, one singly protonated Hheidi and one fiilly deprotonated heidi ligand, two 

coordinated w ater molecules and a constitutional water m olecule (Figure 4.4). The E u(l) is 9- 

coordinate through the coordination o f  the two heidi ligands. The E u(l) is coordinated by the 

oxygen donors 0 (1 ) , 0 (7 )  and 0 (1 1 ) o f  one ligand, 0 (1 3 ), 0 (1 9 ) and 0 (2 3 ) o f  the second ligand 

and a further 0 (1 3 ')  that comes from a hydroxo-group from a sym m etry related E u (l') . The 

coordination is com pleted by N(4) and N (16) o f  the tw o ligands. There are two N a ’ cations to 

charge balance the system. Na(1) is 6-coordinate and may be view ed as being in a distorted 

octahedral geom etry coordinated by 0 (1 1 ') , 0 (1 3 ') , 0 (1 9 ') , 0 (2 4 ") and 0 (2 3 ) from four different 

ligand donors and a coordinated water m olecule 0 ( l s ) .  The Na(2) ion is 5-coordinate and the 

coordination geom etry can be visualised as a square based pyram id coordinated by 0 (1 9 ), 0 (2 0 ) 

and 0 (8 ')  o f  tw o distinct ligand molecules. Two w ater m olecules 0 ( l s )  and 0 (2 s)  com plete the 

coordination sphere.

There are two crystallographically unique ligand m olecules in the binuclear com plex o f 3. 

Ligand 1 has a >/': )/': ?/': rf-fi}, bonding description where 0 (1 )  forms a m onodentate

interaction to E u (l) , whereas the carboxylate donors 0 (7 )  and 0 (8 )  form an anti, syn bridging 

interaction to E u (l)  and N a(2'), respectively. The donor 0 (1 1 ) forms a / 2̂ -bridge between E u(l) 

and N a(l). Ligand 2 presents a t]': i]': \ tf-fis bonding description, where the hydroxo-0(13)

forms a //3 -bridge between E u (l)  and E u (l')  to form a dinuclear com plex and a further bridge to 

N a(l) . The carboxylate donors 0 (1 9 ) and 0 (2 0 ) fonn  a bridging-chelate interaction to E u (l)  and 

Na(2), respectively. The carboxylate donor 0 (2 3 ) forms a //^-bridge betw een Eu( 1) and Na( 1).
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Schem e 4.3: The bonding descriptions adopted by Ligand I and L igand 2 in the structure o f  3.

The E u -0  bond lengths are sum m arised in Table 4.3. The bond lengths range between 

2.3855-2.5254 A, depending on the type o f  interaction. N otably, E u (l)-0 (1 3 ) and E u (l)-0 (1 3 ')  are 

particularly short, due to the //2 -bridging interaction between the ethyl hydoxo 0 -donor and the two 

Eu'" centres. In contrast, when the sim ilar ethyl hydroxo-0( I ) forms the m onodentate interaction to 

E u (l) , a longer bond length o f  2.5254 A is observed, w hich is sim ilar that reported for lanthanide 

com plexes o f  2-hydroxypropane-l,3-diamine-A^,A^,AT,7V'-tetraacetic acid.'^ Due to the more 

electrostatic nature o f  the interaction, the Eu-N bonds are longer, ranging from 2.6350-2.745 A, in 

agreement with sim ilar lanthanide complexes.

Table 4.3: Selected bond lengths in 3.

Bond Bond Length (A) Bond Bond Length (A)
E u(l)-O d) 2.5254(14) E u ( l ) - 0 ( I9 ) 2.4849(13)

E u ( l ) -0 (7 ) 2.4261(13) E u(l)-0{23) 2.4493(13)

E u ( l ) - 0 ( I1 ) 2.4103(13) Eu(l)-N (4) 2.7452(12)

E u ( i ) -0 ( I3 ) 2.3898(13) Eu (1 )-N( 16) 2.6350(16)

E u(l ) -0 (13 ) 2.3855(13)

The two distinct ligand coordination modes com plete the coordination around the E u (l)  

centre. The coordination o f 0 (1 3 ) is im portant in forming a // 3 -bridge between E u (l)  and Eu( l')  

and a N a ( l ') centre. In the middle o f  the binuclear unit is an inversion centre relating the two Eu'" 

centres and ligands by symmetry. As a result, the Eu( 1) and Eu( I ') share a com m on edge through 

0 (1 3 ) and 0 (1 3 '). The charge o f  the binuclear unit is balanced for by the {NaiO^} polyhedra where 

the N a(l)  shares a common face with E u (l)  through the oxygen donors 0 (1 1 ), 0 (1 3 )  and 0(19). 

The N a(l)  ion also shares a common edge w ith the sym m etry-related E u (l')  through the donor 

atoms 0 (1 3 ) and 0 (2 3 '). This results in a N a 4 [Eu2 (H heidi)2 (heidi)2 (H 2 0 )4 ] repeating unit that 

bridges to adjacent units in the a-axis through the carboxylate 0 (2 3 ) and 0 (2 4 ) oxygen donors to 

N a (l)  ions and along the c-axis through the donor atoms 0 (7 )  and 0 (8 ) to Na(2) centres (Figure 

4.5b). This results in the formation o f  layers in the Z>c-plane (Figure 4.6).



Figure 4.5: (a) Structure o f the bridged {Eui} dimer through two /i3-bridging 0(13) donors, (b) The {Eui} 
dimer is stabilised by {Na^Oij} polyhedra forming a repeating unit through ligand bridges along the a- and c- 
axis through the 0(7) and 0(8) donor atoms.

These layers are further stabilised though interlayer and intralayer hydrogen bonding. 

Interlayer hydrogen bonds (Figure 4.6, blue dashed bonds) fom i between the constitutional water 

m olecule 0 (3 s)  and the carboxylate donors 0 (1 2 )  and 0 (2 0 ) and the coordinated water m olecule 

0 (2 s). Further hydrogen bonds between layers also form between C (9 )-H (9 )...0 (1 2 ) o f  two 

ligands in different layers. Intralayer hydrogen bonding (Figure 4.6, red dashed bonds) forms 

betw een the coordinated w ater molecules 0 ( l s )  and 0 (2 s )  and the carboxylate donor atoms 0 (7 ), 

0 (8 )  and 0 (1 2 ). The additional hydrogen bonds C (5)-H (5A )...0(20)#2 and C( 14)-H( 14B )...0( 1)#1 

form between ligands in proxim ity to each other. The hydrogen bond distances (Table 4.4) range 

betw een 2.739-3.530 A and result in stabilisation o f  the layered m otif in the structure. The 

structure refinem ent and crystal data details are sum m arised in Table 4.5.

Figure 4.6: Hydrogen bonding in layers o f 3 as viewed down (a) the b-axis and (b) the a-axis.
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Table 4.4: Selected hydrogen bond distances in 3.

D onor-Acceptor 

Distance (A)
Donor-Acceptor 

Distance (A)
0(3S)-H (3C)...0(12)#2 2.798(2) 0 (iS )-H (IC )...0 (12 ) 2.739(2)

0(3S)-H (3D )...0(20)#6 2.828(2) 0(IS)-H (1D )...0(7A )#4 2.7914(19)

0(2S)-H (2D )...0(3S)#4 2.765(2) 0(2S)-H (2C)...0(8A )#4 2.840(2)

C(9)-H(9A)...0(3S)#5 3.530(3) C(5)-H(5A)...0(20)#2 3.514(2)

C(17)-H (I7A )...0(!2)#7 3.406(2) C(14)-H(14B)...0(1)#I 3.122(2)

Table 4.5; Crystal data and structure refrnement for 3.

Identification code 3
Empirical formula CijH jiEuN jN ajO ij
Formula weight 599.25
Temperanire 100(2) K
Wavelength 0,71073 A
Crystal system Triclinic
Spacc group P-1
Unit cell dimensions a = 8.7398(6) A a  = 84.8900( 11)° 

b = 9.6611(6) A p = 89.7047(10)° 
c = 12.7638(9) A Y = 66.5894(9)°.

Volume 984.54(11) A3
Z 2
Density (calculated) 2.021 Mg m‘3
Absorption coefficient 3.300 mm '
F(OOO) 592
Crystal size 0.260 X 0.210 X 0,180 mm^
Theta range for data collection 1.603 to 26.043°.
Index ranges -I0<=h<=10, -I K = k<=l I, -I4<=K =15
Reflections collected 6782
Independent reflections 3732 [R(int) = 0.0072]
Completeness to theta = 25.242° 96.9%
Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 3732 / 6 / 295
Goodness-of-fit on 1.160
Final R indices [I>2sigma(I)] Rl =0.0133, wR2 = 0.0350
R indices (all data) R1 =0.0134, wR2 = 0.0350
Extinction coefficient n/a
Largest diff. peak and hole 0.972 and -0.443 e.A'^

4.2.4 Physicochemical characterisation o f 3

The PXRD pattern o f  3-Eu showed that the bulk material is phase pure through the 

agreem ent o f  the experim ental reflections against those calculated from the structure model 

discussed above (Figure 4.7a). Further to this, it was possible to synthesise the N d"'-analogue, 3- 

Nd, w hich was shown to be isostructural to 3-Eu by PXRD (Figure 4.7b).

U sing FT-IR spectroscopy the characteristic C-N stretch o f  the ligand at 1255 cm ', along 

with C-H stretching bands at 2971-2840 cm ‘ from the ligand backbone were identified (Figure
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4.7c). The carboxylate stretches give rise to two bands. Asymmetric stretching was assigned to 

bands at 1599 and 1576 cm ', while the symmetric stretches occur between 1413-1344 cm '. By 

applying the equation, A=[Vasym(C02')-Vsym(C02')], values in the range A=163-255 cm ' were 

calculated and complement the crystallographic identification of bridging and chelating 

interactions between the carboxylate to the metal centres.

The thermal stability in air was studied using TGA and revealed two main 

thermogravimetric events (Figure 4.7d). An early weight loss o f 8.5% centred at 110 °C was 

assigned to the loss of three coordinated water molecules (calc. 9.0%). The material remained 

stable up to 300 °C where the decomposition o f the ligand at 368 °C resulted in the a weight loss of 

40.4% (calc. 36.7%).

3x10"  Nd Exp
 Calc b

2x10'-

-1x10^-

40 10 20 X 40 SO10 20 30 50

 NdNd §.5%
IM S

90

Eu

60

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm ’)
200 400

Temperature (®C)
600 800

Figure 4.7: (a) Comparison o f experimental versus calculated PXRD patterns o f bulk 3-Eu indicate phase 
purity, (b) Comparison o f experimental PXRD patterns for the isostructural 3-Eu and 3-Nd materials, (c) 
FT-IR spectra for 3-Eu and 2-Nd and (d) thermograms o f  3-Eu and 3-Nd in air. * indicate reflections from 
instrumental artefacts.

4.3 Solid-state and solution emission studies o f lanthanide-heidi 
complexes: Understanding complex stability in solution

To probe the environment o f the lanthanide centres, the steady-state and time-resolved 

emission properties of the 2-Ln and 3-Ln series were studied in both the solid-state and in 

solution.
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Figure 4.8: (a) Solid-state PL spectmm o f  mononuclear 2-Tb under direct excitation (X̂ x = 377 nm, 
^D3<— (b) Corresponding excitation spectrum (>̂ ni = 544 nm, ^04—>̂ F5). (c) Emission decay curve (open 
symbols) and monoexponential fit (red line) for 2-Tb in the solid-state =  Y l l  nm, -  544 nm). Inset: 
Ln (intensity) vs. time linear fit supporting a single exponential fit to the decay data.

In the solid-state, upon excitation into the Tb'" centre, em ission in the range 450-670 nm is 

observed for the m ononuclear 2-Tb, which arises from 0̂ 4 —>^F/ transitions (J  = 6-2) (Figure 

4.8a). The same em ission bands are also observed in aqueous solution, with some loss in the 

resolution o f the line splitting due to interaction with the solvent. The excitation spectrum  was 

m easured monitoring the 0̂ 4 — transit ion and shows m etal-centred excitation bands from the 

ground state, 0̂ 4 , to the ^D3, ^Lio and excited states (Figure 4.8b). The characteristic emission 

can be observed when excited into these levels. The solid-state emission quantum yield o f  2-Tb is 

reasonable at (Ppi = 7.7%  and the observed em ission lifetime (determ ined from a m onoexponential 

fit to the emission decay) was found to be robs = 1.40±0.07 ms (Figure 4.8c).
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F igu re  4 .9 : (a ) Solid-state PL spectrum  o f  2 -E u  under direct excitation =  394  nm , ^Fq). (b) 

C orresponding excitation  spectrum  (A-em =  615 nm, ^Dq—►̂ Fi). (c ) Experim ental trace o f  the ^Dq—>̂ Fo 

transition (black line) and the G aussian deconvolution  fit to a s in g le  peak (red line) indicating one Eu'" site, 

(d) Em ission decay curve (open  sym b ols) and m onoexponential fit (red line) for 2 -E u  in the solid-state (X„ = 

3 94  nm, = 615 nm). Inset: Ln (intensity) vs. tim e linear line fit supporting a single exponential fit to the 

decay data.

The photophysical analysis o f  the Eu”'-analogues o f  the m ononuclear (2-Eu) and binuclear 

(3-Eu) com plexes provide further insight into the stability. W hen 2-Eu is excited directly into the 

E u"‘ centre in the solid-state, a red PL is observed from the ^Dq— transitions (J  = 0-4) in the 

range 550-725 nm. No additional emission bands are observed from the '^D| m anifold indicting that 

relaxation from  the higher excited states is efficient (F igure 4.9a). A distinct splitting pattern for 

the^Dfl—>̂ F./ transitions (J  = 1 ,2  and 4) into three, two and four bands at the resolution o f  the 

m easurem ent is observed. Gaussian deconvolution o f  the ^Do—>-̂ Fn revealed a single com ponent at 

578.8 nm (Figure 4.9c). The crystal structure indicates that there are two unique Eu'" centres 

which differ in the nature o f  the coordinating solvent (w ater or M eOH m olecule). Because the 

coordination environm ent o f  the Eu( l )  and Eu(2) centres are very sim ilar and both are coordinated 

by a solvent m olecule with a 0 -H  group present, the value o f  the separate ^Do—►̂Fo band o f each 

Eu'" centre are too close to be differentiated. The corresponding excitation spectrum  for 2-Eu 

m onitored in the ^Do—+’F 2  m anifold identifies excitation bands in the Eu'" centre from the ground 

state ’Fq to the ^D4 _i, ^L6, and ^F/ excited states (Figure 4.9b). The em ission quantum

yields in the solid-state were determ ined to be 0 p i  = 8.7%  under excitation at = 393 nm. The 

observed em ission lifetime was detenTiined from a m onoexponential fit to the em ission decay to 

give a value o f  robs = 0.69±0.04 ms. The em ission lifetime was used to determ ine the num ber o f 

coordinated w ater m olecules, using the equation:
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n^ = l.ll[— f c ^ „ d -0 .3 1 ]  Eqn.4.1
^obs

w here Tobs is the observed lifetime and k, is the radiative rate constant. For 2-Eu k, was determined 

as 1.456 ms ' (from Eqn. 1.3) and when substituted into Eqn. 4.1, the num ber o f  coordinated water 

molecules, = 0.97 is calculated, which clearly supports the crystallographic data. In aqueous 

solution, the PL spectrum was found to match the solid-state material with some slight broadening 

o f  the em ission bands, however, the same band splitting is still observed. This suggests that the 

ligand coordination in the m ononuclear [Eu(Hheidi)(heidi)(H20)]"‘ moiety remains the same. The 

emission lifetimes were m easured in H 2 O and D 2 O after initial dissolution and repeated 12 hours 

later. The lifetime in H 2 O at Tobs = 0.41 ±0.02 ms is shorter than the solid-state due to quenching by 

O-H oscillators from the solvent. As expected, the observed lifetime is longer in D 2 O (lobs = 

2.49±0.09 ms). Using these values, the num ber o f  w ater m olecules is determ ined to be, = 1.89, 

which suggests that although the Eu"’ centre m aintains the ligand coordination, in solution, the 

coordination sphere expands to accom m odate a second coordinated water molecule, forming a 

slightly different stable species in solution w ith the formula, [Eu(Hheidi)(heidi)(H20)2]"‘. After 12 

hours, the observed lifetimes were r„bs = 0.41±0.02 ms (H^O) and Tobs = 2.52±0.09 ms (D 2 O) 

showing no significant change in the n̂ . This suggests that the modified 

[Eu(Hheidi)(heidi)(H20)2]^' species rem ains stable in solution. This provides insight into the 

potential o f  this Hsheidi for stabilisation o f  lanthanide ions in solution and will be considered in 

Chapter 6 where Hjheidi is used to aid coordination o f  additional organic ligands to lanthanides.
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Figure 4.10: (a) Solid-state PL spectrum o f binuclear 3-Eu under direct excitation = 393.5 nm, 
L̂fi<—’Fo). (b) Corresponding excitation spectrum (A-em = 615 nm, ^Do—>’F2). (c) Experimental trace o f the 

^Dq—>’Fo transition (black line) and the Gaussian deconvolution fit to a single peak (red line) indicating one 
Eu'" site, (d) Emission decay curve(open symbols) and monoexponential fit (red line) for 3-Eu in the solid- 
state (X.CX = 393.5 nm, Xcm = 615 nm). Inset: Ln (intensity) vs. time linear fit supporting a single exponential 
fit to the decay data.
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The binuclear complex, 3-Eu, also displays em ission bands in the range 550-720 nm 

arising from ^Do—>-’Fj transitions ( J =  0-4) upon direction excitation o f  the metal centre. Due to the 

different coordination environm ent o f  3-Eu, the splitting o f  the ^Dq— j  transitions ( J = 1 ,2  and 4) 

into two, three and seven bands can be observed. No em ission from the higher ^D| excited state 

suggesting efficient relaxation into the ^Dq m anifold (Figure 4.10a). The ^Dq—♦’Fc transition was 

deconvoluted using a single G aussian band centred at 578.5 nm, supporting a single Eu"' 

environm ent in the crystal structure (Figure 4.10c). The excitation spectrum while monitoring the 

^Dq—>’Ft transition (X.cm = 615 nm) indicates transitions from the ground state into the ’Fq to the ^D/ 

( J =  1-4), '^G/ ( J =  2-6), ^L6, and ^Fy excited states. Direct excitation into these transitions also 

yielded the characteristic Eu'" PL spectrum . The em ission quantum  yield for 3-Eu was determ ined 

to be 0pi = 11.9% and the observed em ission lifetime in the solid-state was r  = 1.10±0.06 ms 

{monoexponential decay fit). The increased lifetime and im provem ent in the em ission quantum 

yield reflect the absence o f  a coordinated w ater molecule. Using Eqn. 4.1 the value was 

determ ined as = 0.37 and the slightly elevated value above zero suggests that the two //2 -OH 

bridges between the Eu'" centres provide an additional non-radiative pathway. Following 

sonication, the bincuclear 3-Eu dissolved in aqueous solution and the PL properties were 

investigated. W hen excited into the ^L*—>̂ Fo excited state, the em ission spectrum  resem bles that o f 

the m ononuclear, 2-Eu, discussed above, and w as observed by the change in the Stark splitting o f  

the ^Dq—>^F/ transitions (J  =  1, 2 and 4) to m atch that o f  2-Eu. The emission lifetime in H 2 O 

determ ined to be Tobs -  0.42±0.02 ms, w hich m atches that measured for 2-Eu under comparable 

conditions. This indicates that in dissolving the binuclear 3-Eu, the //i-O H  bridges are broken and 

the excess o f  solvent water in the system favours the formation o f  the m ononuclear complex. This 

indicates that in solution there is a stable species and in synthesising new clusters, the synthetic 

conditions need to be varied in term s o f  solvent and pressure as shown by the isolation o f  the 

binuclear 3-Eu. The sum m ary o f  the em ission quantum  yield and lifetime m easurem ents for 2-Ln 

and 3-Ln are provided in Table 4.6.

Table 4.6: Optical properties determined for 2-Ln and 3-Ln including the emission quantum yield, 
observed lifetime emission lifetime (in solid-state), observed emission lifetime in H2 O and D2O, rH2o and 
T[)2o< respectively, and the number of water molecules in the first coordination sphere, «*•

Nam e <t>?i (% ) Tss (ms) ^H2o (ms) ru2o (ms) ««

2-Eu

+12 hours

8.7 (solid-state) 0.69 ±  0.04 0.42 ± 0.02 

0.41 ± 0 .0 2

2.49 ± 0.09 

2.52 ± 0 .0 9

0.97 solid-state 

1.89 aq

3-Eu 1 1.9 (solid-state) 1 .1 0 ± 0 .0 6 0.43 ± 0.02

2-Tb 7.7 (solid-state) 1.40 ± 0 .0 7
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■'Gs/2<—''Uq). (b) C o rre sp o n d in g  ex c ita tio n  sp ec tru m  (Xem = 1 0 6 1  nm , ''F3/2—>''ln/2 ).

Direct excitation o f the binuclear complex 3-Nd results in characteristic Nd'" emission in 

the NIR region (Figure 4.11a) arising from the ^p3/2—♦‘'ly/2 (J = 9, 11, 13). Under the same slit 

widths and excitation wavelength, it is noted that the absolute emission intensity is weaker than 

that observed for the Nd-phosphonates reported in Chapter 3 and may be due to the lack o f a 

ligand sensitisation pathway. When the emission maximum of the '*F3/2—>''l|i/2 transition is 

monitored, the excitation spectrum in the visible range displays excitation bands from the ground 

state "'I9/2 to the ‘'S7/2, "F7/2, *Gj/2 (J=  5, 7), 'I11/2 and ‘*Dj/2 excited states (Figure 4.11b).

Lanthanide ions that emit in the NIR are promising agents for imaging o f c e l l s . T h e  

addition of a sensitising organic moiety ensures that the lanthanide remains emissive and the NIR 

emission ensures that autotluorescence does not interfere with the measurement. In the case of a 

NIR metal organic framework, it was shown that the high density of Yb'" ions in the structure was 

favourable to a strong NIR response in cell tissues.^” The synthesis of these binuclear complexes 

shows that lanthanide centres can be brought in closer proximity to one another through //2- 

bridging interactions. If the iminodiacetic acid group is attached onto aromatic backbones and 

synthetic conditions found to promote //2-bridging interactions, with the potential to sensitise NIR 

emission from the lanthanides, a new group of hybrid materials may be accessible that could be 

investigated as imaging agents in cells and other media. This concept will be considered further in 

Chapter 5.

4.4 Conclusions and Outlook

The ligand Hsheidi has been used to synthesise two novel lanthanide complexes. The ligand

coordination in both complexes is similar where the three arms o f the ligand coordinate to the

lanthanide centre providing a coordination sphere that minimises multiple water molecules

coordinating to the lanthanide centre. We show that by controlling the solvent system, base

strength and by increasing the synthetic pressure conditions we can favour complexes where

multiple Ln'" centres are bridged by the formation o f ni-  hydroxo-bridges. The PL properties o f the

resulting complexes have been studied. With a particular focus on the Eu"'-analogues o f these

materials, the mononuclear species has been identified to favourably form in solution, as
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demonstrated when binuclear 3-Eu is dissolved in water. This shows that in solution two ligands 

favourably coordinate around the lanthanide centre. This is a particularly useful situation when a 

second ligand is intended to coordinate to the lanthanide centre as it must gradually displace the 

heidi ligand and so favour slow crystallising conditions. This approach to crystallisation will be 

exploited in Chapter 6.

Through direct excitation o f the Ln'" centre, the emission quantum yields o f the Eu'"- and 

Tb'"-complexes are reasonable at ca. 10%, and these properties could be improved by the inclusion 

o f the iminodiacetic acid moiety onto an aromatic backbone, where sensitisation could be used to 

improve the PL efficiency. By combining an aromatic sensitiser and the bridging nature of the 

ligand to lanthanide centres, it may be possible to synthesise hybrid materials that are 2D or 3D in 

nature with a high density o f lanthanide centres. If a material has a high density o f NIR-emitting 

lanthanide centres coupled with sensitisation to improve the PL properties, they may be envisioned 

for applications in cell imaging. This idea is considered further in Chapter 5.
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Chapter Five

Synthesis and characterisation of novel lanthanide- 

organic hybrid materials using iminodiacetic acid 

substituted aromatic ligands
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5.1 Introduction

In chap te r 4 w e successfu lly  characterised  new  lan than ide c luste rs derived  from  the ligand 

A ^-(2-hydroxyethyl)im inodiacetic acid , H 3heidi. W e have show n, th rough  careful cho ice  o f  the 

base, so lven t and p ressu re cond itions o f  the reaction , that w e can tune the nature o f  the bridging 

bonds from  m onodcn tate  o r che la ting  in teractions, to b ridg ing  in teractions betw een  m ultip le 

lan than ide centres.

H aving  es tab lished  the coord ination  and PL p roperties o f  these clusters, w e w an ted  to 

com bine the flexible coord ina tion  o f  the im inod iacetate  g roup  w ith  the potential to  sensitise 

lan than ide PL through an arom atic  p la tfo rm  and  take the first steps tow ards iden tify ing  new  

lan than ide-o rgan ic hybrid  m ateria ls that will have optical p roperties su itab le fo r advanced  optical 

app lica tions such as sensing  and  w hite-ligh ting .

' 'C 0 2 H

R' =  H , R "  =  SO3H S O jh d a  R' =  H, R ' ’ = H: H ^C hnida
R' =  '""Bu , R  "  =  '“ 'Bu: © U jh d a  R' =  C O ,H . R "  = H: H ^C 3hnida
R' =  X, R "  = X. S c 2 h d a  R ' =  H, R "  =  CO^H: H ,C 6 h n id a
R ' =  M e  , R ' '  = C,2H25: C , 2 ,M e h d a

Schcm c 5.1: The library o f  im inodiacetic acid substituted naphthol- and phenol-type ligands discussed 
below.

A library  o f  im inodiacetic  ac id  substitu ted  naph tho l- and  phenol-type ligands have been

stud ied  w ith  d iffe ren t m etal ions (Scheme 5.1). F e" ' com plexes have prev iously  been isolated

using  these ligands w ith resu lting  2D  and  3D  arch itec tu res in w hich  the hydrophobic arom atic

backbone influences the final structure.'"^ U sing  the substitu ted  naphthol, H4C3hnida, resu lts in the

dense honeycom b structure o f  N a6[F e2(//-0 )(/<-C0 3 )(C 3 hn ida)2] w here  the iron d inuc lea r unit

crysta llises into a honeycom b m o tif  th rough b ridg ing  N a ’̂  ca tio n s .' The F e”'a n d  Na* ions sit in the

w alls o f  the structure and the hydrophobic naphthyl m o ie ties occupy  the channel space form ing  a

dense ne tw o rk .' C hang ing  th e  ligand to the substitu ted  phenol, S 0 3 hda, the addition  o f  the sulfonic

group  resu lts in an open  fram ew ork  K 6[F e2(yU-0 )(//-C 0 3 )(S 0 3 h d a)2)] tha t reta ins the honeycom b

motif.^ T he p resence o f  the sulfonic group  forces the ligand to  align  w ith in  the w alls  o f  the netw ork

to p roduce the open fram ew ork. This approach  can also  be expanded  to o ther m etal ions. For

exam ple , by  reaction  o f  C u" w ith  the naph tho l, H shnida, dense honeycom b netw orks o f

K 2[C u"(hn ida)2] -21-120 are isolated.^ M odify ing  the ligand to  have an ex tra  carboxylic ac id  group

in the 6 -position  allow ed the structure to  be tuned  from  the 3D  honeycom b fram ew ork  to  a layered-

p illared  3D  structure , w here the additional carboxy lic  ac id  group  o rien ta tes the ligand so tha t layers

o f  K 4[(C u"(C 6hn ida)]2 -4H 20-4M e0H  are p illared  by the ligand.^

U tilising  phenol-type ligands w ith  bulky side groups p roduces the layered  hybrid  m ateria ls

[(F e(/B uhda)(H 20)2]-3H 20,'' [ (F e(B c h d a)(H 2 0 )(M e0 H )]-4 H 2 0  and
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[(Fe(Ci2,Mehda)(H2 0 )2] «H2 0 .̂  These layered complexes are favoured in neutral solvent 

conditions (e.g. HiO/EtOH 1:1 v/v). In addition, there are ordered hydrogen bonded H2O chains 

between the inorganic-organic layers, w'hich are structurally related to the ice polymorph, /h, that 

allowed the self-assembly o f spherical aggregates on the nanometre scale and its potential to model 

properties in biological systems was observed.^

The reaction o f these types of ligands with lanthanide ions is still unknown. The aim of 

this chapter is to address this issue and synthesise new lanthanide-organic hybrid materials using 

iminodiacetic acid substituted naphthol ligands. We will study the synthetic conditions that lead to 

different hierarchical structures and look for structural features that will favour potential sensing 

applications based on the optical properties o f the resulting materials.

5.2 Synthesis and characterisation of the ligands

The two ligands investigated are 2,2'-((3-carboxy-2-hydroxynaphthalen-l- 

yl)methylazanediyl)diacetic acid (H4C3hnida) and 2 ,2 '-((6 -carboxy-2 -hydroxynaphthalen-l- 

yl)methylazanediyl)diacetic acid (H4C6hnida). Both ligands contain an iminodiacetic acid 

functionality in the 1-position with an adjacent hydroxyl group. The ligands vary in the position of 

a third carboxylate group grafted directly to the aromatic ring in the 3- and 6 -position, respectively. 

The ligands are shown in Scheme 5.2.

3 , C 0 2 H

2 OH

CO2H

CO2H

OH

S c h e m e  5 .2 : Structure o f  the tw o ligands, H4C3hnida and H4C6hnida, used in this study.

5.2.1 Synthetic mechanism for naphthol substituted iminodiacetic acids

The synthesis o f  these ligands has been reported previously*'  ̂ and they were prepared by 

reacting the corresponding naphthols, iminodiacetic acid and formaldehyde using the Mannich 

reaction under acidic conditions. The first step requires the formation o f the iminium ion by the 

nucleophilic addition from the lone pair of electrons on the N-atom in iminodiacetic acid to the C- 

atom on formaldehyde. This is followed by the internal rearrangement o f a proton from the 

nitrogen to the aldol oxygen centre. A subsequent dehydration step results in the iminium ion 

(Scheme 5.3).
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S c h e m e  5 .3 : F o rm atio n  o f  the  im in ium  ion u n d e r ac id ic  co n d itions.

In the second step, an electrophilic substitution of the iminium ion onto the naphthol 

reagent results in the formation o f C-C bond between the aromatic ring and the iminium ion to 

yield the product. The mechanism for the electrophilic substitution is summarised in Scheme 5.4.

O - H

HOzC O N . ^ C O j H

R"

OH

R"

H 4C3hnida: R '= C 02H , R"=H 

H 4C6hnida: R'=H, R "= C 02H  

S c h e m e  5 .4 : M ech an ism  fo r the  e lec tro p h ilic  a ro m atic  su b stitu tio n  o f  the  im in ium  ion to the  n aph tho l.

Identification and purity o f the ligand products was confirmed through a combination of 'H 

NMR, FT-IR and mass spectrometry (Experimental, Chapter 2) to identify aliphatic and aromatic 

protons and the characteristic C-N bond stretches. All ligands were made in good yield (ca. 60- 

65%).

5.2.2 Optical properties o f H4C3 hnida and H4C6 hnida

The optical properties o f the ligands were investigated using UVA^is absorption, steady- 

state and time-resolved PL spectroscopies. Three different solvents, H^O, CH3CN and THF, were 

investigated, which vary from polar to non-polar, and protic to aprotic solvent systems. The 

polarity o f these solvents is reflected by their dielectric constants (Table 5.1)



Table 5.1: The dielectric constants o f  the solvents used to study the optical properties o f  H4C3hnida and 
H4C6hnida.

Dielectric

C onstant

HjO 78.54

C H ,C N 36.64

THF 7.52

The ligand H4C 3 hnida is yellow and the UV/Vis absorption spectrum  contains three bands 

in the range 200-500 nm. Two bands below 300 nm can be assigned to the naphthalene backbone, 

an S2 band at 237 nm (42,194 cm ') and S/ band at 286 nm. (34,965 cm ') (Figure 5.1a, Table 5.2). 

The 5| band has vibrational fine structure as observed for naphthalene.^'  ̂ However, the molar 

absorption coefficient (e = 5375 dm^ mol ' cm  ' in H iO ) o f  H4C 3 hnida is considerably higher than 

naphthalene (250 dm^ mol ' cm ').** The highly sym m etrical nature o f  the structure o f  naphthalene 

results in the 5|<—So transition being forbidden due to sym m etry argum ents o f  the m olecular 

orbitals involved.’ The addition o f  extra functionality in the 1-, 2- and 3- positions lowers the 

symmetry in H4C 3 hnida and so the S|<—5o becom es more allowed. There is a further absorption 

band in H4C 3 hnida centred at 357 nm (e = 2887 dm ’ mol ' cm  ' in HiO). This band is not observed 

in naphthalene and could be explained through resonance effects where the lone pairs o f  electrons 

on the alcohol and carboxylic acid group extend the conjugation o f  the naphthalene chrom ophore. 

This effect is well docum ented in phenols and the relationship o f  substituent effects is well 

docum ented; however, predicting this effect in naphthols is less straightforward.

When the carboxylic acid group is moved further away from the alcohol group to the 6 - 

position, the appearance o f  the resulting ligand, H4C 6 hnida, is white. The UVA^is absorption 

spectrum  in H2O contains two bands; the Si band at 238 nm (42,017 cm ') is still observed and a 

w eaker band at 303 nm (33,003 cm ') that red-shifts to 311 nm (32,154 cm ') in the less polar 

solvents, CH3CN and THF, respectively, is assigned to the excited state (Figure 5.1c, Table 

5.2). The moderate red-shift o f  the 5o band to lower energy may be due to the extended 

conjugation o f  the chrom ophore through resonance induction through the -C O 2H and -O H  

functional groups.
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Figure 5.1: Solution UVA^is absorption and normalised solution PL spectra (absorbance 0 .1) for H4C3hnida 
(a, b) and H4C6hnida (c, d).

Table 5.2: Table o f optical properties for H4C3hnida and H4C6hnida in HiO, THF and CH 3CN. X-̂ bs the 
absorption maximum, e is the molar absorption coefficient, Tobs is the observed emission lifetime and t r  is the

ID"*
radiative lifetime determined from where e is the molar absorption coefficient.

Ligand
Solvent Kbs (nm)/

£ (dm’ mol ' cm ')
Khs (nm) Uhs (ns) Tr (ns)

H4C3hnida H 2O 285/ 5375, 357/ 2887 529 3.1 19, 34

THF 357 516

CHjCN 358 504

H4C6hnida H 2O 303/7120 367(w), 450 3.7 14

THF 311 360

CH 3 CN 311 -

The PL spectrum o f H4C3hnida upon excitation in the 360 nm band reveals a single broad 

band across the visible region centred around 500 nm. Changing the solvent results in a shift in the 

emission maximum (A.cm) from 529 nm in H 2 O, to 504 nm in CH 3 CN (Figure 5.1b, Table 5.2). The 

emission maximum does not vary in accordance with solvent polarity as the = 516 nm in THF 

(least polar). The observed shifts in A-cm may be explained through the ability o f the solvent to 

hydrogen bond with the excited state. The lone pair electrons on oxygen in H2 O and THF facilitate
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the ability o f  the solvent to form hydrogen bonds and will stabilise the excited state resulting in the 

red-shift in com pared to C H 3 CN, w hich does not facilitate hydrogen bonding.

The PL spectra for H4 C 6 hnida (Figure 5.1 d) differ considerably. When excited into the 5| 

band, a broad em ission band in the range 340-600 nm is observed in H 2 O. Closer inspection 

indicates the presence o f  two emission bands; a w eaker band centred at 367 nm and a more intense 

band at 450 nm. In THF, the emission spectrum  changes further, with a unique broad em ission 

band in the range 340-500 nm and the observed band at 450 nm in H 2 O, appears to be quenched or 

significantly blue-shifted. Notably, in CH 3 CN, the ligand is non-emissive.

To understand the em ission dynam ics for both ligands, the emission lifetim es in H 2 O w ere 

measured. The observed lifetime, Tobs, for H4 C 3 hnida was found to be 3.1 ns and for H4 C 6 hnida to 

be 3.7 ns (Table 5.2). The radiative lifetimes for the ligands were estim ated using the m olar 

absorption coefficients and w ere found to range between 14 and 34 ns (Table 5.2). The short 

observed and radiative em ission lifetime suggest that the origin o f  the absorption bands is ti*<—ti, 

in nature.

To sum m arise, the two ligands display significant differences in the UV/Vis absorption 

and PL properties in different solvents. The change in the absorption maxim um  o f  H 4 C 3 hnida is 

small whereas H4 C 6 hnida displays a 9 nm shift in absorption maximum. The changes in absorption 

m axim um  do not agree w ith the change in polarity o f  solvent and so other factors such as solvent- 

solute hydrogen-bonding is infen ed. The origin o f  the large Stokes shift in absorption m axim um  is 

thought to arise from resonance effects w here the additional alcohol in the 2 -position and the 

carboxylic acid in the 3- or 6 -position extend the conjugation in the naphthalene chrom ophore. The 

larger Stokes shift in H4 C 3 hnida may also be due to greater stabilisation o f  the chrom ophore by 

their position adjacent to each other. For H4 C 6 hnida, the effect o f  resonance conjugation results in 

a greater charge separation across the ligand that raises the energy o f  the excited state. This effect 

may explain the significant changes in the PL spectra in H 2 O and THF w here hydrogen bonding 

will be more abundant in H 2 O and so can stabilise the excited state further and results in the longer 

em ission maximum. In com parison, the ability to fonn hydrogen bonds in THF is reduced and so 

the excited state will rem ain at a higher energy, resulting in a blue-shift in the em ission band. The 

m agnitude o f  the observed and radiative em ission lifetime and the m olar absorption coefficients 

suggest that the transitions involved are o f  a 7i*<— n  origin.

5.3 The ligand chemistry of H4C6 hnida

The synthesis o f  new lanthanide-organic hybrid m aterials using these ligands was 

investigated by a num ber o f  different approaches. W hen the ligand and lanthanide were refluxed 

w ith an appropriate base, a precipitate would be observed and crystallisation o f  quality crystals for 

characterisation was not possible. M ethods to use the layering o f  solvents were attem pted, but do 

not yield reliable crystallisation conditions for these m aterials. O f the m ethods surveyed, the use o f
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hydro/solvo-therm al reaction conditions was found to be the most consistent approach to grow 

quahty single crystals for fijrther structural characterisation by X-ray crystallography. U sing hydro- 

/solvo-therm al conditions is a delicate balance on a num ber o f  param eters that result in the 

isolation o f  new lanthanide-organic hybrid materials, but, may also result in decom position o f  the 

ligands through C-C bond breaking and formation.

5.3.1 Crystal structure of 5,5'-methylenebis(6-hydroxy-2-naphthoic acid), 
C23H]606'3DMF, (4)

Crystals o f  5,5'-m ethylenebis(6-hydroxy-2-naphthoic acid), 4, w ere isolated from a 

reaction m ixture containing equim olar equivalents o f  H4C6 hnida and N dCl3 '6 H 2 0  in the presence 

o f  sodium hydroxide under solvothermal conditions at 100 °C in a H2O/DM F (1:1 v/v) solvent 

system. Under these conditions, 4 forms from the decom position o f  the initial ligand, H4C 6 hnida 

through loss o f  the iminodiacetate moiety to regenerate 6-hydroxy-2-naphthoic acid. The new 

m olecule is known in the literature, however, no crystal structure has been reported and can be 

viewed as two 6 -hydroxy-2 -naphthoic acid units that contain a methylene bridge.

C(25) C(11
7c(24f’^>^
fc(23) C(13)

0(59A)

C(55A)
C(S6A)

Figure 5.2; A sym m etric unit o f  5,5 '-m ethylenebis(6-hydroxy-2-naphthoic acid), 4. C black, N  blue, O  red 
and H w hite. Faded atom s represent sym m etry generated atom s. H atom s (except acid protons) have been 
rem oved for clarity.

The molecule crystallises in the monoclinic crystal system in the space group 72/a and the

asym m etric unit consists o f  one and a ha lf ligand molecules and three solvent DM F m olecules

(Figure 5.2). The ligand may be described as a planar naphthalene backbone with a carboxylic

acid functionality in the 2-position and a hydroxyl moiety in the 6 -position. In the form er 1-

position, the iminodiacetate moiety has been replaced by a -CH^ methylene (C(15) and C(44))
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group w hich bridges to a second naphthyi ring. The second naphthyl ring has the same structural 

feature as the first; however, the arom atic carboxylic acid is oriented in the opposite direction. This 

is reflected by the torsion angles o f  115.9 and 121.1° for C(9)-C(10)-C(15)-C(16) and C(10)- 

C(15)-C(16)-C(17), respectively (Table 5.3). The carboxylic acids C(3) and C(27) align in the 

plane o f  the naphthalene ring through the presence o f  weak intram olecular C-H - 0  interactions 

with hydrogen bonding distances o f  2.47 A and 2.48 A for the C(21)-H(21 A )■ • 0 (2 8 ) and C(5)- 

H (5A )■ • •0 (1 ) interactions, respectively. The small torsion angles between the - C = 0  oxygen donor 

and the arom atic C centre also reflect this as given in Table 5.3. The second ligand m olecule is 

positioned so that the methylene group, C(44), is positioned on a tw o-fold rotation axis and 

through rotational symmetry the m olecule is com pleted. The same features are observed as in the 

first m olecule, where the carboxylic acid is held in-plane with the arom atic ring through weak 

C(34)-H(34A)^ • 0 (3 1 ) interaction o f  length 2.47 A. The rings are oriented away from each other to 

m inim ise steric interactions from the two rings w ith a torsion angle between C(38)-C(39)-C(44)- 

C(39') o f  119.1°.

Table 5.3: Selected torsion angles in 4.

Torsion Angle (“) Torsion Angle C)

0(1)-C (3)-C (4)-C (5) 7.8(2) C (9)-C (10)-C (15)-C (I6) 115.9(16)

C (21)-C (22)-C (27)-0(28) -5.1(2) C(10)-C(15)-C(16)-C(17) 121.1(16)

0(31)-C (32)-C (33)-C (34) 0.1(2) C(38)-C(39)-C(44)-C(39') 119.1(14)

Table 5.4: Selected hydrogen bonds in 4.

D onor-A cceptor Distance (A)
0 2-H 2A  0 2 8 2.62(16)

029-H 29A  01 2.61(17)

030-H 30A  031 2.65(16)

014-H 14A  0 4 9 2.68(16)

026-H 26A  0 5 9 A 2.70(3)

043-H 43A  0 5 4 2.67(16)

The packing o f  the ligand is stabilised by hydrogen bonding interactions between adjacent 

m olecules, through the carboxylic acid groups. These hydrogen bonds have distances on the order 

o f  2.62 and 2.65 A for the 0 (2 )-H (2 A )-• 0 (2 8 ) and 0 (30)-H (30A )  ̂ 0 (3 1 ) interactions, 

respectively (T able 5.4). The three distinct DMF m olecules are located near the hydroxyl function 

o f  the ligands and the DMF m olecule with N (57) is disordered over two positions. These m olecules 

are also involved in hydrogen bonding to the acid functionalities, showing distances o f  2.68 A, 
2.70 A and 2.67 A for 0(14)-H (14A )  ̂ 0 (4 9 ), 0 (26)-H (26A ) ■0(59A) and 0 (4 3 )-
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H (43A )-• 0 (54 ), respectively, and further stabilising the structure. The hydrogen bonding enforces 

the herring-bone packing m otif that the molecules adopt, as viewed down the [111] direction 

(F ig u re  5.3). The structure refinem ent and crystal data for 4 are provided in T ab le  5.5.

The molecule 4 described is an isom er o f  the compound 4,4'-m ethylenebis(3-hydroxy-2- 

naphthoic acid), also known as pamoic acid, that is used in the pharmaceutical industry to produce 

salts with products to lower solubilities and help allow separation o f  products.'^ To understand the 

role o f  pamoic acid in this process, interest has been given to understanding the solid-state packing 

o f  such systems. However, it is noted that due to its insolubility in many common solvents; pamoic 

acid is difficult to crystallise and so the structure and packing effects o f  pamoic acid w ith isomers 

o f  lutidine, a dim ethyl-substituted derivative o f  pyridine has been investigated.'^ '”  W ith the crystal 

structure o f  5,5'-m ethylenebis(6-hydroxy-2-naphthoic acid), 4, we have identified a potential 

strategy to isolate single crystals o f  pam oic acid that may be adapted by forcing the decom position 

o f  our second ligand H4C3hnida, an area that will be investigated in the future. In addition, the 

structure o f  4 identifies the ability o f  these ligands to pack through herring-bone motifs where 

hydrogen bonding is important for stabilising the solid-state packing. These particular packing 

interactions have not been identified in the current lutidinium pamoate salts and further add to the 

knowledge in this area.

Figure 5.3: (a) Hydrogen bonding interactions (red dashed bonds) between adjacent acid protons and acid 
protons with DMF solvent molecules, (b) Herring-bone packing motif of the ligand molecules. Molecules 
generated through symmetry operations related by (0,0,0) Bravais translations have been removed for clarity.
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T a b le  5 .5 : C rysta l d a ta  and  s tru c tu re  re fin em en t fo r 4.

Id e n tif ica tio n  code  

E m p irica l fo rm u la  

F o rm u la  w e ig h t 

T em p era tu re  

W av e len g th  

C ry sta l sy s tem  

S p ace  g ro u p  

U n it cell d im e n sio n s

V olum e

Z

D en sity  (ca lcu la ted )

A b so rp tio n  co effic ien t 

F(OOO)

C ry sta l size

T h e ta  ran g e  fo r da ta  co llcc tio n  

Index  ran g es 

R e lle c tio n s  co llec tcd  

In d ep en d en t re flec tio n s 

C o m p le ten e ss  to theta  =  2 5 .2 4 2 ° 

A b so rp tio n  co rrec tio n  

M ax. an d  m in. tran sm iss io n

R e tln e m c n l m ethod

D ata  / re s tra in ts  / p a ram ete rs

G o o d n e ss -o f-fit  on

Final R in d ices [l> 2 s ig m a(l)]

R in d ice s (a ll data)

F-xtinction co effic ie n t 

L arg est d i f f  peak  an d  ho le

C 2 9 H 3 3 N 2 O S

534 .55  

100(2) K 
0 .7 1 0 7 3  A 
M o n o clin ic  

/  1 2 /a  1

a =  2 2 .177(4 ) A 
b =  1 3 .8936(16) A 
c =  2 5 .6 0 2 (2 ) A 
7 6 4 7 .6 (1 7 ) A3 

12

1.393 M g m '3

0 .1 0 2  m m " '

33 8 4

0 .2 6 0  X 0 .1 7 0  X 0 ,1 0 0  m m 3 

1.641 to 27 .4 8 7 °.

-2 8 < h < 2 8 , -I7<1<<17, -32<1<33 

35361

8743 [R (in t) =  0 .0466]

100.0 %
S em i-em p irica l fro m  e q u iv a len ts  

0 .7 4 5 6  an d  0 .6 6 3 6

F u ll-m atrix  lea s t-sq u a res  on  F^

8743 / 2 4  /5 8 1

1.007

R l = 0 .0 4 4 2 ,  w R 2  =  0 .1 0 5 2  

R1 = 0 .0 7 7 0 ,  w R 2  =  0 . l l9 1  

n /a

0 .3 2 5  an d  -0 .3 5 3  eA  '"

a  =  90°.

P =  104 .196(10)°. 

Y =  90°.

5.3.2 Mechanism for the decomposition o f  H4C 6 hnida

The crystal structure data clearly show the decomposition o f the ligand, H4C6hnida, 

followed by the formation o f a new C-C bond to yield the new organic molecule 4. This can be 

interpreted as the formation of 4 through a reverse Mannich reaction that regenerates 

formaldehyde, which subsequently reacts with two equivalents o f 6-hydroxy-2-naphthoic acid. The 

strong basic conditions from the presence of NaOH and DMF activate the reverse Mannich 

reaction, generating the starting material, 6 -hydroxy-2 -naphthoic acid and the iminium ion through 

the mechanism provided in Scheme 5.5.
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Scheme 5.5: Reverse Mannich reaction generates a 6-hydroxy-2-naphthoic acid and an iminium ion.

Scheme 5.6 shows the mechanism for the nucleophilic addition o f water to the iminium 

ion, which undergoes an internal rearrangement with a subsequent dehydration step to regenerate 

iminodiacetic acid and formaldehyde.

H2O :— ^
\

h }  H 

H 0 2 C .^ N ^ .C 0 2 H

hI .̂h 

- ( ^ 7+-h -
H02C^j ,N .^ C 0 2 H

HO-

H0 2C CO2H

/—CO2H 0
HN + H-C'

'^C 02H  H

Scheme 5.6: Nucleophilic addition o f water to the iminium ion, followed by an internal rearrangement and 

dehydration step generate iminodiacetic acid and formaldehyde.

In the third step, an electrophilic substitution o f formaldehyde onto 6-hydroxy-2-naphthoic 

acid and a subsequent dehydration generates a (6-carboxy-2-hydroxynaphthalen-l-yl)methylium 

cation which undergoes a further electrophilic substitution reaction with a second molecule o f 6- 

hydroxy-2-naphthoic acid (Scheme 5.7). The basic conditions and equal solvent ratio o f H2O/DMF 

is the probable stimulus to drive the equilibrium backwards strongly towards the starting reagents 

o f the Mannich reaction and forces the formaldehyde and substituted naphthoic acid to react 

directly.

HO2C

OH

HO2C

OH

H-O'

.OH OH

HO

OH

Scheme 5.7: Mechanism for electrophilic substitution o f formaldehyde on to 6-hydroxy-2-naphthoic acid 

generates (6-carboxy-2-hydroxynaphthalen-l-yl)methylium cation that undergoes a further electrophilic 

substitution with a second molecule o f 6-hydroxy-2-naphthoic acid.



5.4 Lanthanide hybrid networks using the ligand H4C3hnida

The decom position o f  H4C 6 hnida to form the new fused binaphthyl organic m olecule 

showed that the ligand was sensitive to the reverse M annich reaction under the basic and 

hydrothermal conditions adopted. As the hydrotherm al approach is required to avoid precipitation 

in the isolation o f  m any lanthanide hybrid networks, we chose to change our ligand to H4C 3hnida, 

w here the im inodiacetic acid, naphthol and the arom atic carboxylic acid groups are in adjacent 

positions. By moving the arom atic carboxylic acid we intended to stabilise the im ino-functionality 

by forming a stable delocalised ligand system.

5.4.1 [N d5(H C3hnida)(C3hnida)3(H20),ol 2 5 H 2O, (5)

5.4.1.1 Synthesis and structural characterisation o f 5

The hydrotherm al reaction o f  one m olar equivalent o f  LnC l3’6 H2 0  with one equivalent o f  

H4C 3hnida, in the presence o f  sodium hydroxide in water results in the isolation o f  5. After heating 

at 60 °C for 14 hours, follow ed by slow cooling, the medium  yielded diam ond shaped crystals 

(Figure 5.4) o f  [Nd5(H C 3 hnida)(C3hnida)3(H 2 0 )io] 25H20, 5, that were characterised by single 

crystal X-ray diffraction.

Figure 5.4: Colour photograph of representative crystals of 5.

Com pound 5 crystallises in the trigonal crystal system in the space group P3i2\ and 

consists o f a pentanuclear core sub-unit o f  formula [Nd5(HC3hnida)(C3hnida)3(H20)to]-25H20. 

The structure o f  the pentanuclear unit resem bles a distorted tetrahedron w hereby the N d '” centres 

constitute the vertices o f  the tetrahedron that are bridged through donor atoms o f  four distinct 

organic ligand m olecules. The asym m etric unit contains ha lf o f  the pentanuclear unit, consisting o f  

three independent neodym ium  ions; Nd(2) is positioned on a special site through which a tw'o-fold 

rotation axis runs. There are two crystallographically unique ligand m olecules w hereby one ligand 

is fully deprotonated (C3hnida) and the second ligand is singly protonated through 0 (4 4 ) located 

on the im ino-moiety (H C3hnida). This proton is disordered over the two ligand positions in the 

pentanuclear unit.
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b 0(48” )

1(16)0 (20)

0 (5 0 w ') /  0(14]

ld(2)

0(50w)

Nd(3)0(S3w)

0(49w)

0(26)

a

Figure 5.5: (a) Pentanuclear unit o f [Nd5(HC3hnida)(C3hnida)3(H20)io]-25H20, 5, as viewed down the 

[110] axis. Non-coordinating atoms have been removed for clarity. The asymmetric unit contains atoms 

represented in bold, faded atoms represent symmetry generated atoms to produce the pentanuclear unit, (b) 
Polyhedral view o f the pentanuclear building unit in 5. Nd cyan, C black, N blue. H atoms omitted for 
clarity.

Figure 5.5 shows the coordination environments around the N d"‘ centres where N d ( l)  is 

best described as a 9-coordinate distorted capped square antiprism. The coordination sites are 

occupied by two naphthyl-Ocoo donor atoms 0(1) and 0 (2 ) o f C3hnida. two Ocoo donor atoms, 

0(43) and 0(47) o f each imino-moiety from HCShnida, one hydroxo-donor 0(38) o f HC3hnida, 

one N(40) donor o f HC3hnida and three coordinated water molecules 0(5 Iw ), 0(52w) and 

0(53w). The coordination environment o f Nd(2) may be viewed as an 8-coordinate distorted 

dodecahedron. The coordination sites are provided by four naphthyl-Ocoo donor atoms, the 

hydroxo-0(2) o f two HC3hnida^' and 0(25) o f two C3hnida^‘ ligands and four hydroxo-0 donors 

o f the same two HC3hnida^‘ (0(14)) and two C3hnida'*'(0(38)) molecules. The inner coordination 

sphere o f the 9-coordinate Nd(3) centre is completed by the 0-donor atoms o f the two coordinated 

water molecules 0(49w) and 0(50w), two naphthyl-Ocoo atoms, 0(25) and 0(26) o f one 

HC3hnida^‘ ligand, two Ocoo centres, 0(20) and 0(23), one from each acetate moiety o f C3hnida,
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one hydroxo-0(14) atom from C3hnida"' and one N-donor atom, N(16) of C3hnida"'’ to form a 

distorted capped square antiprism.

25
9  -Ndl

N d3'-0

19 44

C’3hnida
i f :  i f .  i f .  i f :  i f  i f . i f - U )

HC3hnidii
i f :  i f .  i f . i f  . r f  i f  i f - U : ^

Schem e 5.8: Atom labelling for coordinating centres in (a) C3hnida and (b) HC3hnida in 
[Nd5(HC3hnida){C3hnida)3(H20)|o]-25H20, 5.

In 5, the deprotonated ligand C3hnida adopts a 7 '; t f \  i f  \ r f :  r f coordination

mode that bridges three Nd'" ccntrcs in the pentanuclear unit (Scheme 5.8a). In this fashion, the 

carboxylate atoms 0 (1 ) and 0 (2 ) chelate the N d(l) centre and 0 (2 ) further bridges to Nd(2) in an 

/ 2̂ -mode. The hydroxo donor 0(14) adopts a /<2 -bridge between Nd(2) and Nd(3'). The O-donor 

atoms 0(20) and 0(23) from cach acetate moiety coordinate in a monodcntate fashion to Nd(3'), 

and 0(19) and 0(24) of the acctates do not coordinate. The coordination mode o f the singly 

protonated HC3hnida differs slightly, bridging four Nd'" centres and adopting a 

t] ' b i n d i n g  mode (Scheme 5.8b). The carboxylate O-donor atoms 0(25) and 

0(26) display a chelate-bridging mode to Nd(3) and Nd(2). The hydroxo 0 (38) adopts a /ii- 

coordination mode to bridge Nd(2) and N d(l). This leaves 0 (43) and 0 (47) on each acetate group 

to coordinate to N d(l). A further bridge to Nd(3') is provided by the acetate O-donor 0(48) and 

completes the coordination sphere. The atom 0(44) of the protonated carboxylic acid group is not 

involved in any coordinative bonding. Three and two water molecules complete the coordination 

sphere o fN d (l) and Nd(3), respectively.

The bond lengths for the Nd-Ocarboxyiaic are in the range 2.370-2.465 A, with the exception 

o fN d ( l) -0 ( l)  (2.642 A) and Nd(3)-0(26) (2.681 A) and are summarised in Table 5.6. The former 

distances are consistent with previously reported lanthanide carboxylates,'* while the latter, longer 

bond distances may be explained due to the weaker interaction o f the O-donor with the lanthanide 

centre as a consequence o f the chelate-bridging mode and the rigidity o f the aromatic carboxylate 

imparted by the naphthalene backbone. The bridging hydroxo-interactions are generally longer 

than the carboxylate bond lengths and have Nd-O bond lengths in the range 2.456-2.472 A. These 

bond lengths are slightly longer than bridging hydroxo-interactions reported for lanthanide 

complexes of 2-hydroxy-l,3-diaminopropane-jV,7V,A/",yV'-tetraacetic acid and may be a result of the 

steric demand o f the naphthalene backbone in tandem with the effect of the adjacent aromatic and
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im ino-carboxylates coordinating to the lanthanide c e n t r e . T h e  bond angles given in Table 5.7 

show that the bridging hydroxo-interactions are sensible, since the Nd-O-Nd bond angles are 

slightly distorted from 120° in the range 112.57-115.67° in agreement with literature values. 

Nd-O bond lengths from coordinated w ater are slightly longer (2.451-2.579 A) than the ligand 

oxygen donors, as anticipated due to the less electronegative nature o f  the coordinating water 

molecules.

Table 5.6: Selected bond lengths for 5.

Bond Bond Length (A) Bond Bond Length (A)
N d (l)-0 (1 ) 2.642(5) N d (i)-0 (3 8 ) 2.465(4)

N d (l)-0 (2 ) 2.475(4) N d(2)-0(38) 2.472(4)

N d(2)-0(2) 2.399(4) N d(2)-0(14) 2.458(4)

N d(3)-0(26) 2.681(5) N d(3)-0(14)#1 2.456(4)

N d(3)-0(25) 2.465(4) N d (l)-0 (5 1 w ) 2.451(4)

N d(2)-0(25) 2.422(4) N d (l)-0 (5 2 w ) 2.530(4)

0 (20)-N d(3)# l 2.401(5) N d (l)-0 (5 3 w ) 2.505(5)

0 (23)-N d(3)# l 2.460(4) N d(3)-0(49w ) 2.579(4)

N d (l)-0 (4 3 ) 2.423(4) N d(3)-0(50w ) 2.534(4)

N d (l)-0 (4 7 ) 2.370(4)

0(48)-N d(3)#3 2.435(4)

Table 5.7: Selected bond angles for 5.

Bonds Bond Angle (")

N d(3)#!-0(14)-N d(2) 112.57(15)

N d(l)-0 (38)-N d(2) 113.41(16)

N d(2 )-0 (2)-N d(l) 115.67(18)

N d(2)-0(25)-N d(3) 113.56(16)

The C3hnida‘’’ ligand coordinates directly to three N d"‘ centres, while the protonated 

HC3hnida^‘ bridges four N d'" centres, three from w ithin a pentanuclear unit and the fourth from a 

separate sym m etry-generated unit. The Nd(2) ion locates on a two-fold rotation axis. Figure 5.6a 

and Figure 5.8b, and by applying this sym m etry element, the symmetry partners o f  N d (l)  and 

Nd(3) as well as symmetry related C3hnida'' and HC3hnida^' are generated. This yields the core 

pentanuclear unit that can be viewed as a highly distorted tetrahedron with four N d'" centres 

[N d(l), N d (l') , Nd(3) and Nd(3')] forming the vertices and Nd(2) residing in the centre (Figure  

5.6). A djacent polyhedra within this unit share a common edge (Figure 5.5b). From here on, this 

unit will be referred to as the ‘tetrahedral’ SBU o f  the structure.
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F igu re  5.6: The com plete tetrahedral building unit in 5. Cyan vertices highlight the highly distorted 
tetrahedron. N d cyan, C black, N blue, O red. H atom s om itted for clarity. Sym m etry generated atom s are 
faded

The tetrahedral SBU can be view ed as having four points o f  extension (Figure 5.7) 

provided by an acetate moiety o f  HC3hnida^‘ at each vertex atom. This connecting moiety involves 

C(46), 0 (4 8 )  and 0 (47 ). The latter O -donor atoms bridge to sym m etry equivalents o f  Nd(3) and 

Nd( 1) centres, respectively, each from separate SBUs.

>0(48)

C(46)

Nd(1)|

•(47)1
C(46) Nd(2) p(48)C(46;
0(48)

0(47)Nd(3)
Nd(3")

Nd(3̂
C(46)

0(48)

F igu re  5.7: T etrahedral secondary building unit in 5 w ith four points o f  ex tension provided through the 
coordinating C (46) acetate o f  HC3hnida^‘. Nd cyan, C black, O red.

The asym m etric unit is characterised by a tw o-fold rotational axis running through [110] at 

(x, X ,  0.5) w hich generates the tetrahedral SBU through symmetry. The rest o f  the unit cell is filled
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through a combination o f complementary three-fold screw and two-fold rotation axes (Figure 5.8). 

The upper third o f the unit cell is generated through one equivalent three-fold screw axes at [1/3, 

1/3, z] and [2/3, 2/3, z], shifting the SBU position in space. To complete each tetrahedral SBU, a 

two-fold axis along [100] and located at (x, 0, 5/6). The lower third o f the unit cell is similarly 

reproduced through two consecutive screw axis operations. The tetrahedral SBU is completed by 

two fold-rotation axes along [010] located at (0, y, 1/6) to generate equivalent atom positions. This 

produces a unit cell with Z = 3.

F igu re 5.8: (a ) The unit cell o f  5 looking down the c-ax is with the central secondary build ing unit and the 

four sym m etry related build ing units, (b ) Diagram  o f  sym m etry operations in the unit cel! looking dow n the 

c -ax is that produce equivalent build ing units. Green double headed arrows are tw o-fo ld  rotation axes, y e llo w  

bladed-triangle are three-fold screw  axes, italic coordinates relate to position  o f  the sym m etry elem ents in the 

unit cell.

The packing o f 5 can be visualised as being generated through the stacking o f three layers, 

A, B and C  in [001] (Figure 5.9a). Each layer contains different symmetry generated tetrahedral 

SBUs and each layer is contained throughout the unit cell. As consecutive unit cells are packed in 

space, an infinite double helical chain grows along the c-axis (F igure 5.9b) with the repeating 

stacking motif, ABC, where the 5-layer connects both helical moieties. The 3-fold screw axes 

organise the connected double helical chains into chiral blade-like channels that extend along the c- 

axis.
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F i g u r e  5 .9 ; (a )  T h e  u n i t  cell o f  5 look ing  d o w n  the [111]  d irec tion  w ith  a  central  b u i ld in g  unit  a n d  its four 

conn ec ted  n e ig h b o u rs  c o o rd in a ted  through its po in ts  o f  ex tens ion  a n d  (b )  three s tacked  unit  ce l ls  v iew ed  

d o w n  the [110] ax is  sh o w in g  an  infinite  d o u b le  helical cha in  ru n n in g  a lo n g  the c -ax is  th rough  the presence  

o f  th ree-fo ld  s c rew  axes.  C o lo u r  code: red, o n e  chiral  helix; b lue,  seco n d  chiral  helix an d  green ,  S B U  

c o n n ec t in g  bo th  helices.  Black ou t l ines  d eno te  unit  cell edges .

W hen viewed in a polyhedral representation, the double chiral chain has the effect o f 

creating a chiial blade-like channel running along the c-axis. The channel is built from the 

sequential ABC layer m otif and thus creates a truly chiral channel that repeats with each repeat unit 

cell (Figure 5.10).

F i g u r e  5.10:  T h e  v iew  o f  b lade- like  chiral  ch an n e ls  ru n n in g  d o w n  the c -ax is  in 5 a r is ing  as a co n se q u en c e  o f  

the infinite helical chains.

Two additional types o f  channel are view ed along the a- and 6-axes in Figure 5.11; 

hydrophobic channels built from a 6-m em bered ring o f  SBUs and a hydrophilic channel built from 

4-m em bered ring o f  four tetrahedral SBUs. In the hydrophobic channels, the cross-sectional
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dimension is ca. 16.5 A in the />-direction, as represented by the Nd(3)-Nd(3’) centroid distances 

and 24.5 A in the c-direction, represented by the Nd(3) to Nd(3') centroid distance. In the channels, 

the ligands orientate so that the hydrophobic naphthalene moiety occupies the channel space. The 

smaller hydrophilic channel is ca. 14.1 A along the /j-direction (given by the Nd(l)-Nd(3) centroid 

distance) and 17.5 A along the c-direetion (N d(l)-N d(l') centroid distance). The channels are lined 

with the hydrophilic {Nd-0} polyhedra and are likely to accommodate the solvent water of 

crystallisation molecules. The constitutional solvent molecules {ca. 25 H2O molecules per formula 

unit) in 5 are partly disordered and to improve the refinement o f the crystal structure, the Platon 

routine SQUEEZE was used to account for this disorder in the structure. The final structure 

refinement and further crystal data details are provided in Table 5.8.

Figure 5.11: View o f  hydrophobic and hydrophilic channels in 5 as viewed down the (a) a-axis and (b) h -  

axis.
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Table 5.8: C iystal data and structure refinem ent for 5.

Identification code 5
Em pirical form ula C64H45N4Nd503jj

Form ula w eight 2199.24

Tem perature 100(2) K
W avelength 0.71073 A
Crystal system Trigonal
Space group P 322I
U nit cell dim ensions a = 16.5265(5) A a  = 90°. 

b =  16.5265(5) A p =  90°. 
c = 29.9268(10) A y = 1 2 0 °

Volume 7078.7(5) A3
Z 3

D ensity (calculated) 1.548 M g m ‘3

A bsorption coefficient 2.779 m m -’

F(OOO) 3183

Crystal size 0.090 X 0.080 X 0,080 mm^
Thcta range for data collection 1.577 to 29.595°.
Index ranges -22<h<22, -22<k<22, -4I<1<4I

R eflections collected 272396
Independent refleclions 13249 [R(int) = 0.0654]
C om pleteness to thcta =  25.242° 100 .0%
Absorption corrcction Sem i-em pirical from equivalents
Max. and min. transm ission 0.7459 and 0.7093

Refinem ent method Full-m atnx least-squares on F -
Data / restraints / param eters 1 3 2 4 9 /0 /5 0 2

G oodness-of-fit on 1.042
Final R indices [I>2sigm a(l)] R l = 0 .0 3 0 7 , wR2 = 0.0685
R indices (all data) R 1 =  0.0403, wR2 = 0.0729
Absolute structure param eter -0.011(3)
Extinction coelTicient n/a

Largest d if f  peak and hole 1.415 a n d -1.064 e.A-3

5.4.1.2 Physicochem ical characterisation of 5

Com pound 5 was further characterised by FT-IR spectroscopy (Figure 5.12a). The 

presence o f  v(CO{)  stretches provides com plem entary evidence to the crystal structure o f  the 

coordination modes adopted. A weak Vasym stretch at 1737 cm ' identifies that there is a singly 

protonated acetic acid o f  one ligand in the form ula o f  5. Further asym m etric (1574 and 1457 cm ') 

and sym m etric stretches (1393 and 1308 cm ') are significantly shifted from the signals observed 

for the free ligand, indicating coordination to the N d'" centre. Furtherm ore, the A=[Vasym(C02')- 

VsyniCCOi')] values ranging between 64-266 cm ' indicate the different binding modes adopted 

include chelating and bridging. W eak stretching vibrations at 2974, 2954 and 2921 cm ' attributed 

to CHt groups on the im ino-functionality are superim posed on the strong, broad OH stretch 

between 3000-3500 cm '. The retention o f  the C-N stretch at 1211 cm ' indicates the imino- 

functionality rem ains intact. Powder X-ray diffraction w as used to investigate the phase purity o f  

the bulk material. The bulk material is a single phase as identified by the m atching reflections in
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Figure 5.12b from the raw diffraction data to the calculated powder pattern derived from the 

structure refinement model. The thermal stability o f 5 was probed by thermogravimetric analysis 

(TGA) using a freshly prepared crystalline sample (Figure 5.12c) heated in an air atmosphere up to 

900 °C at a rate o f 10 °C/min. There are two main decomposition steps. The first weight loss of 

15.3% occurs up to 120 °C, and is related to the loss of the 25 solvent water molecules (calc. 

16.9%). The composition remains unchanged up to 400 °C, after which the organic ligand 

decomposes through a 39.4% weight loss (calc. 41.3%). The remaining material is assumed to be 

composed o f neodymium oxides. An isostruetural series was created by varying the lanthanide 

centre, Ln"' = Eu'", Gd'" and Yb'”. The FT-IR spectra and powder diffraction patterns confirmed 

that the new lanthanide materials are isostruetural. O f the above materials the photoluminesccnce 

properties of the Nd'", Yb'" and Eu'" analogues have been studied and given the names, 5-Nd, 5- 

Yb and 5-Eu, respectively.
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Figure 5.12: (a) The FT-IR spectrum for 5, (b) the powder X-ray diffraction pattern for a bulk crystalline 
sample o f  5 and (c) the thermogram o f  5 (fresh crystalline sample). * indicate reflections from instrumental 
artefacts.

5.4.1.3 Photoluminescence properties of 5-Nd, 5-Yb and 5-Eu.

The compound 5-Nd displays NIR emission bands when excited directly into the Nd'" 

centre or via sensitisation through the coordinated ligand. Emission lines originating from 

^p3/2—*-̂ 0/2 (J = 13, 11, 9) transitions are assigned to the bands at 1328, 1056 and 870 nm.
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respectively  (F igure 5.13a). T he room  tem peratu re  exc ita tion  spectrum  in Figure 5 .13b  show s that 

the com pound  exh ib its  typical N d '" -cen tred  exc ita tion  bands in the v isib le  o rig ina ting  from  the 

ground state , "I9/2 , to  the "Lis/z, ^G ia-sn , and  ^p 7 /2  exc ited  states. T he com pound  also  s trong ly  

absorbs in the U V  from  300-420  nm. T his is assig n ed  to  the ligand  absorp tion  tha t w as show n  to 

absorb  at 370  nm  in Figure 5.1a, corrobo ra ting  ligand  sensitisa tion  o f  the N d(lII) em ission .
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S  3x10’

V2
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Figure 5.13: (a) Room temperature (RT) PL spectrum for 5-Nd following ligand sensitisation =  400 nm) 
and (b) corresponding RT excitation spectrum 1056 nm, "̂ F3/2“ ^^Tn/2 transition).

W hen 5-Y b  is exc ited  into the ligand  at 400  nm , a  N IR  band  at 978 nm  from  the 

transition  is observed  (Figure 5.14a). T he excita tion  spectrum  in Figure 5.14b has a 

strong  absorp tion  band  betw een  300-430  nm  tha t is assigned  to ligand absorp tion . D esp ite  the high 

num ber o f  co o rd in a ted  w ater m olecu les in the structu re , that in troduce non-rad ia tive  dccay  

channels, the N IR  em ission  from  L n '" =  N d '" and  Y b '" appears to be strong , suggesting  the ligand  

is a good sensitise r for em ission  from  N IR -active L n '"  centres.
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Figure 5.14: (a) RT PL spectrum for 5-Yb under ligand excitation ((A.„=400 nm) and (b) corresponding RT 
excitation spectrum (X,ex=978 nm, ‘'F5/2—>''17/2 transition).
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W hen 5-Eu is excited directly into the Eu'" centre = 393 nm (^L6<—^Fo)) or through 

ligand sensitisation = 350-420 nm) a very weak emission is observed (Figure 5.15a.) in the 

range 580-700 nm and assigned to the ^Do— transit ions ( J  = 1, 2 and 4). The weak 

photolum inescence o f  5-Eu may be due to a number o f  mechanisms. M echanism I considers the 

significant quenching from both the coordinated w ater molecules and the high num ber o f  

crystallisation o f  water m olecules present w ithin the structure. The combined effect o f  both sources 

o f  w ater m olecule may result in significant reduction o f  the PL intensities m easured. M echansim II 

considers the triplet energy o f  the ligand itse lf  Unfortunately, the energy o f  the triplet level o f  

C 3hnida was not obtained, however, if  it has an energy resonant or just below the energy o f  the ^Dq 

m anifold, then non-radiative energy transfer from the manifold into the triplet level o f  the 

ligand could lead to non-radiative loss o f  the light supplied to the system (Figure 5.15b). A third 

possibility may involve quenching o f  the S| state o f  the ligand directly by the Eu'" whereby an 

electron transfer mechanism is involved with the transient formation o f  Eu". Such a m echanism  has 

been identified in other systems with naphthalene-based ligands that arc coordinated to Eu"'- 

centres. ' ‘

O f the possible mechanisms involved it seems reasonable that the poor PL o f  the Eu'" 

centres could be a com bined effect o f  mechanism I and mechanism II working in tandem. To gain 

further insight into the actual mechanism, future experim ents plan to determine the triplet energy 

o f  the ligand using the G d'"-analogue o f  the reported structure to determine w hether mechanism 11 

is a valid possibility. Based on the outcome o f  this experiment, subsequent determ ination o f  the 

validity o f  mechanism III will need to be undertaken.
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Figure 5.15; (a) RT PL spectrum for 5-Eu under ligand excitation (X.£x = 420 nm) using large slit widths 5/5 
nm. (b) Schematic energy level diagram highlighting how the triplet energy state of the ligand, CBhnida, may 
result in the poor PL intensities from the Eu'" centre by increasing the number of non-radiative pathways for 
relaxation of the energy. ISC: Intersystem crossing, FET: Forward energy transfer, BET: Backwards energy 
transfer. Solid and dashed lines represent radiative and non-radiative transitions, respectively. The dashed 
boxes represent the energy levels occupied by the S] and 7t*<—;t transition and the plausible energy region 
occupied by the T] energy level of the ligand, C3hnida.
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5.4.2 I N d n ( C 3 h n i d a ) , 2 ( / / 3 - O H ) 4 ( H 2 0 ) 3 o l  . v H 2 0 ,  ( 6 )

5.4.2.1 Synthesis and structural characterisation of 6

The reaction o f  one equivalent o f  H4C3hnida with N dCl3'6H 20 in the presence o f  sodium  

hydroxide yields green crystals o f  [Ndi7(C3hnida)i20^3-OH)4(H20)3o] H20, 6. The reaction takes 

place under hydrothermal conditions in H 2 O at a tem perature o f  100 °C. A fter 15 hours, the 

reaction vessel was slowly cooled to room tem perature w here the crystalline product was isolated 

for characterisation by single crystal X-ray diffraction m easurem ents.
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Figure 5.16: (a) Asymmetric unit of [Ndi7(C3hnida)i20i3-OH)4(H2O)30] H2 O, 6, displaying donor atoms 
coordinated directly to the Nd'" centres, (b) Selected view around Nd(5), Nd(6), Nd(7) and Nd(8) to identify 
atom labels coordinated around the Nd'" centres. The /;3 -hydroxo-bridges to the Nd"' centres have been 
highlighted using red bonds. Faded atoms identify symmetry generated atoms. Nd cyan, C black, N blue, O 
red.
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T he com pound  [Nd|7(C3hnida)i2(//3-OH)4(H2O)30] jcH2 O, 6  c rysta llises in the m onoclin ic 

crysta l system  in the space g roup  C 2/c and  the asym m etric  un it con ta ins n ine N d '" cen tres , six t\illy  

d ep ro tona ted  ligands and  15 co o rd ina ted  H 2 O m olecu les (F igure 5.16a, b). N d ( l ) ,  N d(6 ) and 

N d ( 8 ) are e igh t-coord inate . T he coord ina tion  en v ironm en t o f  N d ( l )  can  be v isua lised  as a d isto rted  

dodecahed ron , coo rd ina ted  th rough eigh t / / 2 -O  b ridges from  four hydroxo  O -d o n o rs  and four 

carboxy la te  oxygen  donors o f  four d istinct ligands. T he N d ( 8 ) coord ina tion  geom etry  can  also be 

describ ed  as a d isto rted  dodecahedron  in w hich  the N d ( 8 ) ion is positioned  on a tw o -fo ld  rotation 

ax is th a t runs a long  the 6 -axis. T he coo rd ina tion  env ironm en t o f  N d ( 8 ) is co m p le ted  by four 

hyd roxo- and four carboxy late  oxygen  dono rs o f  four d iffe ren t ligand  m olecules. N d ( 6 ) is an eight- 

co o rd in a te  d isto rted  square an tip rism  and the inner coo rd ina tion  sphere is f illed  by tw o 

c a rb o x y la te -0  cen tres o f  tw o ligands, four w ater m olecu les 0 (1 5 3 w ) , 0 ( 1 54w ), 0 ( 1 55w ) and 

0 (  156w ) and  com pleted  by tw o b ridg ing  /<3 -O H  centres. T he rem ain ing  N d ”' ions, N d(2), N d(3), 

N d(4), N d(5), N d(7) and N d(9 ) are all 9 -coord inate . T he coo rd ina tion  geom etry  o f  N d(2), N d(3) 

and N d (9 ) can be v iew ed  as a d isto rted  capped  square  an tip rism  com prised  o f  fo u r carboxylate  

oxygen  dono rs o f  tw o ligands, one hyd roxo -donor and  one N -d o n o r o f  one o rgan ic  ligand  and three 

w ate r m olecu les; 0 (1 4 5 w ) , 0 ( 1 46w ) and  0 ( 1 47w ) for N d(2 ), 0 ( 1 48w ), 0 ( 1 49w ) and  0 ( 1 50w ) for 

N d(3) an d  0 ( 1 57w ), 0 ( 1 58w ) and 0 ( 1 59w ) fo r N d(9). N d(4 ) is also  9 -coord inate  but m ay be 

v iew ed  as a d isto rted  tricapped-trigonal p rism  con sis tin g  o f  five carboxy late  O -donors on four 

d istinc t ligand  m olecu les, one hydroxo  o x y g en -donor 0 ( 6 2 )  and  a n itrogen  atom  N (6 4 ) o f  one o f  

these ligands. T he rem ain ing  coo rd ina tion  sites are occup ied  by tw o w ater m olecu les 0 (1 5 1 w )  and 

0 (1 5 2 w ) . T he N d(5) cen tre  m ay be v isu a lised  as a  d isto rted  capped  square an tip rism  stab ilised  by 

five ca rb o x y la te  O -donors o rig ina ting  from  fou r ligands, one hydroxo-donor 0 (8 6 )  and the 

n itrogen  atom  N ( 8 8 ) o f  one o f  these ligands. T w o // 3 -O H  b ridg ing  groups, 0 (1 6 0 )  and  0 (1 6 1 ), 

com ple te  the coo rd ina tion  sphere. T he N d(7 ) cen tre  is a 9 -coo rd inate  d isto rted  capped  square 

an tip rism  coo rd ina ted  th rough  five ca rboxy la te  O -donors o rig in a tin g  from  four ligands including 

the hyd roxo  0 (1 1 0 )  and N (1 12) o f  one o f  these ligands. T he rem ain ing  sites are occup ied  by the 

// 3 -hyd roxo , 0 ( 160) and 0 (1 6 1 ) , centres.

T h e  N d -0  bond  leng ths vary  co n sid erab ly  dep en d in g  on  the nature o f  the in teraction  as 

su m m arised  Table  5.6. L onger N d-O  bond  leng ths are observed  fo r the che la ting  O -d o n o r atom s 

w hen the arom atic  carboxy late  adopts a ch e la te -b rid g in g  m ode. T he bond lengths o f  the chelating  

O -d o n o rs  range betw een  2 .608-2 .807  A. T hese longer bond  d istances are due to  the 0 -centre 

bearing  less o f  the negative  charge o f  the ca rboxy la te  fianction an d  as a resu lt o f  the s te ric  restra in ts 

p laced  b y  the arom atic  ligand  and its ad jacen t co o rd ina ting  m oie ties.'^  T he rem ain in g  N d-O  bond 

leng ths are shorter, rang ing  betw een  2 .371 -2 .570  A, and reflec t standard  L n-O  d istances as 

repo rted  in the literature .'*  T he N -a tom  o f  each  ligand  coo rd ina tes a N d '" cen tre  w ith  long bond 

d is tan ces o f  the o rder 2 .658-2 .749  A. T he b ond ing  in teraction  is e lec trosta tic  th rough  the lone pair 

o f  e lec tro n s , resu lting  in the long distances. T he bond  lengths fo r coord ina ted  w ate r m olecules
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range between 2.457-2.660 A. Such long bond lengths are due to the more electrostatic nature of 

the coordination.

Table 5.9; Selected bond lengths for 6.

Bond Bond Length (A) Bond Bond Length (A)
Nd(4)-0( 1) 2.807(8) N d(l)-0(14) 2.453(7)

Nd(4)-0(2) 2.546(7) N d(I)-0(38) 2.440(7)

N d(l)-0(2) 2.430(7) Nd(4)-0(62) 2.475(7)

N d(l)-0(50) 2.421(7) Nd(5)-0(86) 2.470(7)

Nd(2)-0(73) 2.608(7) N d(8)-0(110) 2.456(6)

Nd(2)-0(74) 2.470(7) Nd(8)-0(134) 2.469(7)

N d(l)-0(74) 2.442(7) Nd(9)-0(134) 2.448(7)

Nd(8)-0(98) 2.443(7) Nd(2)-0(145w) 2.505(8)

Nd(7)-0(25) 2.392(7) Nd(2)-0(146w) 2.598(7)

Nd(5)-0(26) 2.658(6) Nd(3)-0(149w) 2.660(8)

Nd(5)-0(121) 2.371(7) Nd(3)-0(150w) 2.505(8)

0(23)-Nd(4)#l 2.570(9) Nd(6)-0(154w) 2.542(8)

Nd(7)-0(20) 2.540(7) Nd(6)-0( 156w) 2.457(8)

0(140)-Nd(5)#l 2.516(7) Nd(9)-0(158w) 2.616(9)

Nd(3)-0(43) 2.418(7) 0(160)-Nd(6) 2.380(8)

Nd(4)-0(67) 2.408(7) 0(160)-Nd(7) 2.427(7)

Nd(5)-0(95) 2.435(7) 0(161 )-Nd(5) 2.421(7)

N d(7)-0(119) 2.419(7) 0(161 )-Nd(6) 2.415(7)

Nd(9)-0(143) 2.446(8) Nd(4)-N(64) 2.718(9)

Nd(2)-N(16) 2.658(9) Nd(7)-N(112) 2.749(9)

As in the structure o f 5, the arrangement o f the N d'” centres in 6 leads to the formation of 

two different distorted tetrahedrons, THI and THI (Figure 5.17). At the centre o f THI is N d(l) 

with Nd(2), Nd(3), Nd(4) and Nd(5) at the four vertices. Each Nd'" centrc in this tetrahedral unit is 

connected to the adjacent centres through edge-sharing interactions, being bridged by four ligand 

molecules. The second tetrahedral unit, TH2, is also stabilised by four ligand molecules. It consists 

of a Nd(8) in the centre, while the vertices are represented by Nd(7), Nd(9) and their symmetry 

equivalents Nd(7') and Nd(9'). The units, THI and 77/2, are bridged by a {NdO«} polyhedra, 

Nd(6), which shares a common face with Nd(5) through 0(160), 0(161) and 0(91) and a separate 

common face with Nd(7) of TH2 through 0(160), 0(161) and 0(115). By bridging the tetrahedral 

units through the Nd(6) polyhedra, an infinite ID chain [Nd|7(C3hnida)i2(/^3-OH)4(H20)3o]„ is 

generated through an THI:Ncl(6):TH2:Nd(6):TH 1 arrangement (Figure 5.18a).
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F ig u re  5.17: Polyhedral representations o f  the individual units used to construct [Nd|7(C3hnida)i2(//3- 
OH)4(H20)3o]„. in 6 (a) Tetrahedral unit 1, 7 7 // and (b) tetrahedral unit 2, 77/2. N d cyan polyhedra, C black, 
N blue, O red. Red bonds denote the im aginary N d-N d bonds that identify the unit description.

a

< ► < ► < ►
THI TH2 THl

F igu re  5.18; Polyhedral representation o f  6 to show  (a) the [Nd|7(C3hnida)i20<3-OH)4(H2O)30]„ unit built 
from two asym m etric units. The individual asym m etric units have been identified for clarity  as blue and 
green polyhedral representations. N d(6) that bridges 77 // and 77/2 are highlighted as purple polyhedra. 
Ligand m olecules are faded for clarity, (b) A central [Nd|7(C3hnida)i2(//3-OH)4(H2O)30] unit (blue 
polyhedra) and the coordination bonds to adjacent [Nd|7(C3hnida)i2(/^3-OH)4(H20)3o] units (green polyhedra) 
in the form ation o f  ID  infinite chains.
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Schem e 5.9: A tom  num bering for Ligand 1-6 and the coordination m odes adopted to the N d '" centres in 6.

There are six crystallographicaliy-unique ligand m olecules required to describe the 

coordination in 6. Ligand 1 adopts a i f :  i f :  i f :  i f :  i f :  i f - f i s  bonding description (Schem e 5.9)

where the carboxylate 0 (1 )  and 0 (2 )  donors display a chelate-bridging mode to Nd(4) and 0 (2 ) 

further bridges to N d (i). The h y d ro x o -0 (l4 ) forms a further //2-bridge between N d (l)  and Nd(2). 

On the acetate arm s, the donor atoins 0 (1 9 ) and 0 (2 0 ) form an a n t i ,  .?j'n-bridge to N d(2) and 

Nd(7), respectively. The oxygen donor atoms 0 (2 3 ) and 0 (2 4 )  further bridge Nd(2) and syinm etry 

related N d(4'), respectively, through an s y n ,  a«?/-interaction. The N(16) donor atom coordinates to 

Nd(2). The bonding description o f  Ligand 2 is //': t f :  t]': i]': i f :  i f - ^ u  and bonds to four Nd

centres. The arom atic carboxylate forms a .s^/z-monodentate interaction to N d(7) through the donor 

atom  0 (2 5 ), w hile the donor 0 (2 6 ) bridges Nd(5) and N d (l)  in a //2-manner. The hydroxo-0(38) 

bridges the N d ( l ) and Nd(3) in a /i2-bridging mode. The oxygen donors, 0 (4 3 ) and 0 (4 7 ), o f  each 

acetate coordinate the Nd(3) centre through a m onodentate a/2?/-interaction along with a bond 

formed from the N (40) donor atom. The 0 (4 4 ) and 0 (4 8 ) do not bond with any Nd'" ions. Ligand 

3 coordinates only three Nd'" centres in a i f :  i f :  i f :  i f :  i f :  t f :  i f - ju^ bridging mode. The naphthyl 

carboxylate donors, 0 (4 9 ) and 0 (5 0 ) form a chelate-bridging interaction to Nd(3) and N d (l). The 

adjacent hydroxo-0(62) forms //2-bridge between N d (l)  and Nd(4). This leaves the oxygen centres, 

0 (6 7 ) and 0 (7 1 ), o f  each acetate to bond through a m o n o d e n t a t e f a s h i o n  to Nd(4). The N(64) 

atom com pletes the ligand coordination to Nd(4). Ligand 4 adopts a i f :  i f :  i f :  i f :  i f :  i f :  if-i-i^  

bridging mode to four Nd'" ions. A chelate-bridging mode is adopted by the aromatic carboxylate 

through the donors, 0 (7 3 )  and (74), to N d(2) and N d (l) , respectively. The 0 (8 6 ) o f  the hydroxo- 

moiety bridges Nd( I ) and Nd(5). Nd(5) is further bonded by the N(88) donor atom from the imino-
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moiety. A m onodentate-«/2 // bond forms between Nd(5) and the donor 0 (9 5 ) whereas the 0 (9 1 ) 

forms a /^2 -bridge between Nd(5) and Nd(6). The donor atoms 0 (9 2 )  and 0 (9 6 ) o f  each acetate

centres, sim ilar to the previous ligand. The fam iliar chelate-bridging interaction from the donor 

atoms 0 (9 7 ) and 0 (9 8 ) to a symmetry equivalent N d(9') and Nd(8) centres is observed. The 

hydroxo-0( 110) coordinates two centres, Nd(8) and Nd(7). The im ino-m oiety is involved in 

bonding to Nd(7) through N (1 12) while 0 (1 1 5 ) forms a /^2 -bridge between Nd(7) and Nd(6). On 

the rem aining acetate arm, only the donor atom, 0 (  119) coordinates N d(7) through a m onodentate- 

anti interaction. L igand  6 displays a //': t f \  t f :  rj': tj': tj': rf-ns binding scheme to five N d '" centres. 

On the aromatic carboxylate, the donor 0 (1 2 1 ) binds through a monodentate-5j7/ interaction to 

Nd(5), while 0 (1 2 2 ) binds through a /^2 -bridge to Nd(7) and Nd(8). The hydroxo-0( 134) has a 

sim ilar //2 -connection but to Nd(8) and Nd(9). On the imino-functionality, N(136) coordinates 

Nd(9), as do 0 (1 3 9 ) and 0 (1 4 3 ) through m onodentate-a«// coordination modes. The donor, 0 (140) 

forms a monodentate-i'VM interaction w ith a symmetry related N d(5 ') while 0 (1 4 4 ) remains 

uncoordinated.

Figure 5.19: (a) View in the ac-plane of Y where chains of [Ndn(C3hnida)i2]„ run in the [1,0,1] direction 
and (b) symmetry elements and their coordinates used to generate infinite ID chains as viewed in the ac- 
plane.

The [Nd|7(C3hnida)i2(H20)3o]„ unit can be expanded in space through the presence o f  

inversion centres at (1/4 ,1/4 ,1/2) and its related positions and a glide plane that runs perpendicular 

to the /?-axis with translation com ponent [1/2,0,1/2], resulting in infinite ID  chains that run along 

the [1,0,1] direction (F igu re  5.19).

remain uncoordinated. L igand  5 adopts a r f \  t f" .  t f \  t f  \ //'; bridging mode to four N d'"

V4 anil s/4

[S/4.1/4,1/2

Figure 5.20: Wave-like motif adopted by infinite ID chains of 6.
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Each [Nd|7(C3hnida)i2(//3-OH)4(H2O)30]„ unit is bridged through two Ligand 1 molccules. 

This bridge is made between one acetate arm o f  each ligand where 0 (2 3 ) bonds to N d(4) and 

0 (2 4 ) bonds to Nd(2), both through a monodentate-a«?/' interaction (Figure 5.T8b). These bonding 

interactions create a small cavity and it is at the centre o f  this cavity that an inversion centre resides 

that generates the sym m etry equivalent along [1,0,1]. The consequence o f  the glide plane is to 

displace two adjacent [Nd|7(C3hnida)i2(//3-OH)4(H20)3o]„ units above and below the plane o f  the 

glide-com ponent. This leads to the wave-like m otif o f  the ID  chains that run along [1,0,1] (Figure  

5.20).

F i g u r e  5 .21 ;  V ie w  d o w n  an  infinite  ID  chain o f  6  look ing  d o w n  the [ 101 ] axis. T h e  stabil isa tion  o f  the chain  

by  the  l igand m o lccu le s  leads to a hydro p h o b ic  exterior.

The nature o f  the chain itself can be described as an inorganic core o f  repeating {Nd^} 

units surrounded on the outside by the hydrophobic organic moieties (Figure 5.21). Due to the 

imposed sym m etry, the chains pack in the [1,0,1] plane and result in hydrophobic areas occupied 

by naphthyl m oieties and hydrophilic pockets where the solvent w ater m olecules are located in a 

disordered state (Figure 5.19a). The structure data and refinem ent details for the structure model 

are sum m arised in Table 5.10.
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Table 5.10: Crystal data and structure refinement for 6.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system  
Space group 
Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient 
F(OOO)

Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.242°

Refinement method
Data / restraints / parameters

Goodness-of-fit on
Final R indices [l>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

C | 9 2 H i Q 2 N | 2 N d | 7 0 | | s

6947.17  
2 9 3 (2 )K 
0.71073 A 
Monoclinic 
C 2/c
a =  5 3 .2 9 8 ( l l)  A a = 90°.
b =  17.206(3) A (3=101.03(3)°.
c  = 30.488(6) A y  = 90°.

27442(10) A3 
4

1.681 Mg m'^

3.240 mm-'
13328

0.250 X 0.200 X 0.200 mm^
1.692 to 27.500°.
-5K = h < = 68 , -22<=k<=13, -39<=1<=39 
130353
30959 [R(int) = 0 .0 8 l4 ]
99.3 %

Full-matrix least-squares on F^
3 0 9 5 9 /3 8  / 1537 

1.227
R1 = 0 .0 8 2 4 , wR2 = 0.1623  
R1 = 0 .0 9 3 8 , wR2 =  0.1671 
n/a

2.775 and -4.151 e.A'^

5.4.2.2 Physicochemical characterisation of 6

The FT-IR spectrum o f 6 in Figure 5.22a confirms the coordination o f the ligand to the 

Nd'" centres. In 6, the asymmetric (1584 and 1533 cm ') and symmetric (1393 and 1308 cm ') CO2' 

stretches are significantly shifted from the free ligand, indicating coordination to Nd'" centres. The 

values for A=[Vasym(C02')-Vsyn,(C02')] are found to range between 140-276 cm ' and support the 

observation that monodentate and bridging interactions are adopted as the coordination modes of 

the ligand. The structural rigidity o f the ligand is maintained as the C-N stretch o f the imino- 

moicty is identified at 1210 cm '. There are additional weak C-H stretches at 2975, 2955 and 2914 

cm ' which are superimposed on the broad band between 3000-3500 cm ' arising from stretches of 

coordinated and solvent water molecules. The PXRD pattern indicates the bulk phase is crystalline 

and by matching the reflections with the calculated pattern (Figure 5.22b) shows the material is 

phase pure. The thermal stability o f 6 was investigated by TGA in an air atmosphere and heated 

between 30-900 °C at a rate o f 10 °C/min (Figure 5.22c.) The first gravimetric event below 100 °C 

is assigned to the loss o f 25 solvent water molecules resulting in a loss of 6.0% {calc. 6.0%). The 

second weight loss occurs above 400 °C, resulting from the oxidative decomposition o f the organic
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ligands (obs. 45.2% , calc. 34.9%). It is noted that the void space contained a high num ber o f 

disordered solvent molecules and the Platon routine SQUEEZE was used to refine the structure to 

account for this. The SQUEEZE results indicate a considerably higher solvent w ater count in the 

structure. This disagreem ent w ith the thermal analysis may be understood through the loss o f 

solvent water molcculcs to the atm osphere from the bulk sample as a consequence o f  the loose 

packing o f  the individual chains in the stm cturc.

•ymCOO 
My«n COO

4000 3500  3000 2500  2000  1500 1000
W avenumber (cm ’)

 Exp.
 Calc.b

10 20 30 40 50

c 6 0 %

loss

• ? 7 0 -

6 0 -

5 0 - 49 .0 %

loss
4 0 -

200 400
Temperature (°C)

600 800

Figure 5.22: (a) The FT-IR spectrum  for 6, (b) the pow der X -ray diffraction pattern for a bulk crystalline 
sam ple o f  6 and (c) the therm ogram  o f  6 in air (fresh crystalline sam ple). * indicate reflections from 
instrum ental artefacts,

S.4.2.3 Photolum inescence properties o f 6

As observed for 5-Nd, the NIR em ission bands from the‘'F 3/2 —>"1 7 /2 {J=  13, 11 ,9 ) transitions 

o f  N d'" are observed at 872, 1056 and 1328 nm, respectively (Figure 5.23a) by direct excitation 

into the N d'" centre or via ligand excitation. Direct excitation o f  the N d'" centres is achieved by 

exciting in the visible region into the ^L|5/2 , ‘*0 7 /2 .5/2 , ^§7 /2 and ''F 7 /2 excited states. This is reflected in 

the RT excitation spectrum (Figure 5.23b), which also has an intense absorption in the UV region 

(367 nrn) and originates from ligand absorption, as identified in Figure 5.1a. W hen excited in this 

range, the N d'" em ission spectrum  is observed, indicating sensitisation from the ligand.
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F ig u re  5 .23 : (a) RT PL spcctrum  o f  6 fo llow in g  ligand sensitisation (X,ex ^ 4 1 5  nm ) and (b ) coiresponding  

RT excitation  spectrum  =  1056 nm, ‘*F3 /2 —>‘̂ I| 1 / 2  transition) in the solid-state.

5.5 Conclusions

T he chem istry  o f  tw o naph tho l-substitu ted  ligands has been investigated . W hen the ligand 

H 4C 6hn ida  is reacted  so lvo therm ally , the ligand undergoes decom position  and a subsequent 

reaction  betw een  form aldehyde and tw o equivalen ts o f  6 -hydroxy-2 -naph tho ic  acid  y ie lds an 

isom er o f  pam oic acid, an im portant ingredient in pharm aceutical w ork-ups. O ur syn thesis 

p rov ides a route to w hich  crysta llisation  o f  sim ilar com pounds can be ach ieved  and prov ides 

im portan t structural in form ation on the packing  o f  these com pounds in the pharm aceutical 

industry.

B y tun ing  tow ards m ilder reactions conditions (low er tem peratu res and  basicity), we have 

dem onstra ted  these ligands can be used to isolate new  lan thanide hybrid  m ateria ls, 5 and 6 . T hese 

are the first lan than ide com pounds reported  to date w ith  these ligands. T he structure o f  5 form s a 

3D  netw ork  w ith  chiral channels along  the c-axis and con tains both hydrophob ic  and hydrophilic 

channels along  the a -  and  ^>-axes. T hese channels o ffer opportun ities for fu ture w ork  to investigate 

chiral separations and th rough careful se lection  o f  the lan than ide centre m ay allow  opportun ities 

for sensing  o f  sm all m olecu les and ions that can be screened  by  exp lo iting  the hydrophobic and 

hydroph ilic  nature o f  the channels. W e have a lready  investigated  the PL properties o f  the 

isostructural analogues o f  5, w here Ln"' =  N d "‘, Y b '" and E u '", w h ich  show  that the ligand 

H 4C 3h n id a  is particu larly  good  at sensitis ing  N IR  em ission . W e also  note the space group, P 3221, 

is one o f  the po lar space g roups and these m ateria ls m ay show  in teresting  ferroelectric  properties. 

T hese avenues w ill be investiga ted  in future work.

Increasing  the tem peratu re results in the ID  w ave-like  chains o f  6 , w hich  w as show n to 

d isp lay  a strong  N d '” PL response upon ligand sensitisation . This show s that im inodiacetic acid 

substitu ted  naphthols d isp lay  a coord ination  tendency  tow ards h igh d im ensional hybrid  netw orks 

that can be con tro lled  through variation  o f  reaction  tem perature . In con trast, i f  cluster-based  

m ateria ls  are desired , then the ligands such as H aheidi o f  C hap ter 4 are favoured. This chapter 

fu rther expands on  prev ious w ork  o f  these ligands w ith  F e" ' and C u" ions that resu lted  in large 3D 

netw orks and prov ides an a lternative synthetic approach  w ith the use o f  so lvotherm al conditions.
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These early structures suggest that a wealth of new materials may be accessed by adapting these 

synthetic approaches to related substituted naphthol and phenol derived ligands.
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Chapter Six

Probing the optical activity of chiral networks 

derived from achiral ligands
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6.1 Introduction

Chirality in lanthanide com plexes can be achieved through two main strategies: (i) The 

chiral arrangement o f  the ligands around the lanthanide centre, where exam ples o f  the formation o f  

double and triple helices are k n o w n . T h i s  may also be achieved through the twist o f  a 

m acrocycic ligand." '̂ * Alternatively, achiral ligands can be used where the arrangement o f  the 

ligand around the centrc imparts the chirality, (ii) Introduction o f  at least one asym metric carbon 

centre via  a chiral ligand results in the chiral lanthanide com plex. To interrogate the chiral nature 

o f  these com plexes, two techniques are often used; circular dichroism  (C D ) and circularly 

polarised lum inescence (CPL).^ CD is the measurement o f  the difference in absorption between  

left- and right-polarised light and can be view ed  as probing the environment o f  the com plex w hile  

in the ground state. In contrast, CPL measures the difference o f  the em ission intensity o f  left- and 

right-circularly polarised light and probes the environment o f  the com plex in its excited  state.

Chiral lanthanide com plexes are typically studied in solution and, as such, have been  

developed towards sensing o f  amino acids and metal ions o f  biological importance.** '̂  The method  

o f  sensing depends on the type o f  com plex investigated. Lanthanide com plexes o f  2,6- 

pyridinedicarboxylic acid, DPA, [Ln(D PA )3]̂ ’ form as a racemic equilibrium o f  the chiral isom ers, 

A- and A -, in solution. In sensing o f  chiral organic m olccules, such as tartrate and am ino acids, 

addition o f  the analyte results in a perturbation o f  the racemic equilibrium between A- and A- 

isom ers and a non-racemic ground state is obtained.’"'̂

In lanthanide com plexes derived from chiral ligands, the sensing o f  ions has been probed 

through coordination to the lanthanide centre, where the anion-lanthanide com plex results in a 

structural change which generates a “fingerprint” chiral response. This approach often requires the 

substitution o f  a labile coordinated water m olecule by the analyte. From this approach, two 

different ligand fam ilies have been developed. In non-aqueous media, tripodal ligands derived  

from an am ine backbone have proven successful at sensing inorganic anions, in particular, the 

ligand tri(2-pyridylm ethyl)am ine displayed anion selectivity just by changing the lanthanide ion 

(Eu”' or Tb'").'^ In aqueous media, derivatives o f  the 1 ,4 ,7 ,10-tetraazacyclododecane-1,4,7,10- 

tetraacetic acid (DO TA ) have also proven very successful in sensing organic anions including 

bicarbonate,’'* a-hydroxy acids,'^’ am ino acids'^' and d ip e p t id e s .T h e s e  system s are w ell- 

understood and may now be used in selective sensing o f  particular proteins such as binding sites in 

serum album in.”  These DO TA-derived ligands have also proven useful at sensing through 

coordination to the antenna ligand/ receptor. With this approach, sensing o f  nucleotides and nucleic 

acids has been shown through intercalation between the antenna receptor and the base pairs o f  the 

analyte.

D espite the extensive research into the aqueous characterisation o f  chiral lanthanide

com plexes, understanding o f  these properties in the solid-state is still limited. R ecently a few

reports have started to look at aspects o f  optical activity o f  chiral materials in the solid-state. In this

respect, CD spectroscopy has successfu lly  been used to demonstrate chiral resolution and
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separation  o f  opposite  enan tiom ers o f  so lid -sta te  com plexes.^^' In one case o f  a ch ira l lanthanide 

silico -germ anate , s teady-sta te  PL m easu rem en ts u sing  unpo la rised  light could  also  probe the 

ch ira lity . W hen a h igh-energy  charge-transfer band  w as excited , the num ber o f  S tark  com ponen ts 

o f  the ^ D o ^ ’F | , 2  transitions w as found  to  doub le  com pared  to the num ber o f  bands observed  

fo llow ing  d ire c t/- / 'e x c ita tio n . This w as found  to be due to the detection  o f  enan tiom eric  dom ains 

in the structure . T o the best o f  our know ledge, how ever, no C PL  m easurem ents have been 

perfo rm ed  in the so lid -sta te  on chiral lan than ide complexes.'**'

T he aim  o f  th is  chap te r is to investiga te  the op tical ac tiv ity  o f  ch iral 3D  netw orks derived  

from  the achiral ligand , benzoic acid , by  a com bination  o f  X -ray  cry sta llog raphy  and CD  

spectroscopy . By iden tify ing  chiral p roperties in the structure , the potential for developm en t o f  the 

m ateria ls  for fu rther study  in the so lid -sta te  w ill be discussed.

6.2 Crystal structure of Na[Ho(C6H5C02)4], (7)

T he reaction  o f  H oC l3 '6H 20  w ith  one m olar equivalen t o f  H 3 heidi and th ree m olar 

equ iva len ts  o f  sod ium  benzoate in the presence o f  N aN 3 resu lts in the cry sta llisa tion  o f  pink cube 

crysta ls  o f  Na[Ho(C6H5C02)4] afte r re tlu x in g  in 10 m L o f  M eO H  fo llow ed  by slow  evaporation  o f  

the so lvent. A su itab le  crysta l w as iso lated  from  so lu tion  and characterised  by sing le crysta l X -ray  

d iffraction .

T he structu re  o f  Na[Ho(CfiH5C02)4], 7, is a 3D  netw ork  bu ilt from  chiral cha ins o f  

a lte rna ting  H o/N a po lyhed ra  and chiral channels occup ied  by benzoate ligands that run along  the c -  

axis. 7 crysta llises in the te tragonal crysta l system  in the space group  /4 |.  The asym m etric  unit 

consists  o f  one crysta llog raph ica lly  un ique H o '" cen tre, fou r benzoate  ligands and a sod ium  ion to 

b alance fo r the charge o f  the com plex. T he coord ina tion  env ironm ent o f  each H o'" cen tre  is 8- 

coo rd ina te  and stab ilised  by six benzoate m olecu les (Figure 6.1). T he organic m olecu les bind 

th rough  0 ( 1 )  and 0 ( 2 )  o f  Ligand  1, 0 ( 3 )  and  0 ( 4 )  o f  Ligand 2, 0 ( 5 )  and  0 ( 6 ')  o f  tw o Ligand 3 

m olccu les and the 0 ( 7 )  and 0 ( 8 ')  from  tw o Ligand  4 m olecules, respectively , resu lting  in the 

form ation  o f  a  b inuclear bu ild ing  un it {Ho2(C02C6H5)ij}“'(F ig u re  6.1b). T he coord ination  

geom etry  around the H o '"  cen tre  m ay be v isua lised  as d isto rted  dodecahedron . T he N a ( l)  ion is 6- 

coo rd ina te  and is stab ilised  th rough 0 (2 ) ,  O ( l ') ,  0 (3 )  and  0 ( 4 ')  from  four term inal benzoates and 

0 ( 6 ')  and 0 ( 8 " )  from  tw o b ridg ing  benzoates.

9 I ^

Ho(1)Ho(1')

Ligand 1 Ligand 2 Ligand 3 Ligand 4

Scheme 6.1: The coordination modes adopted by Ligands 1-4 towards Ho'"- and Na*-centres.
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V c
C(22)

0(8) 0(7)

0(4) .0(3)

Ho(1)

0(5) 0 (2)
0(6) C(1)

C(16)'

Figure 6.1: (a) Asymmetric unit o f Na[Ho(Cf,H5C02)4], 7. Faded atoms highlight symmetry generated atoms 
to identify the coordination sphere o f H o (l) . (b) The binuclear building unit {Ho2(C02Q,H5)({}^’ in 7. Ho 
magenta, Na yellow, O red, C black and H white.

The four distinct ligand molecules adopt two different coordination modes as visualised in 

Scheme 6.1. Ligand 1 displays a coordination mode and forms chelate-bridging

interactions to H o(l), N a(l') and N a (l) through the 0(1 ) and 0(2) donors, respectively. Ligand 2 

has the same binding description, where the 0(3) and 0(4) donors form a chelate-bridging 

interactions to H o(l), N a (l) and N a(l'). Ligand 3 and Ligand 4 arc described by a >/':>; 

bridging mode. In Ligand 3, 0(5) and 0(6) bridge H o (l) and H o (l') through a syn, .vy«-interaction 

and 0(6) forms a /^2-bridge between H o (l') and N a(l"). Ligand 4, likewise coordinates to H o(l) 

and Ho( I ') through 0(7) and 0(8) by syn, syn bridges and 0(8 ) forms the /<2-bridge between Ho( 1') 

and N a(l'"). The Ho-O bonds range between 2.265-2.478 A and selected bond lengths are given in 

Table 6.1. The chelating terminal ligands are characterised by one long and one shorter Ho-O bond 

length, while the ligands that bridge two Ho'" centres have the shortest bond lengths between 

2.265-2.365 A.

Table 6.1: Selected bond lengths for 7.

Bond Bond Length (A) Bond Bond Length (A)
H o ( l) -0 ( l) 2.382(5) H o (l)-0 (5 ) 2.271(5)

H o(l)-0 (2 ) 2.474(5) H o (l)-0 (6 )# l 2.358(5)

H o(l)-0 (3 ) 2.371(4) H o(l)-0 (7 ) 2.265(5)

H o(l)-0 (4 ) 2.478(5) H o (l)-0 (8 )# l 2.365(5)
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2c/4 traiLskition 
+180° rotation

c/4 transiiition I 
+90° rotation *

screw

3c/4 ti-aiifilation 
+270° rotation

Figure 6.2: Growth o f  chiral H o’" /N a ' chain along the c-axis through a 4 , screw  axis generating a right- 
handed helical twist. The upper right inset is a right-hand helix to aid visualisation. Ho m agenta, N a yellow , 
O  red. C black. The arom atic ring o f  the ligand has been rem oved for clarity.

The building unit {Ho2(C6H5C02)g}^' (Figure 6.1b) is bridged in space through the Na 

counter-ions. There are four unique four-fold screw axes that t^n  along the c-axis and this 

sym m etry generates a chiral chain o f  alternating Ho'"/Na" polyhedra along this projection with a 

right-handed helical twist (Figure 6.2). Along the chiral chain, the {Ho2(C02C6H5)8}^' building 

unit orientates perpendicular to the direction o f  the screw translation in the a/)-plane (Figure 6.3a). 

This results in the building units acting as points o f  extension in the equivalent [110] and [ITO] 

directions. This leads to each chiral chain being bridged to adjacent chains through the 

JHo2(C02C6H5)8}^' building unit. In the packing o f  the unit cell, there are areas o f  the Ho"'/Na* 

chains and larger channel voids occupied by the bridging ligand molecules. At the centre o f  these 

channel voids runs a four-fold screw axis and results in the chiral packing o f  the bridging benzoate 

ligands in space. This creates a 3D network o f  Na[Ho(C6H5C02)4] where the structure is m ediated 

by the sodium ions, as shown in Figure 6.3b. The 3D structure has two types o f  channel as a result 

o f  the inorganic Ho"'-Na* infinite chain along the c-axis and an adjacent larger channel occupied 

by the benzoate ligands. The crystal data and structure refinem ent details are given in Table 6.2.
Fotntxof extension 
[I10| direction

Points of extension 

[iT OJdirection

Figure 6.3: (a) View o f  the chiral Ho"'/Na* chain down the c-axis w ith the {Ho2(C6HsC02)r}^’ orientated in 
the a i-p la n e  resulting in points o f  extension in the [110] and [IT 0] directions to form (b) the 3D netw ork o f  
chiral chains and channels occupied by the bridging benzoate ligands.
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Tabic 6.2: Crystal data and structure refinement for 7.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system  
Space group 
Unit cell dimensions

Volume
Z
Density (calculated)

Absorption coefficient 
F(OOO)

Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.242°

Refinement method
Data / restraints / parameters

Goodness-of-t1t on
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient

Largest d iff  peak and hole

7
NaHoC2«H2oOg 
672.36  
2 9 3 (2 )K 
0.71073 A 
Tetragonal 

/4 ,
a =  16.128(2) A a =  90°.
b =  16.128(2) A p = 90°.
c =  19.534(4) A y = 90°.

5081.3(18) A3
8
1.758 Mg m'^

3.182 mm-'
2640

0 .2  X 0 .2  X 0 .2  m m ^

1.637 to 25.022°.
- 18<=h<= 19, -1 8<=k<= 17, -1 9<=I<=22 
12963
4126 [R(int) = 0.0331]
9 6 .1 %

Full-matrix least-squares on F^
4 1 2 6 / 1 4 7 /4 0 9

1.178
RI = 0 .0 3 2 4 , wR2 =  0.0848  
R1 = 0.0332, wR2 = 0.0854  
-0.092(7) 
n/a

0.549 and -0.415 e.A'^

It was later found that 7 had already been isolated previously from a reaction o f the 

holmium salt with glycerol, benzoic acid and sodium azide.^° This synthesis uses a co-solvent with 

methanol and does not appear in the final structure. A similar observation is seen in the isolation of 

7 by our synthesis using H3heidi in our reaction. To understand the influence o f H3heidi in our 

system, the reaction was repeated in the absence of H3heidi and it was found that the reaction does 

not proceed due to early precipitation o f the reactants. In Chapter 4, it was shown that 

[Ln(Hheidi)(heidi)]‘‘ is stable in solution. In the synthesis of 7, it would appear that the H3heidi 

ligand initially coordinates the lanthanide centre, as was observed for compound 2 in solution, and 

over time the H3heidi is progressively displaced by the benzoate ligands that are present in a larger 

excess than Hsheidi.

In the previous publication, only the structures of Ho'" and Dy"' had been isolated. Due to 

the two sources o f chirality in the structure, the compound of 7 seemed an excellent candidate for 

displaying optical activity that could be exploited in generating circularly polarised luminescence. 

From this observation, we proceeded to synthesise the Eu"'-analogue of 7, which shall be called 7- 

Eu from here on.
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6.3 Physicochemical characterisation of 7

The PXRD pattern o f 7-Ho was measured to confirm the purity o f the bulk phase. The 

calculated powder diffraction pattern from the structure model was found to be in excellent 

agreement with the experimental reflections (Figure 6.4a). Efforts were made to isolate single 

crystals of the Eu'"-analogue, 7-Eu, and quality crystalline material was successfully isolated, 

however, single crystal XRD showed the crystals to be twinned and a data set suitable for solving 

could not be measured. To check that 7-Eu was isostructural, the PXRD pattern o f 7-Eu and 7-Ho 

were compared (Figure 6.4b) and were found to be in good agreement, indicating that the 7-Eu 

displays the same chiral structure.

The FT-IR spectra were measured (Figure 6.4c) and both materials show stretching bands 

originating from the aromatic C=C-H bond around 3000 cm '' and a weak band at 1738 cm'' due to 

C=C stretch. The asymmetric and symmetric stretches o f the carboxylate group are located in the 

range 1614-1496 cm ' and 1447-1330 cm ', respectively. By using A = [Vasym(C02')- Vsym(C02')], A 

values of 92-211 cm ' were obtained and support assignments of the bridging and chelating 

coordination modes from the benzoate ligand to the lanthanide centre.

The thermal stability was investigated by TGA (Figure 6.4d) in air between 30-900 °C. 

The compound is stable up to 400 °C where a gravimetric event occurs. This is assigned to the 

decomposition of four benozoate ligands and results in a 59.4% weight loss {calc. 60.1 %). The 

remaining residue is presumed to be lanthanide oxide.

8 0x10’
a

60«10’

4 0x10’

2  2 0x10’ 
(0

t  “0
C

I -2.0x10* 

-4 0x10* 

-8 0x10* 

-80x10*

-------Exp.
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J 1 .  ^ It- J

1 ' I I I  '1

20 30
2 0 (“)

7 - E u

7 - H o

4000 3500 3000 2500 2000 1500 1000

7-Ho

59.4 %

Wavenumber (cm ’)
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Temperature (®C)

Figure 6.4: (a) Comparison o f  the experimental calculated PXRD patterns for 7-H o. (b) Comparison o f  
the experimental PXRD patterns o f  7-H o and 7-Eu. (c) The FT-IR spectra for 7-H o and 7-Eu. (d) 
Thermogram o f  7-H o and 7-Eu in air between 30-900°C. * indicate reflections from instrumental artefacts.

135



6.4 Investigating the optical activity and emission properties o f 7-Eu 

6.4.1 UV/Vis Diffuse Reflectance and Circular Dichroism of 7-Eu

The structures o f  7-Ho and 7-Eu are 3D networks constructed from chiral chains o f  

Ln'"/Na polyhcdra down the c-axis with adjaccnt channel voids occupied by bridging benzoate 

ligands in a chiral arrangem ent around a four-fold screw axis. The structure therefore provides two 

sources o f  chirality, the Ln'"/Na* chains and the ligand occupied channels, that may interact with 

polarised light and could result in polarised emission from the lanthanide centres.

The solid-state UVA^is diffuse reflectance spectrum o f  7-Eu was measured between 215- 

420 nm (Figure 6.5a) and a broad band centred between 240-285 nm has been assigned to the 

absorption o f  the benzoate ligand. The ’Fq and ’Fo transitions within the Eu"' centre are 

also observed at 395 and 382 nm, respectively. Having identified the ligand absorption band and 

direct Eu'" //'transitions, the CD spectrum was m easured in the solid-state. Figure 6.5b shows the 

sample response to circularly polarised light and a clear band above the signal/noise ratio is 

observed with a maximum at 239 nm. The CD spectrum provides strong evidence that a chiral 

response is observed by the absorption o f  light through the ligands, presumably those in the chiral 

void channel. The CD response o f  the ligands provides an intriguing possibility that if  the ligand 

was functionalised to sense small ions, then the chiral channel voids can potentially be developed 

towards a sensing response. As the CD m easurement was performed without an integrating sphere, 

it is still unclear whether the chiral lanthanide chain interacts with the polarised light directly. The 

current data indicates that during crystallisation there does not appear to be a 1:1 racemic 

equilibrium  o f the two enantiom er structures (one enantiom er crystallised in /4 | and the second 

enantiom er in lA-^) forming. It cannot be stated that the phase is enantio-pure, but the positive band 

does show a clear excess o f  one enantiomer. With the current evidence for chiral absorption, it will 

be particularly interesting to investigate the sample for a CPL response in the solid-state; an 

approach that still appears scarce in the literature for lanthanide compounds.
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Figure 6.5: (a) The solid-state diffijse reflectance spectrum o f 7-Eu and (b) the CD spectrum o f 7-Eu and 
the associated absorption spectrum.

It is o f particular interest to further understand the crystallisation conditions to investigate 

whether enantiomerically pure phases can be isolated. In this respect, there are a number o f 

methods that may be pursued. In the ID  coordination polymer o f [DyCl3(dicnq)2] (dicnq = 6,7- 

dicyanodipyridoquinoxaline) a conglomerate crystallisation was adopted that allowed different 

batches o f homochiral material to be isolated.^’  Investigation by CD spectroscopy revealed that 

both enantiomers could be isolated in enantiomeric excess. Another factor that could be 

investigated in the reaction system o f 7 is the choice o f solvent. In the current synthesis o f 7, 

MeOH is used; however, i f  the solvent is replaced by a longer chain alcohol that is more 

asymmetric, it may become possible to favour the growth o f a single enantiomer through additional 

solvent effects. An alternative strategy is to reduce the symmetry o f the H3heidi ligand, to become 

chiral, by replacing one acetic acid moiety by a propanoic acid, for example (Scheme 6.2). It is 

believed that the lanthanide centre is in itia lly  stabilised by the H3heidi ligand in solution. I f  the new 

ligand bears three different coordinating groups, the binding o f the ligand around the lanthanide 

centre w ill be less symmetrical. By altering the chain length o f one carboxylic acid group, the 

binding strength o f the carboxylate to the lanthanide may alter and so displacement o f the 

asymmetric “ heidi”  may occur through a specific order and the resulting benzoate would bind 

through a preferential arrangement around the lanthanide centre that favours the crystallisation o f a 

single enantiomer.
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H jheidi A sym m etric
ligand

S ch em e 6.2: Strategy to alter the sym m etry o f  the H jheidi ligand.

6.4.2 The emission properties of 7-Eu in the visible spectral range

To consider these chiral networks for potential applications in sensing or as chiral security 

tags,^' it is important to understand the emission properties o f  the material. For 7-Eu, direct 

excitation o f  the Eu'" centre into the F̂q transition = 393 nm) yielded the characteristic 

Eu'" PL spectrum in the range 550-725 nm arising from the ^Do—>^F/ (J = 0-4) transitions (Figure 

6.6a). There is no observation o f  emission from the higher ^D| manifold indicating efficient non- 

radiative relaxation to the ^Do level from higher excited states. At room temperature, there is some 

Stark splitting o f  the ^Do—>^F/ lines (J  = 2 and 4) into two and three bands, respectively. At room 

temperature, any resolution in the splitting o f  the ^Do—>’F| is not observed. However, knowing the 

compound crystallises in the tetragonal system from the XRD and the splitting that can be 

determined o f the other transition bands, a D 2d point group symmetry can be reasonably assigned 

and matches the distorted dodecahedron description o f the lanthanide ccntre. The excitation 

spectrum o f  7-Eu was measured by monitoring the ^Do—>’p2 transition (Xem = 615 nm) and sharp 

intra-//'transitions between 300-560 nm were assigned to excitation from the ground state,^Fq, to 

the 'U  and ( J =  1-4) excited states (Figure 6.6b). A further broad band was observed

with a maximum at 280 nm and assigned to absorption from the benzoate ligand. To investigate the 

sensitisation pathway, the ligand was excited at = 290 nm and the strong Eu'"-emission bands 

are still observed, indicating reasonable sensitisation through the ligand. The absolute emission 

quantum yield was measured at = 393 nm, and a high value o f  ^pl =  23.8% was obtained. In 

addition to the absence o f  water molecules in the Eu'" coordination sphere, two additional factors 

may account for the impressive emission quantum yield o f  7-Eu. Due to favourable packing o f  the 

ligands with respect to the Eu'" centre the weaker C-H quenching pathways may be minimised. 

The nature o f  the alternating Eu'"/Na" arrangement increases the Eu'"-Eu'" distances between the 

binuclear building units and may reduce concentration self-quenching from energy transfer to 

nearest neighbour Eu'" centres. The absolute emission quantum yield for ligand excitation could 

not be measured under our experimental configuration. The emission lifetimes were measured 

under both direct excitation (X̂ x = 393 nm) and ligand excitation (^ex = 290 nm) to yield lifetime 

values o f  1.07 ± 0.05 and 1.12 ± 0.06 ms, respectively (Figure 6.6c, d). To determine the number 

o f coordinated water molecules, n^, to the Eu'" centre, the following equation was used:



By substituting the observed emission lifetime, Tobs. and calculating k, using Eqn. 1.3(0.925 ms '), 

the number of coordinated water molecules, //w. is 0.005 and is in excellent agreement with the 

crystallographic data.
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Figure 6.6: (a) PL spectnim for 7-Eu upon ligand excitation = 290 nm). (h) Excitation spectrum for 7- 
Eu monitoring the "’Du— transit ion ( l e m  = 615 nm). (c) Emission decay curve (open symbols) and 
monoexponentia! fit (red line) for 7-Eu in the solid-state. = 393 nm, = 615 nm). Inset: Ln(intensity)
vs. time, linear fit supporting a single exponential fit. (d) Emission decay curve (open .symbols) and 
monocxponential fit (red line) for 7-Eu in the solid-state. =  290 nm, =  615 nm). Inset: Ln(intensity)
vs. time, linear fit supporting a single exponential fit.

6.5 Conclusions and Outlook

This chapter has shown the synthesis of 7-Ho and 7-Eu. It was realised that 7-Ho had 

already been isolated previously, however, using different reaction conditions where glycerol, 

sodium benzoate and sodium azide were reacted with the lanthanide salt. We have been able to 

isolate 7-Ho by different means, where H^heidi has been substituted for glycerol in the reaction 

system. The crystal structure shows that the ligand H3heidi is not involved in the final product; 

however, we have shown that the addition of the Hsheidi is a requirement for the chiral network to 

condense. We have been able to synthesise the novel Eu”'-analogue, 7-Eu, of this material and due 

to the multiple sources o f chirality we are interested in the solid-state optical activity o f the 

material. CD spectroscopy indicates an absorption band to polarised light that has been assigned to 

absorption from the ligand molecules that in the least indicate the preferable crystallisation o f one 

enantiomer. The first goal for future work is to study the CPL spectra of 7-Eu in the solid-state.

The emission properties of 7-Eu were investigated and shown to be promising materials that

display high emission quantum yields when the Eu'" centre is excited directly and we were able to
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show that ligand sensitisation is possible. The strong emissive properties of 7-Eu illustrates the 

potential of these materials for use in solid-state sensing devices. The mode of action that needs to 

be investigated is the interaction between ligand and analyte inside the channel voids. Furthermore, 

it has been recently suggested that CPL spectroscopy can be used for a new generation o f chiral 

security tags.^' For this to be viable, a solid-state material is preferable to the aqueous complexes 

already developed. In a solid-state matrix, the ability to tune the spectral emission range by co­

doping of multiple lanthanide centres is possible and similar strategies have been shown in MOF 

materials with the synthesis o f NIR bar-coded systems (Section 1.4.3).^^ Based on these 

considerations, should circularly polarised emission from 7-Eu be observed, these materials will be 

excellent candidates for this application.

To understand the properties o f this system further, future work will consider a number of 

points, (i) Identify if a solid-state CPL response from7-Eu is observed, (ii) Develop strategies to 

isolate homochiral material for full characterisation of the optical activity o f both enantiomers. (iii) 

Introduce ligand substitution into the reaction system, initially by phenyl acetic acid, and 1- and 2- 

naphthoic acid to understand the structural chemistry and how ligand size affects the final 

structure, (iv) Introduce functionality to the ligands to allow selective coordination to transition 

metal ions.
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Chapter Seven

Exploiting organic templates to develop novel 

lanthanide sulphate frameworks
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7.1 Introduction

The sulphate group is a tetrahedral negative ion that has been shown to stabilise lanthanide 

ions through the formation o f  inorganic network structures. These structures can be tuned between 

ID, 2D and 3D through the careful choice o f  an organic tem plating agent. This method has already 

been widely used in the synthesis o f  inorganic zeolite m aterials that have been developed for use in 

petroleum refm cm ent,' catalysis^ and ion-exchange.^ In particular, the developm ent o f  porosity in 

zeolites was shown to be strongly dependent on the choice o f  organic template and has led to 

structures with pore sizes up to 16 A in diameter.^ Successful organic templates included linear 

diamines, where the size o f  the ring’s channels was dependent on the linear chain length o f  NHi- 

(CH2)n-NH2.^ ’ Tuning n produces 10-membered ring (.3<«<5) channels,^ 16-m em bered ring 

(6<«<8)* channels and 18-membered ring (9< «< 10) channels.^

To date, the organic templates used in lanthanide sulphate synthesis include cyclic 

amines,**"'  ̂ diamines**’ and tri-**' and tetra-am incs." The cyclic amines are particularly 

good at templating 2D and 3D structures. The cyclic amine, piperazine, produces m ultiple 3D 

structures depending on the reaction conditions. These materials include (C4H12N2) 

[Ln2(S04)4(H20)2]* which takes on a 3 D architecture with two different types o f  channels 

constructed from 8-membercd rings o f  alternating lanthanide/sulphate polyhcdra with the 

piperazinium cations sitting in these channels. Furthermore, the shape o f  these channels was shown 

to resemble that seen in the zeolitic material ZK-5 .** Using a smaller quantity o f  solvent (H iO) and 

H2SO4 result in the different 3D framework o f  (C4H|2N2)[Ln2(S04)4(H20)2]'®, where the bridging 

sulphates form a central channel o f  an 8-membered ring construction that is surrounded by four 12- 

membered ring channels that run along the a-axis. The piperazine is located in the channels and 

stabilises the structure through hydrogen bonding to the sulphate oxygen cen tres.'” The vital 

addition o f  glycol as a co-solvent to water results in the isolation o f  the honeycom b open 

framework structure o f  (C4H|2N2)3[Ln3(0H)(S04)7]'^ that contains large channels down the c-axis 

from a 24-membered ring construction. These tubular channels are further built from 12-membered 

ring side pockets that maintain the structural integrity o f  the channel.'^ The amine 1,4- 

diazabicyclo[2 .2 .2]octane (DABCO) is good at forming layered lanthanide sulphates w ith an 8- 

membered ring being a common feature in the structure o f  these layers.'”’ '^’ The addition o f Na 

as an additional structure-directing agent leads to the 3D open framework 

Na(C5H|4N2)[Ln3(S04)6(H20)3].'^ ID  zig-zag chains are connected to each other to form infinite 

tubes and are stabilised through the Na" ions. Protonated DABCO molecules further template six 

8-membered rings to form cubic cages that link the ID  infinite tubes into a 3D open framework.

The use o f  diamines has largely focussed on the diethylene amine molecule, which is a

good tem plate for both 3D structures'”’ " ’ '* and layered lanthanide sulphates.*’ To date only

one lanthanide sulphate tem plated by 1,3-diaminopropane is known, and the templating effect led

to a layered m aterial.'” Unlike in zeolite chemistry, the effect o f  chain length has not been studied

beyond n=3 and the effect o f  the tem plate needs to be explored further. Expanding the tem plate to
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tri- and  te tra-am ines largely  reduces the d im ensionality , w here  ID  chains are m ore common.'*'
22

From  the literature, som e patterns in the tem pla ting  o f  lan than ide su lphates are sta rting  to 

appear. H ow ever, no  strong  conclusions can  be draw n. In add ition , the p roperties o f  these  m ateria ls 

are still largely  unexplored . In Section 1.4.4 the properties o f  lan than ide hybrid  m ateria ls and their 

po ten tia l fo r m agnetic coo ling  w as d iscussed . The conclusion  from  the literature w as that 

lan than ide hybrid  structures construc ted  from  sm all ligands resu lt in im proved  m agnetic  cooling  

p roperties. T he sm all size o f  the su lphate as a ligand  cou ld  lead to  prom ising  m agnetic  properties 

that are yet unknow n. T he aim  o f  th is chap te r is to syn thesise  and characterise  new  lan thanide 

su lphate m ateria ls and investiga te  the effec t o f  the tem pla te on the resu lting  structure . In 

characterising  these m ateria ls, w e aim  to investiga te the surface area o f  any porous m ateria ls  and 

look into the m agnetic  p roperties o f  lan thanide sulphates.

7.2 Crystal structure of [Nd2(S0 4 )3(H2 0 )8], (8)

T he reaction  o f  N dCU  ^H iO  w ith  phenyl phosphon ic ac id  in 5 niL  w ate r and a large excess o f  

su lphuric ac id  at I50°C  un d er hydro therm al conditions for 15 hours resu lts in the c ry sta llisa tion  o f  

p ink block crysta ls  o f  [N d2(S 0 4 )3(H 2 0 )g], 8. A su itab le crystal w as iso lated  from  the reaction  

m edium  and  characterised  by m eans o f  single X -ray  crysta l d iffraction .

F igure 7.1: The asymmetric unit o f  [Ndj(S0 4 )3(H2 0 )8] identified by the filled atoms. Faded atoms represent 
symmetry generated atoms that complete the coordination geometry around N d(l) and the sulphate groups. 
Nd cyan, S yellow, O red and H white.

T he com pound  [N d 2(S 0 4 )3(H 2 0 )s], 8, crysta llises in the m onoc lin ic  crysta l system  in the 

space group , C { l)2 /c ( l) . T he asym m etric  un it con tains a sing le N d '"  cen tre, tw o su lphate groups 

(the su lphate S{2) is located  on a special position  (th rough  w hich  a 2 -fo ld  ro tation  ax is runs along  

the /)-axis)) and four coo rd ina ted  w ater m olecu les. The N d '"  cen tre  is e igh t coord ina te  and m ay be 

v isua lised  as a d isto rted  square an tip rism . B eyond the asym m etric  unit, the N d '" cen tre  is stab ilised  

by fo u r su lphate g roups and four coord ina ted  w ater m olecu les (F igure 7.1). T he su lphate S ( l )
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bridges three d iffe ren t N d '"  cen tres w ith  the bond ing  descrip tion  //'; //': \ (S ch em e 7.1). The

oxygen dono r atom  0 ( 4 )  form s a m onoden tate  bond to N d ( l) ,  and 0 ( 1 )  and 0 ( 2 )  form  

m onoden tate  bonds to  N d ( l ')  and ( N d ( l”), respectively . The oxygen  atom  0 ( 3 )  is no t involved  in 

any coo rd ina tion  bonds. T he bond ing  descrip tion  for S(2) is and form s

m onoden tate  bonds to N d ( l)  and N d ( l '" )  th rough the donor atom s 0 ( 9 )  and 0 (9 ') ,  respectively  

(S ch em e 7.1). T he oxygen  centres 0 (1 0 )  and 0 (1  O') are not involved in bond ing  to  the N d "‘ 

centres.

Nd(1)

O  ‘

I ,
 Nd(1")

Nd(V)

Sulphate S ( l)
/ / '  : / / '  //«:

10-

O

 Nd(1)

Nd(1” )

Sulphate S(2)
A/': //®: t f - f i i

Scheme 7.1: The coordination modes of the sulphate groups in 8.

T he N d-O  bond lengths are in the range 2 .376-2 .548  A (T ab le 7.1). T he shorter N d-O  

bond lengths are from  the coord ina ted  su lphate O -donors due to the stronger electrostatic  attraction  

from  the negative su lphate group. T he N d-O ^ bond lengths from  coord ina ted  w ate r m olecules are 

longer above 2.40 A due to the w eaker elec trosta tic  attraction  betw een  the neutral w ate r m olecule 

and the N d '"  centre.

Table 7.1: Selected bond lengths for 8.

Bond Bond L ength  (A) B ond B ond L ength  (A)
N d (l) -0 (1 )# 2 2.5120(8) N d ( l ) -0 (5 w ) 2.4907(9)

N d (l)-0 (2 )# 1 2.3844(9) N d ( l ) -0 (6 w )# l 2.4009(9)

N d ( l ) - 0 (4 ) 2.4293(8) N d (l) -0 (7 w )# 2 2.5484(8)

N d (I ) -0 (9 ) 2 .3769(9) N d ( l ) -0 (8 w ) 2 .4411(9)

A double chain  o f  {Nd2(S 0 4 )3(H 2 0 )s}„ po lyhedra  ex tends along  the 6-axis through 

b ridg ing  S ( l )  su lphates (F igu re 7.2a). A long  the chain , S(2) su lphate m oieties b ridge a double 

chain  to  tw o o ther chains along  the [101] d irection . T his resu lts in layers in the [ I0 1 ]-p lan e  that 

con tain  8-m em bered  rings construc ted  from  four {NdOs} po lyhedra , tw o S ( l)  and  tw o  S(2) 

te trahed ra  (F igu re 7.2b).

146



Figure 7.2: (a) A double chain o f  [Nd2(S0 4 )3(H2 0 )«] built from a repeating unit along the h-ax\s. (b) A layer 
o f [Nd2(S0 4 )3(Hi0 )8] in the [101] plane. The bridging S{2) group is highlighted in magenta to highlight how 
they bridge adjacent chains. 8-membered rings are seen to form consisting o f four {NdO^}, two S ( l ) and two 
S(2) polyhedra. Nd cyan, S( 1) yellow, S(2) magenta and O red.

T w o d iscre te  layers fill the unit cell runn ing  in the [101] projection. Each layer is 

genera ted  th rough d iffe ren t sym m etry  elem ents. O ne such layer m ay be considered  as tak ing  the 

asym m etric  unit, a long  w ith atom s generated  th rough a tw o-fo ld  ro tation  ax is at (0 .5 ,/),0 .25), an n- 

g lide p lane perpend icu lar to the /)-axis at h=0.25  and an inversion centre at (0 .75 ,0 .25 ,0 .5). The 

second  layer that runs through the un it cell is generated  by  app ly ing  the cen trin g  v ec to r [0 .5,0.5,0] 

to  the asym m etric  unit, a tw o-fo ld  screw  axis at (0 .75,/),0 .25), a c-g lide p lane perpend icu lar to the 

b-'d \is  a t b=0.5 and  an inversion cen tre  at (0 .5 ,0 .5 ,0 .5). T he rela tion  o f  the sym m etry  to the unit cell 

is g iven  in F igu re 7.3.
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[3/4, b, 1/4]
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1/4 and 3/4 
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Figure 7.3: (a) The unit cell o f [Nd2(S0 4 )3(H2 0 )8] as viewed down the /)-axis. (b) The symmetry elements 
required to generate the structure of 8 as viewed down the >̂-axis.

To stabilise the overall structure, two types o f  hydrogen bond are observed; intra- and 

inter-layer hydrogen bonding. W ithin each individual layer there are intra-layer hydrogen bonds 

formed between the S(2) sulphate oxygen atom 0 (1 0 ) and the coordinated w ater molecules 

through 0 (7 w )-H (5 )...0 (1 0 ) and 0 (8 w )-H (8 )...0 (1 0 ) interactions (red dash bond in Figure 7.4). 

Fuilher intram olecular hydrogen bonding exists between the S( 1) sulphate and coordinated water 

molecules and between individual w ater molecules. A djacent layers are additionally stabilised 

through hydrogen bonding from oxygen atoms on both the S (l)  and S(2) sulphates to coordinated 

water m olecules (blue dashed bonds in Figure 7.4). The hydrogen bonds are weak, as 

characterised by the long donor acceptor distances between 2.766-2.961 A, as sum m arised in 

Table 7.2.
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F igu re  7.4: The hydrogen bonding network o f  8 as v iew ed  dow n the A-axis. Interlayer hydrogen bonds 
betw een different layers are blue dashed bonds, w hile intralayer hydrogen bonds w ithin the sam e layer are 
identified by red dashed bonds.

T a b le  7.2: Selected  hydrogen bond distances in 8.

Donor-Acceptor 

Distance (A)
Donor-Acceptor 

Distance (A)
0(5w)-H(2)...0(7)#5 2.8849(12) 0(6w)-H(3)...0(10)#6 2.7822(12)

0(5w )-H (l)...0(l) 2.7665(12) 0(6w)-H(4)...0(3)#7 2.7463(13)

0(7w)-H(5)...0(10) 2.7703(12) 0(7w)-H(6)...0(l)#8 2.9618(12)

0(8w)-H(8)...0(10)#3 2.8119(12) 0(8w)-H(7)...0(3)#8 2.7119(13)

149



T ab le  7.3 Crystal data and structure refinem ent for 8.

Identification code  

Empirical formula 

Formula w eight 

T emperature 

W avelength  

Crystal system  

Space group 

Unit cell d im ensions

V olum e
Z

D ensity (calculated)

Absorption coefficien t  

F(OOO)

Crystal size

Theta range for data collection  

Index ranges 

R elleclion s co llected  

Independent rellections 

C om pleteness to theta =  25.242°  

Absorption correction  

M ax. and min. transm ission

Refinem ent m ethod

Data / restraints / parameters

G oodn css-of-fit on

Final R ind ices [l>2sigm a(I)]

R indices (all data)
Extinction coeffic ien t

Largest d if f  peak and hole

8
H|,Nd:0,oS3 
720 .79  

100(2) K 
0 .7 1 0 7 3  A 
M onoclinic  

C ( l ) 2 / e ( l )  

a =  13 .5997(4) A 
b =  6 .8 3 5 7 (2 ) A 
c =  18 .3596(5) A 
1665 .52(8 ) A3  

4

2 .875  M g m ‘3

6 .6 4 2  mm"'

1376

0 .1 9 0  X 0 .1 9 0  X 0 .1 0 0  mm^ 

2.274  to 4 0 .341°.

-24< h < 24 , -1 2<k< 12, -33< l< 33  

80657

52 6 9  [R(int) =  0 .0152]

99.1%

Sem i-em pirical from equivalents  

0 .7479  and 0 .5403

Full-m atrix least-squares on F^
5 2 6 9 /  1 2 / 1 4 6

1.472

R1 = 0 .0 1 3 9 ,  w R 2 =  0 .0337  

R1 = 0 .0 1 3 9 , wR 2 =  0 .0337  

n/a

0 .6 3 6  and -2 .1 0 8  e.A '^

a  =  90°.

P =  102 .6220(10)°. 
Y =  90°.

7.3 The crystal structure of (Me2NH2)9[Nds(S0 4 )i2l, (9)

The reaction o f NdCl3-6 H2 0 , phenyl phosphonic acid and sulphuric acid as a 1:2:4 molar 

ratio in 10 mL DMF yielded crystalline plates o f  (Me2NH2)9[Nd5(S 0 4 )i2], 9, after heating at 170 °C 

for 72 hours and subsequent slow cooling to room temperature. A suitable small plate was isolated 

from the crystal mixture and analysed using single crystal X-ray diffraction. The reaction was 

repeated using only LnCls, DMF and H2SO4 and the product could be isolated indicating that the 

uncoordinated ligands are not important in the synthesis. Isostructural materials were synthesised 

for Ln'" = Gd'" and Dy'" and the materials shall be named 9-Gd and 9-Dy.
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C(5). > ^ ^ ( 3) > ^ ( 3)
^ C ( S - )

C ( 4 ) ^

Figure 7.5: Asymmetric unit o f  (Mc2NH2 )9[Nd5(S04)i2], 9. Nd cyan, O red, S yellow, N blue, C black and 
H white.

T he com pound, 9, is a 3D  open fram ew ork  that is construc ted  from  tw o d iffe ren t chain 

m otifs  that connect to form  a structure w ith three d iffe ren t channels, 10- and 2 0 -m em bered  ring 

channels  tha t run along  the c-ax is and ano ther 20-m em bered  ring  channel that p ro jec ts along  the 

[101] d irection . T he open fram ew ork bears an overall negative charge and is balanced  by the 

p resence  o f  d im ethyl am m onium  ([M e:N H 2] ) ca tions resid ing  w ith in  the channels. T he ca tions are 

p resum ed  to  form  in-situ  th rough the decom position  o f  the solvent, D M F, by hydro lysis under 

increased  tem peratu re  and pressure  w hile  un d er acid ic cond itions as seen in the literature.

T he com pound  (M e 2N H 2)i)[Nds(S0 4 ) i2], 9, crysta llises in the m onoclin ic  crysta l system  in 

the space g roup  C ( l)2 /c ( l)  w here M e2N H 2 =  d im ethyl am m onium  cation . T he asym m etric  un it is 

h a lf  o f  the un it fo rm ula consisting  o f  th ree N d '"  cen tres, N d( 1), N d(2) and  N d(3 ) (Figure 7.5). The 

N d( 1) cen tre  is located  on a specia l position  w here a 2 -fo ld  ro tation  axis runs along  the d irec tion  o f  

the /)-axis. T he N d '"  centres are stab ilised  by  six  su lphate groups in the asym m etric  unit, w here the 

su lphate , S (6) is d iso rdered  over tw o positions (70:30% ). T he N d " '-su lp h ate  coord ina tion  netw ork  

is charge balanced  by  six d im ethyl am m onium  cations, the ca tions o f  N (3), N (4) and  N (5) are h a lf  

occup ied  by their location  on special positions.
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>1̂ 'l ' >f >l'-lh

23
O

'  /  \ ______0 - ~ A  /
l 7 ^ N d ( 1 )  Nd(2)

Sulphate S(4) Sulphate S(5) Sulphate S(6)
t l - : i f  t } ' : t j ' - f l y ,

Schem e 7.2: Coordination m odes adopted by the different sulphate moieties in the asym m etric unit o f  9.

The different sulphate moieties display a num ber o f  different bridging modes (Schem e 

7.2). The S (l)  sulphate has a t ] ' \  t ] ^ \  i f - i - i i  bonding scheme where the 0 (1 )  donor coordinates a 

Nd(3) centre, 0 (2 )  bridges to N d (l)  and the donor 0 (4 )  coordinates a different N d(3 ') centre. All 

three oxygen donors coordinate through a monodcntate interaction. The S(2) sulphate displays a 

//': bridging mode where the oxygen donors, 0 (5 )  and 0 (6 ) chelate the Nd(3) centre,

while the donors 0 (7 ) and 0 (8 )  chelate Nd(2). The S(3) sulphate moiety bridges three N d'" centres 

through a.  1] ' :  t j ' : t ] ' : mode. The oxygen donor atom 0 (9 )  forms a m onodcntate bond to Nd(2),

while 0 (1 0 ) and 0 (1 1 ) forms a chelating interaction with a symmetry Nd(2') and the donor 0 (1 2 ) 

forms an m onodcntate bond to another symmetry related N d(2 '') centre. A t f  : ?/’: bonding

description to three Nd'" centres is adopted by the S(4) sulphate. A bridging-chelate interaction is 

adopted from the donor atoms 0 (1 3 ) and 0 (1 5 ) to Nd(3) and Nd(3'), leaving the donor atom  0 (1 6 ) 

to form an monodcntate interaction to N d(l). Two N d '“ centres are bridged from the S(5) sulphate 

by a t ] ' :  description, where two chelate-bridging modes are adopted in coordinating

N d (l) and Nd(3) through the donor atoms 0 (1 7 ), 0 (1 8 ) and 0 (19). 0 (1 7 ) is the bridging donor 

atom, forming a /ii-bridge between the N d (l) and Nd(3) centres. The oxygen atom 0 (1 8 ) and 

0 (1 9 ) com plete the chelate interaction to N d (l) and Nd(3), respectively. The S(6) sulphate bridges 

two Nd'" centres through a v ': t ] ' -  t f ' -  bonding description. The oxygen atom 0 (2 1 ) forms a 

m onodentate bond to Nd(2), while the donor 0 (2 2 ) forms a separate m onodcntate bond to a 

symmetry related Nd(2'").

The N d (l)  centre is 8-coordinate and bound by six different sulphates through 0 (2 ) , 0 (2 ') ,

0 (  16), 0 (  16'), 0 (  17), 0 (  17'), 0 (  18) and 0 (  18') o f  S( 1), S(4), S(5) sulphates. The Nd(2) centre may

be viewed as an 8-coordinate distorted dodecahedron. The coordination sphere is com pleted

through 0 (7 )  and 0 (8 )  o f  S ( l)  and 0 (2 1 ) o f  S(6) sulphates. Three different S(3) sulphates

coordinate to Nd(2) through 0 (9 ) , 0 (1 0 ')  and 0 (1 2 ”). The coordination environm ent o f  Nd(3) is 9-

coordinate and stabilised through six different sulphate moieties. The Nd(3) centre is bound by

0 (1 )  and 0 (4 ')  o f  two S (l)  sulphates, 0 (5 ) and 0 (6 )  o f  an S(2) sulphate, 0 (1 7 ) and 0 (1 9 ) o f  the
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S(5) sulphate. Two S(4) sulphates bond through 0 (1 3 ), 0 (1 5 ) and 0 (1 3 ')  to com plete the 

coordination.

The N d -0  bond lengths (T ab le  7.4) range between 2.322-2.560 A, are in good agreement 

with literature values reported for N d'" sulphates and vary according to the bonding interaction 

between the oxygen donor and the N d"' centrc. The shorter bond lengths are generally due to the 

m onodcntate interactions with the N d‘" ccntre, while the longer bond lengths, up to ca. 2.5 A, are a 

consequence o f  the chelating and bridging interactions observed in the structure.

Table 7.4: Selected bond lengths for 9.

Bond Bond Length (A) Bond Bond Length (A)
N d (l)-0 (2 ) 2.404(3) N d(3)-0(13) 2.382(3)

N d(3)-0(1) 2.442(3) N d(3)-0(15)#5 2.468(3)

0(4)-N d(3)#5 2.423(3) N d (l)-0 (1 6 ) 2.369(3)

N d(3)-0(5) 2.545(3) N d (l)-0 (1 7 ) 2.549(3)

N d(3)-0(6) 2.487(3) N d (l)-0 (1 8 ) 2.535(3)

N d(2)-0(7) 2.533(3) N d(3)-0(19) 2.531(3)

N d(2)-0(8) 2.537(3) N d(2)-0(21A ) 2.360(6)

N d(2)-0(9) 2.474(3) N d(2)-0(22A )#2 2.322(5)

N d(2)-0(10)#4 2.560(3)

N d(2)-0(11)#4 2.549(3)

0(12)-N d(2)#3 2.440(3)

Two different chain motifs are constructed through symmetry. The first motif, chain 1, is 

an infinite wave-like chain built from N d (l)  and Nd(3) centres and their sym m etry-related centres 

(Figure 7.6a). With respect to the unit cell, these wave-like chains orientate and pack along the 

[101] axis (Figure 7.6b).

The second m otif present in the structure, chain 2, is a double infinite chain o f  symmetry- 

related Nd(2) centres that runs along the c-axis (Figure 7.7a). This m otif is constructed entirely 

from Nd(2) centres that are linked through S(2) and S(6) sulphates along the c-axis in a single 

chain. The S(3) sulphates act to bridge two like-chains along the a-axis and so create the double 

chain m o tif  W ith respect to the unit cell, the chains orientate and pack along the c-axis (Figure 

7.7b).
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Figure 7.6: (a) The w ave-like m otif o f  chain 1 that grow s in the [101] direction, (b) The packing o f  m ultiple 
chain I motifs in the [101] plane as view ed down the />-axis. Chain 2 and dim ethyl am m onium  cations have 
been omitted for clarity. Nd cyan, S yellow  polyhedra, O red.

b

b

•P)

Nd<:

tn

Figure 7.7: (a) The growth o f  the double infinite chain 2 along the c-axis. N ote the multiple S(3) sulphates 
that bridge the two chains, (b) The packing o f  the double chains as view ed dow n the i-a x is  and (c) the w ave­
like nature o f  the infinite double chain m otif. N d cyan, S yellow  polyhedra, O red, chain I and dim ethyl 
am m onium  cations have been rem oved for clarity.

The wave-like m otif of chain 1 is a consequence of an inversion centre at (0.25,0.25,0) 

and its related positions, an n-glide plane petpendicular to the Z)-axis with glide component 

[0.5,0,0.5] and the two fold rotation axis running down the ft-axis through N d(l). The wave-like
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nature o f  the double infinite chain (chain 2) is a consequence o f  a c-glide plane perpendicular to 

the /)-axis and two-fold rotation axis at (0.5,6,0.25) and inversion centres at (0.5,0.5,0). The 

position o f  the symmetry elem ents and their equivalent positions in the unit cell with respect to the 

structure are shown in Figure 7.8.

[1/ 2 ,1/ 2,1/ 2 ]

]3/4,l/4,0]
1/2

1/4 and 3/4

F igu re  7.8: (a ) Polyhedral representation o f  the unit cell as v iew ed  dow n the 6-ax is. Nd cyan, S y e llo w  O  
red. (b ) Schem e o f  the unit cell v iew ed  dow n the /)-axis sh ow ing  all sym m etry elem en ts that relate to 
m olecu le  generation in the unit cell.

These two independent motifs are connected in space through S(2) sulphate m oieties along

the />-axis. This leads to the construction o f  a 3D open framework structure with three different

channels. The S(2) sulphates bridge the Nd(2) and Nd(3) centres and this leads to the double

infinite chain 2 running perpendicular to the wave-like chain 1 positioned between two different

Nd(3) centres and forming a small 10-membered ring channel. This channel consists o f  three

{NdOK}, two {NdOy} and five {SO4} polyhedra (Figure 7.9a) and is stabilised by dimethyl

am m onium  cations that reside in the centre. A larger 20-m em bered ring channel also forms from

the arrangem ent o f  six {NdOg}, four {NdOq} and ten {SO4} polyhedra. These rings form adjacent

to the 10-membered ring and are also stabilised by dimethyl am m onium  cations residing towards

the perim eter o f  the ring channels and located towards the corners o f  these channels showing the

directional tem plating effect o f  the cation. These two different types o f  channel run in the direction

o f  the crystallographic c-axis. A further 20-m em bered ring channel also forms in the [101]

projection and is built from six {NdOs}, four {NdOg} and ten {SO4} polyhedra. In this channel,
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some o f  the sulphate moieties are oriented towards the centre o f  the ring. A high density o f 

dimethyl am monium cations are located (F ig u re  7.9b) in these channels and form hydrogen bonds 

to the sulphate oxygen atoms to stabilise the negative charge on the framework. The formation o f  

the 10- and 20-m em ber rings result in channels that run down the c-axis and the [101] projection. 

These channels result in porosity in the framework structure in two directions o f  space. The 

dimethyl ammonium cations are located w ithin these channels and stabilise the framework as 

structure directing agents as is observed by their position within the channels.

Figure 7.9: 3D fram ew ork built from intersecting chain I and chain 2 m otifs result in 10- and 20 m em bered 
ring channels that are view ed dow n (a) c-axis and (b) the [101] direction. Bridges betw een the two different 
chain m oieties are m ade by S(2) sulphates, identified as m agenta polyhedra. Nd cyan polyhedra, S yellow  
polyhedra (S(2) magenta polyhedra), C black, N blue, H -bonds red-dashed lines.

The dimethyl am m onium  cations act to stabilise the framework structure through an 

extensive hydrogen bonding network with the sulphate oxygen donor atoms. There are a large 

num ber o f  weak hydrogen bonds between both the am monium nitrogen-hydrogens and some C-H 

protons on the methyl arms o f  the cation. The hydrogen bond distances are sum m arised in T able 

7.5 and are in the range 2.796-3.487 A. The variation in the hydrogen bond distance may be seen 

as a consequence o f  the nature o f  the hydrogen bond, w here the more electropositive hydrogens on 

the am m onium  nitrogen will have a stronger attraction to the sulphate oxygen donors and are 

reflected by the shorter hydrogen bonds on the whole. M any o f  the hydrogen bonds above 3 A 
originate from the less electropositive C-H protons to the sulphate oxygen donors.

The dimethyl ammonium cations are generated in-situ through the decomposition o f  the

solvent dim ethylform am ide under elevated pressure and temperature. The tem plating effect o f  the

cations on the overall structure is clear through isolation o f  larger ring channels in 9 and their

position relative to the sulphates to stabilise this configuration. It was hypothesised that the gradual

evolution o f  the templating cation over time plays an important role in the resulting structure

through the stabilising interactions and the presum able change in pH over time with template
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formation. To investigate the role o f  the solvent towards template generation, the solvent was 

changed to the larger diethylformamide with the aim o f  generating a larger diethylammonium 

cation that can the template the structure o f  the resulting lanthanide sulphate.

T ab le  7.5: Selected hydrogen bond distances for 9.

Donor-Acceptor 

Distance (A)
Donor-Acceptor 

Distance (A)
N(1)-H(1E)...0(1)#6 2.901(4) N(4)-H(4D)...0(11)#9 3.064(6)

C(1)-H(1A)...0(3)#6 3.197(6) N(6)-H(6E)...0(8)#7 2.900(7)

N(2)-H(2D)...0(23A)#7 2.818(8) C(9)-H(9A)...0(24A)#7 3.065(11)

N(2)-H(2E)...0(20)#9 2.872(7) C (10)-H (l0A ).. .O (ll)#9 3.349(7)

N(3)-H(3D)...0(10)#11 2.796(5) C(10)-H(10C)...0(19)#7 3.487(7)

T ab le  7.6: Crystal data and structure refinem ent for 9.

Identification code 9
Empirical form ula C|i|H72N9Nd504sS|2
Form ula w eight 2288.76
T em perature 100(2) K
W avelength 0.71073 A
Crystal system M onoclinic
Space group C ( l ) 2 / c
U nit cell dim ensions 3 = 20.5928(18) A fit =  90°. 

b = 35.696(3) A (5= 114.7194(11)° 
c =  10.0723(9) A y = 90°.

V olum e 6725.5(10) A3

Z 4

D ensity (calculated) 2.260 M g m'3

A bsorption coefficient 4.275 m nr*
F(OOO) 4476

Crystal size 0.200 X 0.160 X 0.100 mm3
T heta range for data collection 2.028 to 27.493°.
Index ranges -26<h<24, -45<k<46, -1 I<I<I3
Reflections collected 24151
Independent reflections 7729 [R(int) =  0.0138]
C om pleteness to theta = 25.242° 100 .0%
A bsorption correction Sem i-em pirical from equivalents
Max. and min. transm ission 0.7460 and 0.6566

R efinem ent method Full-m atrix least-squares on F^
D ata / restraints / param eters 7729 / 40 / 440

G oodness-of-fit on 1,040
Final R indices [l>2sigm a(I)] R1 =  0.0310, w R2 = 0.0710
R indices (all data) R1 = 0.0337, wR2 = 0.0726
Extinction coefficient n/a

Largest d if f  peak and hole 2.912 and -1.873 e.A '^
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7.4 The crystal structure o f (NH 4)[D y(S0 4 )2(H 2 0 )], (10)

Using the solvent diethylform am ide, the reaction o f  Dy(N0 3 ) 3  xH 2 0  with sulphuric acid in 

the mole ratio 1:6 under solvothermal conditions at 170°C for 72 hours results in colourless plate 

shaped crystals o f  (NH 4)[Dy(S0 4 )2(H 2 0 )], 10 . From the collection o f  crystals synthesised a 

suitable crystal was isolated for characterisation by X-ray crystallography.

0 (6)
0(4) 

S(1) i
0(7)

0(3) S(2)
0 (8)0 (2)

0(5)
0 (1)

Dy(1)

Figure 7.10: A sy m m etric  u n it o f  (N H 4)[D y (S 0 4 )2(H 2 0 )], 10, id en tified  as bo ld  tilled  a tom s. F aded  a tom s 
rep resen t sy m m etry  g en era ted  a tom s th a t co m p le te  the c o o rd in a tio n  a ro u n d  D y ( l)  and  the  tw o  su lp h a te  
m oieties. D y g reen , S y e llo w , O red , N  b lue an d  H w hite.

The structure o f  10 can be described as a dense 3D network o f  [Dy(S0 4 )2(H 2 0 )]„'" chains 

that are cross-linked in the [110] direction through sulphate bridges. The structure is further 

stabilised through a dense hydrogen bonding network between the negative sulphate network and 

ammonium ( N H 4  ) counter-ion. The origin o f  the ammonium ion is the from in-situ decomposition 

o f  the solvent diethylformamide.

The compound, 10, crystallises in the monoclinic crystal system in the space group 

P (l)2 |/c . The asymmetric unit o f  10 consists o f  one D y'" centre, two sulphates and an ammonium 

counter-ion that forms in-situ through the decom position o f  diethylformamide (F ig u re  7.10). The 

Dy'" centre is eight-coordinate and stabilised by six sulphate moieties and one coordinated water 

molecule. The sulphate S ( l)  bridges three different D y'" centres through at]': 7 ': t]': rj'-fii bonding 

description. The oxygen donor atoms 0 (  I) and 0 (2 )  form monodentate bonds to Dy( 1) and Dy( I '), 

respectively, while 0 (3 ) and 0 (4 )  form chelating bonds to D y ( l"). The sulphate S(2) also bridges 

three Dy"' centres by a rj': 7 ': //': bonding scheme, where the donor atoms 0 (5 ), 0 (6 )  and

0 (7 ) form monodentate bonds to D y (l), D y (l" ) and D y (l" ')  centres, respectively, while 0 (8 ) 

remains uncoordinated.
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Sulphate S (l)  Sulphate S(2)
))' ri'-Ui t]' if : if-u .

S ch em e 7.3: Coordination m odes adopted by sulphate S ( l )  and S (2) in 10.

The Dy-O  bond lengths summ arised in T ab le 7 .7  are in the range 2 .300-2 .555  A. The 

m onodentate bonds are shorter with values below  2 .350 A and the chelate bonds formed from 0 ( 3 )  

and 0 (4 )  result in longer bonds up to 2 .555 A. The coordinated water (O ls )  also forms a longer 

D y-O  bond distance o f  2 .417 A due to the weaker electrostatic nature o f  the bond.

T a b le  7.7: Selected  bond lengths in 10.

Bond B ond L ength (A) Bond Bond L ength  (A)
D y (l) -0 (1 ) 2 .3971(11) D y ( l ) -0 (5 ) 2 .3124(12)

D y (l) -0 (2 )# 3 2 .3393(12) D y (l)-0 (6 )# 1 2 .3005(12)

D y (l)-0 (3 )# 1 2 .3723(12) D y ( l) -0 (7 )# 2 2 .3120(12)

D y ( l ) -0 (4 )# l 2 .5559(12) D y ( l) -O d s ) 2 .4175(12)

The structure can be view ed as infinite chains o f  [D y(S0 4 )2(H 2 0 )]„'' that run along the c- 

axis (F igure 7 .11a). The chain has a zig-zag m otif (F igu re 7.11b) constructed from discrete 

{DyOs} polyhedra that are connected through two sulphates ( S( l )  and S(2)) along the £'-axis. O f 

the six sulphates that stabilise each Dy'" centre, four sulphates are involved in the directional 

connectivity along the c-axis. This leaves one S ( l )  m oiety to bridge adjacent chains through the 

oxygen  donor atom 0 ( 2 )  and a S(2) m oiety bridges to a different chain through the 0 ( 7 )  donor 

atom. These bridging interactions link adjacent chains along the [110] direction.

F ig u re  7.11: (a) Individual chain o f  discrete {DyO g} polyhedra bridged by four sulphates along the t -a x is  in 
10 as v iew ed  dow n the 6-axis, (b ) W ave-like m o tif  o f  the chain in 10 w hen v iew ed  dow n the [ l OI]  
projection. D y green and O red. Y e llo w  polyhedra denote su lphates that bridge the Dy"' centres to form  the 
chain, w h ile  m agenta polyhedra denote sulphates that are on ly  involved  in bridging adjacent chains.
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A single unit cell contains two chains, one chain can be visualised from the generation o f  a 

c-glide plane perpendicular to the b-axis creating one zig-zag chain from the asym m etric unit. The 

second chain can be viewed as a result o f  an inversion centre at (0.5, 0.5, 0.5) and a 2 | screw axis 

along the 6-axis at (0.5, b, 0.25) and (0.5, b, 0.75). The symmetry elem ents are shown in relation to 

the unit cell contents in Figure 7.12.

1/4 and s/4

Figure 7.12: (a) U nit cell o f  10 as view ed dow n the b-axis. (b) D iagram  o f  sym m etry elem ents required to 
generate all atom s within the unit cell o f  10 as view ed dow n the ^>-axis.

The cross-linking between adjacent chains creates a dense 3D fram ework structure that 

contains channels that run along the a-axis and the t-ax is  (Figure 7.13). The channels along the a- 

axis are constructed from small 8-membered rings o f  four {DyOg} polyhedra and four sulphate 

tetrahedra from two adjacent chains. The channels down the c-axis consist o f  different 8-membcred 

rings o f  four {DyOs} polyhedra and four sulphate tetrahedra from four different chains.

Figure 7.13: Packing o f  10 into a dense 3D fram ew ork through bridging sulphates o f  adjacent chains 
produces (a) 8-m em bered ring channels from two adjacent chains along the fl-axis and (b) 8-m em bered ring 
channels along the c-axis from  four adjacent chains. The am m onium  cations have been rem oved for clarity. 
Dy green, S yellow  and O red.

The coordinated water m olecules extend out into the middle o f  these channels and stabilise

the structure through hydrogen bonding between the w ater hydrogen donor atom H(1A) with 0 (4 )

and 0 (8 )  and through H(1B) to the 0 (6 )  and 0 (7 )  centres with hydrogen bond lengths in the ranges

2.892-3.139 A. The am monium counter-ion resides inside the channels and forms hydrogen bonds

to ftirther stabilise the framework structure. The am m onium  hydrogen atoms H (l), H(3) and H(4)

form hydrogen to sulphate oxygen acceptors 0 (1 ) , 0 (2 ) , 0 (3 ), 0 (7 )  and 0 (8 )  with bond lengths in
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the range 2.788-3.381 A. The H(2) atom o f the ammonium ion also hydrogen bonds to the 

coordinated water 0 ( Is) with a long hydrogen bond o f 3.022 A (Tabic 7.8). The hydrogen bonding 

network is shown in Figure 7.14.

Table 7.8: Selected hydrogen bond distances in 10.

Donor-Acceptor 

Distance (A)

Donor-Acceptor 

Distance (A)

0(1S)-H{1A)...0(4)#4 3.1397(17) N (l)-H (l) ...0 (7 )# l 3.074(2)

0(1S)-H(1C)...0(8)#6 2.8921(17) N (l)-H (3)...0 (8 ) 2.7886(19)

0(1S)-H{1C)...0(6)#6 2.9840(17) N (l)-H (4 )...0 (l)#9 2.975(2)

0(1S)-H(1B)...0(7)#1 3.0592(17) N (l)-H (4)...0(3)#7 2.8816(19)

N (l)-H (l)...0 (2 )#7 3.381(2) N(1)-H(2)...0(1S)#8 3.0222(19)

Table 7.9: Crystal data and structure refinement for 10,

Identification code 10
Empirical formula DyH 6N0 9 S2

Formula weight 390.68
Temperature 100(2) K.
Wavelength 0.71073 A
Crystal system Monoclinic
Space group F ( l ) 2 , / c
Unit cell dimensions a = 10.2397(6) A a -  90°. 

b = 8.3040(5) A p =  119.4569(6)° 
c =  10.3055(6) A y  = 90°.

Volume 763.00(8) A3
Z 4

Density (calculated) 3.401 Mg m 3

Absorption coefficient 10.370 mm'*
F(OOO) 732

Crystal size 0.1 10 X 0.070 X 0.060 mm3
Theta range for data collection 2.284 to 30.567°.
Index ranges -14<h<l4, -1 l< k < l 1, -14<1<I4
Reflections collected 27866
Independent reflections 2327 [R(int) = 0.0158]
Completeness to theta = 25.242° 100.0%
Absorption coirection Numerical
Max. and min. transmission 0.6867 and 0.4622

Refinement method Full-matrix least-squares on F^
Data / restraints / parameters 2327 /0  / 136

Goodness-of-fit on 0.937
Final R indices [l> 2o (l)] R1 =0.0092, wR2 = 0.0270
R indices (all data) R1 = 0.0097, wR2 = 0.0273

Largest d i f f  peak and hole 0.384 and -0.614e.A-3
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Figure 7.14: The hydrogen bonding network in 10 as viewed down the (a) a-axis and (b) c-axis.

7.5 Crystal structure o f (NH 4)3[Dy(S0 4 )3], (11)

T he so lvo them ial reaction  o f  D y(N 0 3 )3  xH 2 0  w ith  su lphuric acid in the m olar ratio  o f  1: 

15 in 5 m L o f  d ie thy lfo rm am ide w hen hea ted  at 170 °C for 72 hours y ie lds co lourless p lates o f  

(N H 4)3[D y(S 0 4 )3], 11, fo llow ing  the decom position  o f  the solvent. A su itab le crysta l from  the 

reaction  m ix ture w as se lected  and characterised  by m eans o f  single crystal X -ray  d iffraction .

C om pound  11 has a layered stm ctu re  consisting  o f  corrugated  layers o f  (N H 4)3[D y(S 0 4 )3] 

that fo rm  in the /jc-plane, w hich  are stab ilised  by a hydrogen  bond ing  netw ork  arising  from  the 

position  o f  the am m onium  cations in betw een  ad jacen t layers.

T he com pound , 11, crysta llised  in the  m onoclin ic  crystal system  in the space group 

C ( l) 2 /c ( l )  w ith  un it fo rm ula (N H 4)3[D y(S 0 4 )3], T he asym m etric  unit o f  11 consists o f  one D y'" 

cen trc, th ree su lphate m oieties and four am m onium  cations that form  in-situ from  the 

decom position  o f  d ie thy lform am ide at e leva ted  tem peratu re and pressure (F igure 7.15). The 

dysprosium  cen tre  is stab ilised  by six su lphate  m oieties. O f  the th ree un ique su lphate  m oieties, the 

S(3) also  d isp lays som e positional d iso rder o f  the 0 (1 0 ) , 0 ( 1 1) an 0 (1 2 )  atom s over tw o positions. 

The D y" '-su lphate  netw ork  is charge balanced  th rough  four N H 4 ’ ca tions, w here the N (3) and N (4) 

ca tions are h a lf  occupied  from  d iso rder over special positions.
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Figure 7.15: The asymmetric unit o f  11. Faded atoms represent symmetry generated atoms to complete Dy"' 
and sulphate coordination spheres. Dy green, S yellow, O red, N blue and H white.

T h e  Dy( I ) is 8 -coord inate  and can be v isualised  as d isto rted  dodecahedron  w here  the inner 

coord ina tion  sphere is com pleted  from  the donors atom s 0 ( 1 )  and 0 ( 2 )  o f  a S ( l)  su lphate , 0 ( 3 ')  

from  a sym m etry  S ( l ')  su lphate  and 0 ( 4 ” ) from  a second S ( l" )  sym m etry  equ ivalen t. The oxygen  

atom s 0 ( 5 )  and 0 ( 6 )  o f  the S(2) su lphate and 0 ( 9 )  and 0 ( I 2 A ')  from  tw o S(3) su lphates fill the 

rem ain ing  coo rd ina tion  sites.

T he bond ing  descrip tion  o f  the S ( l)  su lphate is t j ' :  t j ' :  (S c h em e  7.4) b ridg ing

three D y'" cen tres w here  the oxygen  donors 0 ( 1 )  and 0 ( 2 )  che la te  D y ( l)  and 0 (3 )  and 0 ( 4 )  each 

form  m ondentate  bonds to tw o sym m etry  rela ted  D y '" cen tres, D y ( l ')  and D y (l" ) . T he S(2) 

su lphate b inds to a sing le D y '" cen tre  by a //': //"; / / ’-//| descrip tion  w here the dono r atom s 0 ( 5 )

and 0 ( 6 )  che la te  Dy( I ). T w o D y '" cen tres are b ridged  by the S(3) su lphate through a //': t f \  t j ' -

bond ing  descrip tion  w here  the oxygen  atom s 0 (9 )  and 0 (1 2 )  form  m onoden tate  bonds to  D y (l)  

to Dy( 1 ” ), respectively .

D y(l-)
2 6 ,  /

o
Dy(1) I Dy(1) I I

’  ^  I ^  °  ° A
Dy(1)

Dy(r;

Dy(i")
Sulphate S ( l)  Sulphiitc S(2) Sulphnte S(3)
7 '  : / / ' - i / j  7 ' :  i f

Scheme 7.4: Coordination modes adopted from the three unique sulphate moieties in 11.

T he bond  d istances in T a b le  7.10 vary  betw een  2 .296-2 .487  A  as a resu lt o f  the b ond ing  

interaction. T he m onoden tate  in teractions to  a D y '"-cen tre  are often  shorter, w h ilst the che la ting  

in teractions resu lt in the longer bond  d istances observed. T h e  bond  d istances are genera lly  shorter 

than those fo r N d-O  in 9 and are a consequence o f  lan than ide contraction .
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Table 7.10: Selected bond distances for 11.

Bond Bond Length (A) Bond Bond Length (A)
D y (l)-O d ) 2.4865(8) D y (l)-0 (5 ) 2.4221(9)

D y (l)-0 (2 ) 2.4136(7) D y (l)-0 (6 ) 2.3452(8)

D y (l)-0 (3 )# 2 2.3470(8) D y (l)-0 (9 ) 2.2768(8)

D y(l)-0(4)#1 2.3392(8) D y(l)-0(12A )#1 2.2961(18)

The Dy'" centres are stabilised as discrete polyhedra that are bridged by the S (l)  and S(3) 

sulphates into a “chain” along the c-axis. (Figure 7.16a). The S(2) sulphate chelates a single D y'” 

centre and acts to complete the coordination sphere; it does not bridge any centres. The S (l)  

sulphate further bridges adjacent chains through the oxygen donor atom 0 (3 )  and creates a 

corrugated 2D layer in the /!)c-plane as shown in Figure 7.16b.

Figure 7.16: (a) The formation o f  chains o f  [D y(S0 4 )3],,’' along the c-axis through bridging from S( l )  and 
S(3) sulphate, (b) Corrugated layer forming in the i)c-plane through the bridging o f  adjacent chains through 
0 (3 )  o f  the S( l )  sulphate. Dy green polyhedra and O red. Y ellow  polyhedra denote S(2) and S(3) sulphates 
that form the [Dy(S0 4 )3]„̂ ‘ chain, while magenta polyhedra denote S( l )  sulphates which also bridge adjacent 
chains to form the corrugated layer.

W ithin the unit cell, two corrugated layers are contained. One layer may be viewed as 

taking the asym m etric unit and applying a c-glide plane perpendicular to the 6-axis at b=0.5, an 

inversion centre at coordinates (0.25, 0.25, 0.5) and a 2i screw axis along the Z)-axis at (0.25, b, 

0.75). The second corrugated layer is shifted h a lf a unit cell and may be considered by applying the 

centring vector to the asymmetric unit. The result o f  an «-glide plane perpendicular to the b-axis 

with projection [101], a two-fold rotation axis at (0.5, b, 0.75) and an inversion centre at (0.5, 0.5, 

0.5) com plete the second layer within the unit cell. The position o f  the symmetry elem ents down 

the c-projection are identified in Figure 7.17.
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[1/4,1/4,1/2] 

i  [3/4,y, 1/4]

[1/ 2, 1/ 2, 1/ 2]

[\l2,y, 1/4]

1/4 ami 3/4

F ig u re  7.17: (a) U nit cell o f  11 as view ed dow n the A-axis. (b ) D iagram  o f  sym m etry elem ents required to 
generate all atom s w ithin the unit cell o f  11 as view ed down the fc-axis.

T o stab ilise  the negatively  charged  inorganic sheets, an ex tensive hydrogen  bonding  

netw ork  ex ists betw een  the su lphate oxygen  atom s and the hydrogen  atom s o f  the am m onium  

cations. T he cations N (2) and N (3) are located  w ith in  the co rrugated  voids o f  individual sheets 

resu lting  in in tra-layer hydrogen  bond ing  (Figure 7.18, red  dashed  bonds) w ith  the oxygen donors 

o f  the su lphate  m oieties w ith in  a sing le layer. F urther in te r-layer hydrogen bond ing  (Figure 7.18, 

b lue dashed  bonds) occurs betw een  ad jacen t stacked  layers and the N ( l )  and N (4) cations that 

reside  in the in te rlam ella r space. T he hydrogen  bonds are w eak  w ith  lengths that range betw een  

2 .798 -3 .154  A (T ab le  7.11). T he in tra -layer hydrogen  b ond ing  can be v iew ed  as stab ilising  the 

s tructu re  o f  individual layers w hereas the in ter-layer hydrogen  bond ing  stab ilises the stack ing  o f  

ad jacen t layers. T he resu lting  co rrugated  layers m ay be connected  to tw o variab les from  the 

syn thesis. In the syn thesis o f  10, a larger L n ;S 0 4  ratio  w as adop ted  com pared  to 9. T he larger, 

L n ;S 0 4  ratio  seem s to be reflected  by  the increase o f  coo rd ina ted  su lphate in the fo im u la  un it and 

as such, the structure changes to the co rrugated  nature to accom m odate  this. T he tem p la ting  effect 

o f  the ca tion  th rough hydrogen bond ing  is im portan t fo r th is to  rem ain  stable, as observed  w ith  the 

location  o f  am m onium  cation  in the co rrugated  layer vo id  space. F rom  the above observa tions, it is 

reasonab le  to  see that the shape o f  the cation  tem pla te  is im portan t w here  the re la tive ly  spherical
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charge distribution o f an ammonium cation may accommodate stabilisation o f the small channels 

in the 3D network of 10 and also the corrugated void of 11.

Figure 7.18: Hydrogen bonding network in II as viewed down the (a) 6-axis and (b) t-axis. Inter-layer 
hydrogen bonds are denoted by blue-dashed line, intra-layer hydrogen bonds are denoted by red-dashed 
lines. Dy green polyhedra, S yellow polyhedra, O red, N blue and H white.

Table 7. II: Selected hydrogen bond distances in 11.

Donor-A cceptor  

Distance (A)
D onor-A cceptor  

D istance (A)
N(1)-H(1A)...0(5)#4 2.9674(14) N(3)-H(3B)...0(3) 2.990(18)

N(I)-H(1C)...0(5)#1 3.1039(15) N(3)-H(3C)...0(9)#8 3.053(19)

N(1)-H(1C)...0(7)#1 2.8390(14) N(3)-H(3D)...0(1)#3 3.05(2)

N(1)-H(1B)...0(12A)#1 2.971(9) N(4)-H(4B)...0(7) 2.891(6)

N(1)-H(1D)...0(10A) 2.848(9) N(4)-H(4C)...0(8)#9 2.805(9)

N(2)-H(2A)...0(11A) 2.719(4)

N(2)-H(2B)...0(2)#5 2.9779(15)

N(2)-H(2B)...0(7)#5 2.7988(14)

N(2)-H(2C)...0(1)#6 3.1540(15)

N(2)-H(2C)...0(4)#7 3.0275(14)

N(2)-H(2D)...0(6)#3 2.8443(14)
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T ab le  7.12: Crystal data and structure refinem ent for 11.

Identification code 
Em pirical form ula 
Form ula w eight 
T em peraturc 
W avelength 
Crystal system  
Space group 
Unit cell dim ensions

Volume
Z

D ensity (calculated)

A bsorption coefficient 
F(OOO)

Crystal size
T heta range for data collection 
Index ranges 
R ellections collected 
Independent reflections 
C om pleteness to theta = 25.242° 
A bsorption correction 
Max. and min. transm ission

Refinem ent method
Data / restraints / param eters

G oodness-of-fit on 
Final R indices [l>2o(I)]
R indices (all data)
Extinction coefficient

Largest d if f  peak and hole

11
DyHijNjOijSj
504.81 
100(2) K 
0.71073 A 
M onoclinic 
C ( l)2 /c ( l)  
a = 26.0627(6) A 
b = 9.7398(2) A 
c =  9.8635(2) A 
2416,70(9) A3 
8

2.775 M g m ‘̂

6.770 m m "'
1944

0.100 X 0.080 X 0.080 mm3 
1.619 to 36.429°.
-43<h<43, -16<k< 1 6 ,-1 6<1< 16 
100969
5903 [R(int) = 0.0182]
99.9%
Sem i-em pirical from equivalents 
0.7471 and 0.6461

Eull-m atrix least-squares on E*-
5903 / 12 /2 3 6

0.965
R1 = 0 .0 1 0 9 , wR2 = 0.0284 
R1 = 0 .0 1 2 4 , w R2 = 0.0289 
n/a

0.586 and -1.012 e .A '^

a  = 90°.
P =  105.1570(10)°. 
Y =  90°.

7.6 Physicochemical characterisation of compounds 8-11

The PXRD patterns o f  the four different lanthanide sulphate m aterials were m easured and 

com pared against the calculated powder pattern for each respective structure model. Figure 7.19 

shows the PXRD patterns for 8-11 and the experimental patterns match with the strongest 

reflections from the model for all four materials. In soine cases, the intensities vary slightly from 

the calculated model and may be explained due to the sam ple preparation using a stationary slide 

where preferred orientations o f  the crystallites can m anifest in a change in reflection intensities. 

This could be avoided in the future by adopting a spinning capillary sample holder, however, this 

option is not available on the current in-house experimental set-up.
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Figure 7.19: The experim ental vs. calculated pow der patterns for the lanthanide sulphates (a) 
[N d2(S04h(H 20)8l, 8, (b) (Mc2NH2)9[Nd5(S04)i:], 9, (c) (NH4)[Dy{S04)2(H,0)], 10 and (d) 
(N H4)j[D y(804)3], • • ■ * indicate reflections fi'om instrum ental artefacts.

T he FT-IR  spectra  for 8-11 in Figure 7.20 are all sim ilar, w here bands arising  from  the 

su lphate group  are identified. H ow ever, d iffe rences in the spectra arise from  the d iffe ren t coun ter­

ions and hydrogen bond ing  presen t w ithin the structures. An uncoord inated  su lphate g roup  has J j  

point group  sym m etry  and has four fundam ental norm al m odes o f  v ibration , vm , o f  w hich  V3  and  V4 

are IR active , w hile  vi. 4  are all R am an active."^ T hrough  coord ination  o f  a su lphate to  a m etal 

centre, the sym m etry  is low ered and the V| and vi  stretches m ay also  be observed. In 8-11, strong  

bands betw een  1050-1100 cm  ' are assigned  to  the V3  band  o f  SO4. W eaker bands superim posed  on 

this band  at the low er energy range 950-1001 cm  ' are  due to the V| band. A n abso rp tion  band 

dow n to 650 cm  ' appears to be g row ing  before the experim en t c u t-o ff  and has been assigned

prev iously  to the V4  band o f  the SO4 group  in o ther lan than ide sulphate m aterials. 10, 12, 15 In 9-11,

there are also  coun ter-ions (the organic tem pla te) p resen t and these are assigned  to bands around 

1400 cm  ' arising  from  the vn_h stretches an d  in 9 a w eaker band  is also  observed  at 1594 cm  ’ 

assigned  to the vn-ch3  bend ing  vibration . E x tensive  hydrogen  bond ing  is observed  be tw een  the 

coun ter-ions and su lphate oxygen cen tres in 9-11. T hese are assigned  to the sharper bands above

3000 cm ' as has been noted in the literature 16 , 2 6 . 27

168



(NII,),(Dy(S0^)_(ll,0)), II

(Me,NH,)4Nd^(SOp J. 9

C H3

N-H
N-H

3 S 04

O-H

I S04

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm‘ )̂

Figure 7.20: The FT-IR spectra for the lanthanide sulphates (a) [Nd2(S04)3(H20)s], 8, (black trace) (b) 
(Mc2NH2)>)[Nd5(S04)i2], 9, (red trace) (c) (NH4)[Dy(S04)2(H20)], 10, (blue trace) and (d) (NH4)3[Dy(S04)3], 
11, (magenta trace).

The TGA o f 8-11 was performed in air from 30-900 °C and is given in Figure 7.21. The 

stability o f the materials is similar, consisting o f two main decomposition paths. Up to a 

temperature o f 300 °C, the decomposition involves the removal o f water and the organic templates. 

In the range 300-900 °C the decomposition results in the evolution o f SO3, as has been documented 

previously in lanthanide sulphates.
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Figure 7.21: Thermograms for the lanthanide sulphates (a) [Nd:(S04)3(H20)8], 8, (b)
(Me2NH2>)[Nd5(S04)i2], 9, (c) (NH4)[Dy(S04)2(H20)], 10, and (d) (NH4)3[Dy(SC)4)3], 11.
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7.7 The effect of organic templates on the resulting structure

T he introduction rev iew ed  the current wori< on organic tem piating e ffec ts  in the syn th esis o f  

lanthanide su lphates and in m any o f  the structures o f  2 D  and 3D  nature, ch ann els form ed from  8 - 

m em bered  ring con structions w ere prevalent. T he layered  structure o f  8  co n sists  o f  “flat” neutral 

sh eets that a lso  d isp lay  8 -m em brcd rings. T his in d icates that there m ay be a preferential 

m ech an ism  resu lting in 8 -m em bercd  rings, in both the ab sen ce o f  an organic tem plate and in the 

tem p lated  exam p les d iscu ssed  in the introduction. In the iso lation  o f  the 3D  structure o f  

(M e2N H 2)9[N d 5(S 0 4 ) i2], 9 , w e  w ere ab le to create a structure w ith  10- and 20-m em b ered  ring 

ch an n els . Perhaps o f  greater s ign ifican ce  is that the organic tem plate form s in -situ  through the 

d ecom p osition  o f  d im ethylform am ide. T he evo lu tion  o f  the organic tem plate at e levated  

tem perature and pressure w ill have a d istinct e ffec t on the ch an g in g  pH w ith  tim e. A lth ou gh  this is 

a d ifficu lt variable to quantify due the nature o f  a sea led  so lvotherm al reaction , w e  w ere ab le  to 

further adapt this approach in syn th esis in g  10 and 11 w ith  the d ecom p osition  o f  d iethylform am id e  

in to am m onium , N H 4 . It shou ld  be noted  the initial intention  w as to produce d iethylam m oniu m  

cation s in -situ , how ever, am m onium  cation s tended to ev o lv e  and this cou ld  be due to the 

stab ilisation  o f  the ethyl carbocation  in the d ecom p osition  pathw ay. N everth e less , the evo lu tion  o f  

N H 4 ca tions results in the iso lation  o f  n ovel 2 D  and 3 D  lanthanide su lphates w ith  am m onium  

cou n ter-ion s that d iffer from  those currently k n o w n . T h e  im portance o f  the hydrogen b onding in 

the tem piatin g  e ffec t can be h igh ligh ted  by com paring the layers o f  the non-teinp lated  structure 8 

and the tem plated  corrugated w a v es  o f  the layers in 11. Through the presence o f  hydrogen b on d in g  

to the cation  sp ec ifica lly , the layered structure is m od ified  to that observed  in 11. In com paring  the 

structures o f  10 and 1 1 , one m ain d ifferen ce  in the reaction con d ition s is the quantity o f  sulphate  

present, w h ere a sm aller L n:S0 4  ratio results in the 3D  structure o f  10, and a higher ratio results in 

the 2 D  structure o f  11. It appears that this su lphate ratio m ay be reflected  in the resu lting m olecu lar  

form ula w h ere 10 has on e few er sulphate m o iety  per unit form ula. T o  con clu d e  from  this study, 

there is som e g row in g  ev id en ce  that in -situ  evo lu tion  o f  the organic tem plate is an e ffec tiv e  

strategy for un ique lanthanide sulphate structures and w ith  careful tuning o f  the L n:S0 4  ratio can  

result in so m e control b etw een  2 D  and 3D  tem plated  m aterials.

7.8 Conclusions and Outlook

T he structures 9-11 d iscu ssed  in th is chapter d iffer from  previous organ ica lly  tem plated  

lanthanide su lphates in that the so lv en t a lso  acts as the source o f  the organic tem plate through in - 

s itu  d ecom p osition . T his route im p lies that the concentration  o f  the tem plate and the reaction  pH  

w ill vary over  tim e and have proven su ccessfu l in the iso lation  o f  n ovel 2 D  and 3D  structures, and  

as such p rovides a variable by w h ich  the pH is changed  over the course o f  the reaction . Future 

o b jec tiv es  look  to fin d in g  su itable so lv en ts  that m ay d eco m p o se  to produce larger ca tions that 

co u ld  be ex p lo ited  to tem plate structures w ith  larger channel vo id s . The gas absorption properties
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o f  the 3D  sulphate 10, were probed but at present, removal o f  the organic template, [M c2N H 2] has 

not been successful. A sim ilar problem has been observed with other porous lanthanide sulphates'^ 

and future work w ill aim to find solutions that overcom e this hurdle. The small nature o f  sulphate 

as a ligand ensures that Ln"'-Ln"' bond distances do not becom e too large and the different packing  

o f  lanthanide centres has us interested in understanding the m agnetic properties and how  the 

lanthanide centres couple. W ith this in mind, the m agnetic properties o f  the Gd'", Dy"' and Ho'"- 

analogues o f  10 are currently under investigation, with a particular interest in possible m agnetic 

cooling  properties o f  10-Gd.
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Chapter Eight

Conclusions and future work
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This thesis has looked specifically at utilising phosphonic acids, iminodiacetic acid 

derivatives and the sulphate ion as new ligands for the synthesis and characterisation of new 

lanthanide-organic hybrid materials, with a focus towards 2D and 3D architectures that exploit the 

photoluminescence and magnetic properties of the lanthanide centre.

In Chapter 3 the successful synthesis of three new lanthanide phosphonate materials was 

achieved using ?e/7-butyl, 1-napthalene- and 4-biphenyl phosphonic acid. The crystal structure of 

the Ln-Bu' series was determined and shown to be a ID coordination polymer that packs into a 

pseiido-2D material. Using a combination of PXRD, TGA and PL analysis the structures of Ln- 

Naph and Ln-Biphen were determined as 2D materials. The systematic variation o f the ligand size 

and shape was used to investigate the crystal morphology and the PL properties. The morphologies 

vary between 1D nanorods to 2D plates. The number of lanthanide centres directly coordinated by 

the phosphonate group is an important factor in determining the crystal growth properties. When 

multiple Ln'" centres are bridged by the phosphonic along a certain direction, a concomitant 

anisotropic growth preference is manifested along a particular axis for the crystal growth. As the 

ligand became more hydrophobic, we saw the morphology of the crystal become more amorphous. 

With careful consideration, the Stark splitting of the Eu'" emission lines can aid characterisation of 

the structure in the solid-state with complementary data from PXRD and TGA. We have 

investigated ligand sensitisation in these materials and find Biphen-POjH^ to be an efficient 

sensitiser for both Eu'" and Tb'" centres with an improvement in the emission properties, while 

Naph-PO,H 2 is a more appropriate sensitiser for the Eu”' centre. We find that both ligands are 

suitable for sensitising NIR emission from Nd'" and Yb'" centres.

Future work looks to build on the studies of the Ln-Biphen series in particular and look 

into improving the photoluminescence quantum yields by reducing concentration quenching. We 

aim to investigate Eu'" and Tb'" co-doping into an La'" matrix whereby concentration quenching 

by energy transfer to nearest neighbour Eu'" and Tb'" sites is reduced from its dilution in the La'" 

matrix. By tuning the Eu'" and Tb'" ratios and using the efficient sensitisation of the biphenyl 

ligand we aim to identify white-light emitting materials. With the larger ^/-spacing and more 

amorphous nature of the crystal habit observed in Ln-Biphen we will further look into exfoliating 

these materials to produce thin-films to allow transfer into potential devices.

In Chapter 4 we moved towards using H3 heidi as a ligand to stabilise the Ln'" ion in 

solution. In this regard, mononuclear and binuclear complexes were successfully isolated. In 

forming the binuclear complex we observe the formation of bridging //2 -hydoxo interactions. By 

studying the PL properties in the solid-state and solution we were able to identify that the 

mononuclear species is a stable species in solution which could be valuable in the synthesising new 

hybrid materials when used with a second organic ligand.

In the future, we intend to further study the Ln"':H 3 heidi reaction systems to try and tune 

the synthesis to favour larger clusters that may exhibit strong magnetic properties interaction
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between Ln'" centres and intend to fully exploit the ligand in isolating novel structural topologies 

in conjunction with phosphonic acids and Ln'" ions together.

Chapter 5 looked into the chem istry o f  im inodiacetic acid substituted napthols with 

lanthanide ions. The reaction o f  the ligand H4C 3hnida, results in two novel hybrid materials, 5, 

which displays a chiral 3D architecture, and a ID  coordination polymer, 6 . The PL properties o f 

Eu'", N d'" and Yb'" analogues o f  the 3D structure were m easured and a weak PL is observed from 

5-Eu, while more promising PL is observed in the NIR from 5-Nd and 5-Yb. The structural 

features indicate a high density o f  the Ln'" ions and ligand in the chains along the c-direction. It 

has been shown in some Yb'"-M O F m aterials that this high density o f  ligand and Y b'" centres is 

advantageous for application in cell im aging.' In the reaction o f H4C6hnida, we isolated the 

structure o f  5,5'-m ethylenebis(6-hydroxy-2-naphthoic acid), 4, which comes from the 

decom position o f  H4C6hnida and the two o f the fragments reacting together. It is noted that this is 

an isom er o f  pamoic acid, a pharm aceutical agent for lowering the solubilities o f  products, as a 

result there is interest in understanding the solid-state packing o f  these compounds. We provide a 

contribution to this area with the identification o f  hem ng-bone packing o f  our isom er through 

directional hydrogen bonding that has not been currently observed in crystal stm ctures o f  pamoic 

acid. W e also provide a potential synthetic route to isolating a crystal structure for pamoic acid, 

where current crystal structures only exist with derivatives o f  lutidine.

The potential for this area o f  research is vast, and within the Schmitt group a large family 

o f  the iminodiacetic acid derived naphthols and phenols are known. We first aim to investigate 

more gentle synthetic conditions to react H4C 6hnida directly w ith lanthanide ions and investigate 

the effect on network structure by the positional transfer o f  the additional carboxylate from the 3- 

to the 6 -position. A naphthol derivative with no additional carboxylate on the backbone is known 

and we intend to reaction chem istry o f  this ligand with lanthanides. Additional structures isolated 

using these two ligands will help identify potential structure directing influences on the final 

structure, a necessity for synthesis o f  m aterials with a pre-determ ined structural feature. A large 

library o f the iminodiacetic acid derived phenol ligands are known, w here m ultiple side group 

substitutions in ortho- and para-position  to the phenol exist. We plan to investigate the effect o f 

side group substitutions on the lanthanide hybrid structure. The prom ising NIR em ission o f  5-Nd 

and 5-Yb will also be investigated collecting quantitative analysis in terms o f  the emission 

quantum  yield and observed emission lifetimes to probe their potential for cell imaging 

applications.

The isolation o f  3D chiral networks from the achiral ligand, benzoic acid, was 

characterised in Chapter 6. The chirality is m anifested through four-fold screw axes that run along 

the c-axis and result in chiral chains o f  Ln'"/Na* polyhedra and a chiral arrangem ent o f  the 

benzoate ligand along a channel void. The optical activity o f  the material was investigated in the 

solid-state and characterised by an absorption band centred at 240 nm assigned to the n*<—n 

absorption in the ligand and indicates an excess o f  one enantiom er crystallising from solution. The
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emission properties were investigated and the material had a high emission quantum yield 0 pL = 

23.8%

Future work aims to develop a synthesis that results in an enantio-pure m aterial and 

preferably the isolation o f  both enantiomers. We are particularly interested in studying the CPL 

from these materials and, if  successful, aim to expand the synthetic approach to consider the 

different ligands phenyl acetic acid, and 1- and 2-naphthoic acid. We foresee the potential o f  these 

materials as a new generation o f  chiral security tags.

The synthesis o f  high dim ensional lanthanide sulphate materials was investigated in 

Chapter 7. Four different structures were isolated, an 2D array o f  [Nd2(S0 4 )3(H 2 0 )g], 8, that forms 

in the absence o f  a tem plating agent to generate a neutral layered material. W hen organic cations 

are used as tem plates, three novel charged lanthanide sulphates were synthesised; the 3D networks 

o f  (M e2NH 2)9[Nd5(S0 4 )i2], 9 and N H 4[Dy(S0 4 )2(H 2 0 )], 10, while a higher Ln;S0 4 ‘‘ ratio yields 

the 2D (NH4)3[Dy(5 0 4 )3], 11. To the best o f  our knowledge, our approach exploits the in-silu 

formation o f  the organic tem plate from  the decomposition o f  the solvent for the first time and at 

present we isolated two counter-ions by this method, the NH4' and the dim ethylam m onium  ions. 

We stress that by the in-situ form ation o f  NH 4  ̂ ion we isolate novel structures that are different 

from those lanthanide sulphates currently known to form with the NH4 ion.' We believe this could 

be due to the gradual change in pH over time as the counter-ion is formed.

The future goals from this body o f  work are to further investigate the potential o f  organic 

templating through in-situ  decom position and look for potential solvents that may generate larger 

counter-ions. We currently have a porous network in the structure o f  9 and intend to isolate a 

routine to allow efficient evacuation o f  the channels with retention o f  the framework structure. We 

are currently investigating the m agnetic properties o f  9-Gd and 9-Dy and intend to probe the 

potential o f  9-Gd for magnetic cooling.
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Attached CD-ROM

This CD-ROM  contains electronic versions o f  various files for the structures given in this thesis. 

There are 2 folders that contain these files.

The CIF folder contains all the crystallographic information files (*.cit).

The nam ing o f  each file corresponds to the structure as given in the thesis.

(e.g. 1 corresponds to com pound 1).

CIFs can be viewed in the M ercury program  which is a program  available as a free download from 

the CCDC website (w w w .ccdc.cam .ac.uk)

The PDF folder contains a PDF type file o f  this entire thesis, should the reader require an 

electronic copy. PDF files can be viewed in the Adobe Acrobat Reader program, which is available 

as a free download from the Adobe website (w w w .adobe.com .products/acrobat/reader.htm U .


