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Abstract 

Abstract 

This thesis is concerned with the electrochemical and spectroelectrochemical 

characterisation of a number of polypyridyl ligands and complexes. The ligands 

investigated were X,X'-(NO2)2-bpy, X-NO2-bpy (X = 3 or 5, bpy = 2,2 '-bipyridine), 

4-NO2-bpy, 4-'5NO2-bpy, tpy, 4'-ph-tpy, 4'-p-NO2-ph-tpy and 4'-p-NO2-ph-tpy (ph = 

phenyl, tpy=2,2':6',2' '-terpyridine). The Pt(II) and Pd(II) complexes of the bpy 

ligands were investigated along with Fe(II) complexes of the tpy ligands. The bpy 

ligands were compared to their NO2-py analogs. 

5,5 '-(NO-bpy was found to undergo two, reversible one electron reductions. In-situ 

LTV/Vis/NIR and EPR experiments showed that the reduction electrons were 

delocalised over both NO2-py rings with a significant electron density on the NO2  

groups. The complexes [Pt{5,5'-(NO2)2-bpy}C12] and [Pd{5,5'-(NO2)2-bpy}C12] also 

underwent two, reversible one electron reductions. These were found to be ligand 

based and spread over both NO2-py rings of 5,5 '-(NO2)2-bpy. Delocalisation of the 

reduction electrons over both the NO2-py rings of 5,5 '-(NO2)2-bpy was unexpected 

since the first two reductions of 4,4'-(NO2)2-bpy had previously been found to be 

localised on each NO2-py ring. The contribution of a fully conjugated resonance 

structure to the overall structure of 5,5 '-(NO2)2-bpy was used to account for this. 

Analysis of the frozen EPR spectrum of [Pt {5,5'-(NO2)2-bpy}C12]' revealed that the 

ligand contributed 98 % to the Semi Occupied Molecular Orbital (SOMO). The 

single reversible one-electron reduction of 5-NO2-bpy was found to be mainly 

localised on the NO2-py ring with a significant electron density on the NO2  group and 
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some delocalisation onto the un-substituted py ring. The first reduction of [Pt(5-NO2-

bpy)C12] was also found to be ligand based. 

The nature of the solvent was found to have an effect on the electrochemical and 

spectroelectrochemical results obtained from 5,5 '-(NO2)2-bpy. . An increase in the 

potential gap between the first and second reduction potentials was observed as the 

acceptor number of the solvent was decreased. This was attributed to solvation and 

subsequent stabilisation of the charged regions of [5,5'-(NO2)2-bpy] 142  by more 

acidic solvents. 

3,3 '-(NO-bpy revealed two, fully reversible one electron reduction processes. 

These were found to be spread over both NO2-py rings with a large contribution from 

the NO2  group. [3,3 '-(NO2)2-bpy]' has a fully conjugated resonance structure and 

this was used to account for delocalisation of the reduction electron. [Pt{3,3'-(NO2)2-

bpy} Cl2] had two, unusually positive reductions. This was attributed to the "twisted" 

geometry of the ligand when it is co-ordinated to a metal. The ligand was found to 

contribute 99 % to the SOMO as the twisted geometry inhibits delocalisation onto the 

metal. 

Labelling the NO2  group with a 15N nucleus on 4-NO2-bpy revealed that the largest 

hyperfine coupling constant in the EPR spectrum of [4-NO2-bpy]1  is coupling to the 

N of the NO2  group. Thus this is the centre of greatest electron density. The study 

also showed that the second largest N coupling constant in the EPR spectrum of 

[Pt{4-NO2-bpy}C12]' is the NO2  group. This is contrary to previous assumptions. 
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The first reductions of 4 '-p-NO2-ph-tpy and 4 '-m-NO2-ph-tpy were found to be based 

on the NO2-ph moiety. There was some delocalisation of the reduction electron onto 

the central tpy ring of [4'-p-NO2-ph-tpy]' but this was not evident for [4'-p-NO2-ph-

tpy] '. Thus the meta position was deemed electronically the more important. This 

was confirmed by the results obtained from [Fe(4'-p-NO2-ph-tpy)2]2  and [Fe(4'-m-

NO2-ph-tpy)2]2  where the presence or absence of an MLCT band in the UV/Vis/NIR 

spectrum was found to be a useful probe of the extent of delocalisation of the 

reduction electrons. 

The crystal structures of 5,5'-(NO2)2-bpy, [Pt{5,5'-(NO2)2-bpy}C12], 3-NO2-bpy, 

[Fe(4'-ph-tpy)2][BF4]2  and [Fe(4'-p-NO2-ph-tpy)21[BF412  are all reported. 
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1. Introduction 

1.1. 	Motivation 

The bidentate ligand 2,2'-bipyridine (bpy) binds to a transition metal through the two 

ring nitrogen atoms. The two rings are known to adopt the trans geometry in 

equilibrium solution and in the solid state.' However, the ligand twists to a cis 

conformation on co-ordination to a transition metal (Figure 1.1). 

5,  
trans-old 	 cis-old 

Figure].] Cis/Trans configurations and numbering system of bpy 

Bpy and its derivatives are known to form complexes with metal ions from almost all 

groups from the Periodic Table. Bpy makes a stable, five membered ring with 

and can act as a cr-donor, t-donor and it-acceptor ligand. The lone pair of electrons 

on the ring nitrogen can form a i-bond by donation into an unoccupied orbital of c 

symmetry on the metal ion. Likewise, bpy can also accept electrons into the 

delocalised ir  system from the metal d orbitals. 	These interactions are 

complementary as cr-donation increases the electron density on the metal thus 

enhancing the ability of the metal to form a it-bond by back donation (Figure 1.2). 

Electron density from the filled it-system can also be donated to a metal, thus bpy 
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stabilises a wide range of oxidation states, from relatively high oxidation states such 

as Ti4  and Cr4  to low oxidation states such as Cut2  

Figure 1.2 a- and 'r-buck bonding between the nitrogen atom on bpy and a metal 

centre 

2,2'-bipyridine is reduced at very negative potentials (ca. -2 V) and complexes 

containing the bpy ligand can be reduced to give species with the unusual charges 

such as +1, 0 or even -1. However, it is often not meaningful to assign formal 

oxidation states within these complexes as two extremes can be considered. The first 

is to assume that the bpy ligand is neutral. In this case the bpy ligand can be thought 

to stabilise the low oxidation state of the metal by accepting electron density into the 

delocalised ir system from a filled metal orbital. The other extreme is to assign the 

bpy ligands as radical anions i.e. [bpy]', with the extra electrons primarily entering 

anti-bonding 	orbitals? 

In this context, bpy ligands substituted with nitro (NO2) groups are of particular 

interest. The nitro moiety is one of the most powerful electron-withdrawing groups  

and as such, addition of this group leads to a dramatic increase in the ease of 

reducibility of the substituted ligand i.e. it facilitates the addition of electrons. Studies 

on 4,4'-(NO2)2-bpy and 4-NO2-bpy""' indicate that the reduction products of Pt(II) 

and Pd(II) complexes of these ligands can be considered under the second extreme 
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given above, that is they are best formulated as M(II) and reduced ligand e.g. 

[Pt{4,4'-(NO2)2-bpy} 'C12]1 . This is due to the localisation of the "extra" electron on 

the highly electronegative NO2  group which isolates the additional reduction electron 

from the metal centre. 

Synthesis of such redox products can be carried out chemically but this involves the 

use of reducing agents such as Na[BH4] or Li[A1H4]. Use of chemical reducing 

agents may yield reduction products in unknown oxidation states. 	Clean 

electrochemical techniques have recently been developed which allow the in-situ 

synthesis and characterisation of redox products. Previously, a compound would be 

generated either chemically or ex-situ in an electrochemical cell. The compound 

would then have to be transferred into a spectrometer thus allowing the possibility for 

decomposition as the compound passes through air. It is far preferable to generate the 

compound in the spectrochemical cell at low temperature to ensure stability. Ultra-

violet/visible/near infra-red (IJV/Vis/NIR)8, Electron Paramagnetic Resonance 

(EPR)9, Infra-Red (JR)'°  and Resonance Raman (RR)" spectroscopies have all been 

utilised in this manner. This study will focus primarily on the application of 

UV/Vis/NJR and EPR spectroelectrochemical techniques. 

The relevance of such studies can be found in areas such as solar cell research. For 

example, derivatised bpy complexes of Pt are being studied as possible solar dyes.12"3  

Solar dyes absorb visible light and, after excitation, inject electrons into the 

conduction band of a semiconductor (e.g. Ti02). The oxidised dye molecule is then 

re-reduced by electron donation from another redox system (e.g the iodide/triiodide 

oxidation). The advantage over traditional silicon solar cells is that the absorption and 

3 
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emission properties of the dye can be "tuned" by changing substituent groups on the 

bpy ligand. Study of the electrochemical properties of derivatised bpy ligands and 

complexes is therefore of paramount importance as this leads to elucidation of the 

electronic structure. 

If NO2  derivatives of bpy are to be studied, it would also seem intuitive to examine 

other nitrated polypyridyl ligands such as tpy (tpy = 2,2':6',2"-terpyridine). The 

corresponding tpy analogues of bpy complexes (e.g. [Ru(tpy)2]2 ) are considerably 

less studied due to their short excited state lifetimes. 14-16  Nevertheless, these 

compounds should be of interest electrochemically for a number of reasons. Firstly, 

tpy has a more extended system than bpy. It would be expected therefore to have a 

more easily accessible ir' orbital and a lower energy excited state. Substitution with 

one or more phenyl groups further extends the conjugation.' 7-20  Thus the 4'-ph-tpy 

ligand is also of interest. 	Berger and McMillin found reduction of 

[Ru(tpy)(bpy)(,y)]2  resulted in the tpy ligand being reduced before the bpy ligand 

thus proving this hypothesis. 21  Secondly, the outer pyridyl rings of tpy are chemically 

and electrochemically different from the central pyridyl ring. In contrast, bpy has two 

py rings which are identical. 

In a direct parallel with bpy', tpy is found to adopt a trans-trans conformation in its 

crystalline form 22  but changes to the cis-cis conformation on coordination (Figure 

1.3). This variation in conformation has also been observed in the crystal structure of 

4'-ph-tpy.23  

4 
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trans-old 
	

cis-old 

Figure 1.3 Cis/Trans configurations and numbering system of 4-ph-tpy 

Pt(II) complexes of tpy derivatives behave very differently electrochemically from 

Pt(II) complexes containing the bpy ligand. The bpy containing complexes are 

reduced primarily on the bpy ligand giving rise to discrete complexes containing the 

Pt(II) metal centre and a reduced bpy ligand. In marked contrast, the Pt(II) tpy 

compound has been found to dimerise in solution via a combination of metal-metal 

and ligand-ligand (7c-7r) interactions. Thus, [Pt(tpy)Cl] and [Pt(tpy)C1] have 

dimerisation constants of 80 M' and 100 M' respectively. This leads to non-

isosbestic in-situ HV/Vis spectra and broad, unresolved EPR spectra. 24  Octahedral 

Fe(II) complexes of tpy, 4'-ph-tpy, 4'-p-NO2-ph-tpy and 4'-m-NO2-ph-tpy do not 

dimerise in any oxidation state and are the subject of Chapter 6. 

1.2. 	Crystal Field Theory 

This thesis deals with octahedral and square planar coordination complexes. The 

molecular orbital diagram for an octahedral complex is well known and is shown in 

Figure 1.4a. The eg  orbitals (d2) and d(22), which point directly at the ligands are at 

	

a higher energy than the t2g  orbitals 	d,, d) which are directed between the x, y 

5 
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and z axes. The molecular orbital diagram for a square planar complex may be 

derived from the octahedral situation with the axial ligands moved to an infinite 

distance from the metal centre. The d2 orbital drops in energy along with the d, and 

orbital. Thus the orbital diagram shown in Figure 1.4c is obtained. 

E 

(a) 	 (b) 	 (c) 

eg _____________________ :::  

. 
A0 	 . 1 

	 1 

2a  

dX2..y2 

Asp  

S.,. 	
dZ2 

Oh 	 DO 	 DO 

Figure 1.4 Molecular orbital diagram of an Octahedral (a) and Square Planar (c) 

complex showing the intermediate case (b) ofpartial removal of the axial ligands 

The large energy difference between the d2.2 and d,,y  orbitals in the square planar 

geometry dictates that square planar d8  complexes are particularly stable as this 

corresponds to full occupation of all the low energy metal based orbitals (d,, dy, d2 

and 	Thus, square planar complexes of Rh(I), fr(I), Pd(II), Pt(II), Au(III) and 

Ni(II) are all common.3  However, the corresponding square planar d9  complexes are 

rare by comparison due to the large energy required to overcome A,p  and populate the 

d22 orbital. These can be stabilised by the use of an electron withdrawing ligand set 

to delocalise the "extra" electron. Complexes which formally have a d9  configuration 
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can then be synthesised by the one-electron electrochemical reduction of the d8  

precursor. For example, [Pt(bpy)C12]' has been studied in this manner.25  

1.3. 	Example of Electrochemical Characterisation 

The following section describes how electrochemical and spectroelectrochemical 

techniques are used in the electronic characterisation of a compound. The example 

used is that of [Pt(bpy)C12] reported by McInnes in his Ph.D. Thesis 5,26  with the EPR 

study taken from a later publication. 27  The cyclic voltammetry and UV/Vis/NIR 

spectroelectrochemistry experiments were repeated for this work. 

1.3.1. Electrochemistry 

[Pt(bpy)C12] exhibited a fully reversible one-electron reduction at -1.06 V vs. 

AgIAgC1 in 0.1 M [TBA][BF4]/DMF (Figure 1.5). A quasi-reversible reduction was 

observed at -1.79 V. The separation of 700 my between the two redox processes was 

thought to be indicative of a spin-pairing process. 

7 
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i/A 

E/V 

Figure 1.5 Cyclic voltammogram of [Pt(bpy) C12J vs. Ag/AgCI in 0.1 M 

[TBAJ[BF4J/DMF, 233 K. 

1.3.2. UVNIs/N I R Spectroelectrochemistry 

The UV/Vis/NIR spectrum of [Pt(bpy)C12] revealed bpy irt transitions at 30 800 

and 32 000 cm-1  with a MLCT band at 25 700 cm-1  (Figure 1.6, blue spectrum). On 

reduction to [Pt(bpy)C12] 1 , these collapsed and the ic—it bands of the coordinated 

radical anion [bpy]' grew in at 11 200, 20 100, 21 600 and 27900 cm-1  (Figure 1.6, 

red spectrum). Comparison of the red spectrum in Figure 1.6 with that of Na[bpy'] 

(bands at 12 000, 17 800, 18 800 and 25 900 cm 1
)28  suggest that the reduced form 

[Pt(bpy)C121' is best formulated as [Pt(II)(bpy1 )C12]. The additional band at 23 900 

cm-1  in the spectrum of [Pt(bpy)C12]' is assigned to a charge transfer transition 

involving the Pt(II) metal centre. 

8 
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Figure 1.6 UV/Vis/NIR absorption spectra of[Pt(bpy)Cl2J (blue) and [Pt(bpy) C12J" 

(red) in 0.JM/TBAJ[BF4J/DMF, T = 233 K showing partially reduced curves. 

Potential held at -1.6 Vvs. Ag/A gd 

This illustrates the value in comparative studies of related compounds in interpreting 

and assigning bands in UV/Vis/NIR spectroscopy. In this case, bands in the 

UV/VisINIR spectrum of the reduced ligand ([bpy]1  in Na[bpy]) are also observed in 

the spectrum of the reduced [Pt(bpy)C12]' complex. The compound can therefore be 

said to contain a reduced [bpy]' moiety and the reduction of [Pt(bpy)C12] can be 

assigned as ligand-based yielding a complex best formulated as [Pt(II)(bpy1)Cl2]. 

This comparative technique is utilised throughout this study. 

Species containing reduced ligands are usually unstable and thus it is preferable to 

carry out the experiment at a low temperature (e.g. 233 K). This helps to ensure the 

long-term stability of the reduction products. 
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1.3.3. EPR Spectroelectrochem istry 

The X-band EPR spectrum of chemically (Na[BH4], DMF) generated [Pt(bpy)C12]' 

was typical for interaction of the additional unpaired electron with Platinum in natural 

abundance (195  Pt, 34 %, I Y. All other naturally occurring isotopes have 1=0). A 

broad singlet resonance was observed at g10  = 1.998 with 195Pt satellites (A10  = -54 x 

10-4 cm'). The small shift of g 0  from the free-electron value of 2.0023 was 

indicative of only a small contribution to the SOMO from the Pt orbitals. The frozen 

solution spectrum is shown in Figure 1.7. The g-values and coupling constants are 

given in Table 1.1. 

I 	 I 	 I 	 I 	 I 
3100 	 3500 

Magnetic Field IG 

Figure 1.7 Experimental and simulatedfrozen solution X-band EPR spectra of 

[Pt(bpy)C12t in 0.1 MJTBAJJBF4J/DMF at 7 7 K 
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g10 	gi 	92 	93 	A jso(Pt)C A1c 	A2c 	A3c 

Expt.a 1.998 2.038 2.009 1.935 -54 -56 -95 - 

Sim.' 	- 	2.038 	2.011 	1.938 	- 	-57.4 	-80.6 	-20.8 

Table 1.1 Experimental and simulatedfrozen  solution EPR spectra of 

[Pt(bpy)2C12J' in 0.1 M(TBA]IBF4J/DMF (a) Parameters estimatedfrom spectra, 

(b) Parameters from computer simulations, (c) Al 10-4  cm-' 

The Pt(II) 5dyz  and 6Pz  orbitals are the only metal orbitals of the correct symmetry to 

admix to the ligand-based SOMO. Thus Maki's equations29  with Rieger's 

nomenclature 30  (Equations 1.1 - 1.3) in C2v  symmetry were used to give a more 

quantitative estimate of the Pt 5d and 6Pz  orbital admixture to the SOMO (x and y 

axis as defined in Figure 1.8). 

= A, - 4/7Pda2  - 2/5Pb2 	 Equation 1.1 

AYY = A + 2/7Pda2  - 2/5Pb2 	 Equation 1.2 

= A + 2/7Pda2  + 4/5Pb2 	 Equation 1.3 

Where a and b are the linear combination of atomic orbital coefficients of the 5d and 

6Pz orbitals in the SOMO, A is the isotropic Fermi contact interaction term, A,, A yy  

and A2  are the non-isotropic coupling constants along the respective x, y and z axes 

(cm') and Pd and P are the electron-nuclear dipolar coupling parameters for the Pt Sd 

or 6p electrons (cm'). 
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Figure 1.8 Principal axes of [Pt(bpy)  Cl2] 

Equations 1.1 - 1.3 indicate that A should be the most negative hyperfine term and 

A the most positive thus A 1, A2  and A3  were assigned as AYY, A, and A 

respectively (Pd  and P are 0.0549 and 0.0402 cm-1  respectively for 195Pt in a d8  

configuration) .30  The orbital contributions to the SOMO were therefore calculated as 

5 % for 5d and 7.6 % for 6Pz.  In total, therefore, the Pt metal centre contributes 

approximately 13 % to the SOMO leaving 87 % of the SOMO based on the ligand 

nuclei i.e. the LUMO of [Pt(bpy)C12 ] is primarily ligand-based. This agrees with the 

interpretation of the UV/Vis results in 1.3.2. It should however be noted that 

Equations 1.1 - 1.3 have been solved assuming that spin-orbit coupling is negligible 

which in the case of the heavy Pt(II) centre may be significant. 

1.3.4. Conclusion 

The first reduction of [Pt(bpy)C12] was assigned as a ligand-based process to yield 

[Pt(II)(bpy' )C12J. EPR results indicated Pt(II) 5dyz  and 6Pz  orbital admixtures of 5 % 

and 7.6 % in the SOMO. 
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14. 	Aims of this Thesis 

The aims of this thesis are to examine a number of nitrated bpy and tpy ligand 

derivatives which have previously not been studied. The electrochemical and 

spectroelectrochemical character of these ligands will studied using electrochemistry, 

IJVIVisINIR spectroelectrochemistry and EPR spectroelectrochemistry. The results 

for the ligands will be compared to their Pt(II) and Pd(II) complexes (for bpy) and 

their Fe(II) complexes (for tpy). This will allow assignment of the nature of the redox 

processes i.e. whether they are metal or ligand-based and further comment about the 

electronic structure of the ligands and complexes will be made. Comparison will also 

be made with the nitrated pyridine ligands in order to determine whether the electron 

density is spread over both halves of the bpy ligand or localised on a NO2-py moiety. 

13 
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2. Experimental 

2.1. 	Synthesis 

2.1.1. Synthesis of 5-nitro-2,2'-bipyridine (5-NO2-bpy) 

This ligand was synthesised in a two-step process using a modified version of the 

method from Zhang and Breslow. 31 

2.1.1.1. Synthesis of 2-trimethyltinpyridine (2-Sn(Me)3-py) 

Butyl lithium (20 ml, 2.5 M in hexanes) was diluted with dry diethyl ether (25 ml) at - 

78 °C. 2-bromopyridine (7.9 g, 50 mmol) in dry diethyl ether (50 ml) was added at - 

78 °C and the mixture was stirred for 1 h at -78 °C. Trimethyltin chloride (10 g, 50 

mmol) in dry THF (10 ml) was added dropwise at -78 °C. The cold bath was 

removed and the mixture was allowed to warm to room temperature. The reaction 

was quenched with saturated ammonium chloride solution and the organic layer was 

washed with water and brine and dried over magnesium sulphate. The solvent was 

removed by evaporation and the remaining orange liquid was distilled under reduced 

pressure to give a colourless liquid product. Total yield (5.171 g, 42.76 %), expected 

for C8H,8NSn 39.72 %C 5.42 %H 5.79 %N found 29.65 %C 3.25 %H 7.02 %N, 'H 

NMR (CD3C1, 199.972 MHz): ö = 8.752 (d, J= 2.34 Hz, 1H), 7.509 (m, 2H), 7.151 

(m, 1H), 0.356 (s, Sn satellites, J 54.64 Hz, 91-i) ppm. 

2.1.1.2. Synthesis of 5-nitro-2,2 '-bipyridine (5-NO2-bpy) 

2-Iodo-5-nitropyridine (3.71 g, 12.6 mmol), 2-trimethyltinpyridine (3.3 g, 13.6 mmol) 

and {Pd(PPh3)2Cl2] (0.5 g, 0.68 mmol) were dissolved in dry THF (20 ml) and heated 

to reflux for 24 h under N2. The colour changed from orange to black during the 
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course of the reaction as NO  was formed. After cooling, the reaction mixture was 

diluted with diethyl ether and filtered through a silica gellcelite bed (eluted with 

DCM). Evaporation gave a yellow/orange solid which was recrystallised (cooled to 

room temperature) from DCM/Hexane. Total yield (0.336 g, 26.50 %), expected for 

C,0H7N302  59.70 %C 3.51 %H 20.89 %N found 55.08 %C 3.31 %H 18.07 %N, 'H 

NMR (CD3C1, 199.972 MHz): 8 = 9.493 (d, J= 2.34 Hz, 1H), 8.747 (d, J= 4.69 Hz, 

1H), 8.678 (d, J = 8.68, Hz, 1H), 8.590 (dd, J = 9.71, 2.929 Hz, 1H), 8.534 (d, J = 

7.81, Hz, 111), 7.920 (t, J= 7.813, 1.953 Hz, 1H), 7.428 (ddd, J= 7.422, 4.687, 1.172 

Hz, 1H) ppm. Mass spectra (FAB) m/z: 202 ((M+1)). 

2.1.2. Synthesis of 5,5-dinitro-2,2'-bipyridine (5,5'-(NO2)2-

bpy) 

This ligand was synthesised in a two-step process using a modified version of the 

method from Calogero et al.49  

2.1 .2.1. Synthesis of 2-iodo-5-nitropyridine (2-I-5-NO2-py) 

NaT (60 g), HI (19 ml, 57 %) and 2-butanone (400 ml) were stirred at 50 °C to 

dissolve the NaT. 2-Chloro-5-nitropyridine (25 g, 0.157 mol) and 2-butanone (200 

ml) were added. The mixture was stirred overnight under reflux. The brown mixture 

was filtered and the filter cake washed with 2-butanone (4 x 50 ml). The combined 

filtrate and washings were concentrated to a maroon solid and suspended in water 

(750 ml). The solution was made alkaline with aqueous NaOH (25 %) and sodium 

thiosulphate was added until the solution stopped changing colour. The brown solid 

was filtered and recrystallised from acetone/water. A dark brown solid was produced 

(25.030 g, 63.77 %), expected for C5H3N2021 24.02 %C 1.21 %H 11.21 %N found 
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24.26 %C 1.22 %H 11.06 %N, 'H NMR (CD3C1, 199.972 MHz): 8 = 9.179 (d, J= 

2.73 Hz, 1H), 8.105 (dd, J= 8.59, 2.73 Hz, 1H), 7.975 (d, J= 8.593 Hz, 1H) ppm 

2.1.2.2. Synthesis of 5,5'-dinitro-2,2'-bipyridine (5,5'-

(NO2)2-bpy) 

2-Iodo-5-nitropyridine (14.987 g, 0.059 mol) was dissolved in DMF and treated with 

copper bronze (50 g). This was stirred and heated to reflux under nitrogen for 7h. 

The hot mixture was filtered and poured into water (1000 ml). The resulting grey 

solid was filtered through a sintered funnel, triturated with ammonia solution (3 x 60 

ml) and extracted with boiling 1 ,4-dioxane. After cooling, the 1 ,4-dioxane extracts 

were filtered and the resulting solid was recrystallised from 1 ,4-dioxane. A pale 

yellow solid was obtained. Further product was obtained by evaporating the filtrate 

from each 1 ,4-dioxane extract and recrystallising the resulting solid from 1 ,4-dioxane. 

Total yield (2.360 g, 16.25 %), expected for C10H6N202  48.79 %C 2.46 %H 22.76 

%N found 48.42 %C 2.42 %H 22.43 %N, 'H NMR (CD3CI, 199.972 MHz): 6 = 9.546 

(d, J = 2.34 Hz, 2H), 8.786 (d, J = 8.59 Hz, 2H), 8.667 (dd, J = 8.52, 2.74 Hz, 211) 

ppm, Mass spectra (El) m/z: 246 (M). 

2.1.3. Synthesis of 3-nitro-2,2'-bipyridine (3-NO2-bpy) 

This ligand was synthesised using the same method as for 5-NO2-bpy with 2-chioro-

3-nitropyridine replacing 2-iodo-5-nitropyridine. The beige crystals precipitated from 

the solution on filtering through the silica gellcelite bed. Total yield (0.890 g, 70.22 

%), C10H7N302  59.70 %C 3.51 %H 20.89 %N found 59.25 %C 3.53 %H 20.55 %N, 

'H NMR (CD3CI, 199.972 MHz): 8 = 8.845 (d, J= 4.69 Hz, 1H), 8.621 (d, J = 4.69 

Hz, 111), 8.621 (d, J = 4.69 Hz, 1H), 8.094 (d, J = 8.206 Hz, 211), 7.486 (dd, J= 8.20, 
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4.69 Hz, 1H), 7.384 (dd, J = 7.62, 5.02 Hz, 1H) ppm, Mass spectra (El) m/z: 201 

(M) 

2.1.4. Synthesis of 3,3-dinitro-2,2'-bipyridine (3,3-(NO2)2-

bpy) 

This ligand was synthesised according to the method of Kanoktanaporn and 

MacBride.32  

2-Chloro-3-nitropyridine (5 g, 0.031 mol) was heated to 100 °C with copper bronze (5 

g) in DMF (20 ml) for 15 h. The mixture was cooled, diluted with water (70 ml) and 

filtered. The resulting brown solid was filtered and triturated with ammonia (3 x 4 

ml) before being extracted exhaustively with boiling 1 ,4-dioxane. The brown, 

crystalline solid obtained was recrystallised with hot filtering from boiling 1,4-

dioxane. Total yield (1.448 g, 37.9%), expected for C10H6N202  48.79 %C 2.46 %H 

22.76 %N found 48.89 %C 2.49 %H 22.76 %N, 'H NMR (CD3C1, 199.972 MHz): 6 = 

8.889 (dd, J = 4.69, 1.56 Hz, 2H), 8.594 (dd, .1= 1.56, 8.20 Hz, 2H), 7.654 (dd, J = 

8.20, 4.69 Hz, 2H) ppm, Mass spectra (FAB) m/z: 247 ((M+1)) 

2.1.5. Synthesis of 4-nitro-2,2-bipyridine and 15NO2  labelled 

analogue 

This ligand was synthesised in three steps according to the methods of Wenkert and 

Woodward.33  A modified version of the second step was used in order to obtain a 

better yield. 
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2.1.5. 1. Synthesis of 2,2'-bipyridine-N-oxide 

A solution of bpy (70 g, 448.2 mmol) in CHC13  (250 ml) was stirred at 0 °C for 35 

mill. A solution of 3-chloroperbenzoic acid (91.56 g, 448 mmol) in CHC13  (270 ml) 

was added dropwise over 80 min and the mixture allowed to stand at room 

temperature overnight. The solution was washed with sodium carbonate (5 %, 3 x 

500 ml) and evaporated. The resulting brown solid was extracted with boiling 

hexane. The hexane was evaporated to give a yellow/green solid of hygroscopic bpy-

N-O. Total yield (35.34 g, 45.79%), expected for C10H8N20 69.50 %C 4.68 %H 

16.27 %N found 64.53 %C 4.25 %H 14.28 %N 

2.1.5.2. Syntheses of 4-nitro-2,2 '-bipyridine-N-oxide and 

15NO2  labelled analog. 

Bpy-N-O (2 g, 116.153 mmol) and NaNO3  or Na15NO3  (2 g) were dissolved in 

H2SO4 (conc. 20 ml) and heated to reflux for 24 h. The resulting yellow solution was 

poured into ice water (100 ml) and neutralised cautiously with saturated NaOH 

solution. The resulting yellow solid was filtered, dissolved in CHC13  and shaken with 

water. The aqueous layer was extracted exhaustively with CHC13  and all the organic 

layers were combined, dried over MgSO4  and evaporated. The resulting pale yellow 

solid was recrystallised from DCMIHexane. Total yield of 4-NO2-bpy-N-0 (0.7074 

g, 28.04 %), expected for C10H7N303  55.30 %C 3.25 %H 19.35 %N found 54.69 %C 

3.25 %H 18.97 %N, 'H NMR (CD3C1, 250 MHz): 8 = 9.165 (d, J = 3.26 Hz, 1H), 

8.888 (dt, J= 8.09, 1.04 Hz, 1H), 8.793 (ddd, J= 4.83, 1.83, 1.04 Hz, 1H), 8.364 (d, J 

= 7.30 Hz, lH), 8.069 (dd, J= 7.30, 3.39 Hz, 1H), 7.884 (td, J= 7.83, 1.83 Hz, 1H), 

7.438 (ddd, J = 7.69, 4.83, 1.17 Hz, 1H) ppm, Mass Spectra (FAB) m/z: 218 
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Total yield of 4-15NO2-bpy-N-0 (0.8537 g, 33.69 %), expected for C,0H7N303  55.05 

%C 3.23 %H 19.26 %N found 54.51 %C 3.18 %H 18.79 %N, 'H NMR (CD3C1, 250 

MHz): 8 = 9.163 (dd, J= 3.26, 2.22 Hz, 1H), 8.887 (dt, J= 8.09, 1.04 Hz, 1H), 8.793 

(ddd, J= 4.83, 1.83, 1.04 Hz, 1H), 8.364 (d, J= 7.30 Hz, 1H), 8.068 (ddd, J= 7.30, 

3.39, 1.83 Hz, 1H), 7.882 (td, J = 7.83, 1.83 Hz, 1H), 7.437 (ddd, J = 7.69, 4.83, 1.17 

Hz, 1 H) ppm, Mass spectra (FAB) m/z: 219 ((M+ 1)+). 

2.1.5.3. Syntheses of 4-nitro-2,2'-bipyridine and 15NO2  

labelled analog. 

4-NO2-bpy-N-0 or 4-15NO2-bpy-N-0 (0.9 g, 4.14 mmol or 4.12 minol) was treated 

with Pd 3  (20 ml) and heated to reflux for 24 h. The resulting yellow solution was 

poured onto ice (100 ml) and neutralised cautiously with saturated NaOH solution. 

The resulting white solid was filtered and recrystallised from DCM/hexane. 

Total yield of 4-NO2-bpy (0.447 g, 53.62 %), expected for C,0H7N302  59.70 %C 3.45 

%H 20.89 %N found 60.13 %C 3.57 %H 20.90 %N, 'H NMR (CD3C1, 250 MHz): 

= 9.169 (dd, J = 2.22, 0.65 Hz, 1H), 8.957 (dd, J = 5.34, 0.52 Hz, 1H), 8.752 (ddd, J 

4.70, 1.69, 0.913 Hz, 1ff), 8.473 (dt, J = 7.96, 1.04 Hz, 1H), 8.025 (dd, J = 5.3 5, 2.22 

Hz, 1H), 7.886 (td, J = 7.83, 1.83 Hz, 1H), 7.413 (ddd, J = 7.56, 4.83, 1.17 Hz, 1H) 

ppm, Mass spectra (FAB) m/z: 202 ((M+1)). 

Total yield of 4-15NO2-bpy (0.411 g, 49.32 %), expected for C,0H7N302  59.41 %C 

3.49 %H 20.78 %N found 54.97 %C 3.32 %H 19.57 %N, 'H NMR (CD3C1, 250 

MHz): 6 = 9.165 (td, J = 2.22, 0.65 Hz, 1H), 8.955 (dt, J = 5.3 5, 0.78 Hz, 1H), 8.749 

(ddd, J= 4.70, 1.69, 0.91 Hz, 1H), 8.468 (dt, J = 7.96, 1.04 Hz, lH), 8.024 (dt, J 

5.3 5, 2.22 Hz, 1H), 7.883 (td, J = 7.8 3, 1.83 Hz, 111), 7.411 (ddd, J = 7.5 6, 4.83, 1.17 

Hz, 1H) ppm, Mass spectra (FAB) m/z: 203 ((M+1)+). 
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2.1.6. Synthesis of 4-phenyl-2,2':6,2"-terpyridine (4'-ph-tpy) 

4'-ph-tpy was synthesised in a two-step manner according to the method Moya et al.34  

Acetic acid was used instead of ethanol as the solvent for the reaction with 

ammonium acetate. 

2.1.6. 1. Synthesis 	of 	3-phenyl-1, 5-bis(2-pyridyl)-1 , 5- 

pentanedione 

2-Acetylpyridine (8.4 ml, 74 mmol) and benzaldehyde (3.4 ml, 32 mmol) were added 

to a solution of NaOH (2 g) in 1:1 H20/EtOH (50 ml). The pale yellow, opaque 

solution turned orange on stirring for 2 h and an orange precipitate was observed. 

This became creamy white after extensive washing with EtOH. It was dried in vacuo 

(5.1474 g, 48.6 %), expected for C10H6N202  76.34 %C 5.49 %H 8.48 %N found 

75.21 %C 5.99 %H 8.25 %N, 1 H NMR (CD3C1, 199.972 MHz): 6 = 8.646 (dtd, J 

4.69, 0.78, Hz, 2H), 7.959 (dtd, J = 7.82, 1.30, 0.522 Hz, 2H), 7.787 (td, J = 7.81, 

1.70 Hz, 2H), 7.438 (ddd, J = 7.56, 4.69, 1.30 Hz, 2H), 7.400 (d, J = 1.56 Hz, 2H), 

7.369 (s, 2H), 7.249 (td, J = 7.20, 1.56 Hz, 2H), 7.141 (if, J = 7.30, 1.56 Hz, 2H), 

4.270 (p, J = 7.17 Hz, 111), 3.710 (qd, J = 17.47, 7.30 Hz, 4H) ppm, (Mass spectra 

(FAB) m/z: 331 ((M+1)) 

2.1.6.2. Synthesis of 4-phenyl-2,2':6',2"-terpyridine 

3-phenyl-1,5-bis(2-pyridyl)-1,5-pentanedione (1.0057 g, 3.036 mmol) was dissolved 

in acetic acid (30 ml) and treated with ammonium acetate. The mixture was heated to 

reflux for 2 h yielding a bottle green solution. Water was added and the resulting 

green precipitate was recrystallised from ethanol to give orange crystals of 4 '-ph-tpy 

(0.5029 g, 53.54%), expected for C211115N3  81.53 %C 4.89 %H 13.58 %N found 

20 



Experimental 

80.32 %C 4.80 %H 13.47 %N, 'H NMR (CD3C1, 250 MHz): 6 = 8.76 (s, 2H), 8.74 

(ddd, J = 4.83, 1.83 0.91, 2H) 8.69 (dt, J = 8.00, 1.08 Hz, 2H), 7.92 (ddd, J = 8.08, 

2.94, 1.65, 2H), 7.87 (d, J = 1.83, 2H) 7.49 (m, 3H), 7.29 (ddd, J = 7.46, 4.79, 1.21, 

2H), Mass spectra (FAB) m/z: 310 ((M+1)) 

2.1.7. Synthesis 	of 	[Pt{5-NO2-bpy}C12], 	(Pt{5,5-(NO2)2- 

bpy}C12], (Pd{5,5'-(NO2)2-bpy}C12], [Pt{3-NO2-bpy}Cl2], 

(Pt{3,3'-(NO2)2-bpy}C12] 

The ligand was suspended in water and heated to reflux with a molar equivalent of 

K2[PtCl4] or K2[PdCI4] and the resulting precipitate was filtered. Both [Pt{5,5 

(NO2)2-bpy}C12] and [Pd{5,5'-(NO2)2-bpy}Cl21 were recrystalised from DMSO 

whereas [Pt{3,3'-(NO2)2-bpy}C12] was dissolved in DMF and precipitated slowly by 

allowing DEE to diffuse in. Both complexes of the 5,5 '-(NO2)2-bpy ligand required 

heating for 48 h whereas the other complexes were only heated for 24 h. The aim in 

each case was to make 0.1 g of the final complex. 

Orange solid of [Pt{3-NO2-bpy}C12] yield 96.20 %, expected for C10H7N302PtCl2  

25.71 %C 1.51 %H 8.99 %N found 26.62 %C 1.53 %H 8.66 %N 

Dark red, crystalline solid of [Pt{3,3'-(NO2)2-bpy}C12] yield 84.80 %, expected for 

C10H6N404PtC12  23.45 %C 1.18 %H 10.94 %N found 23.27 %C 1.53 %H 10.53 %N 

Dark red/brown solid of [Pt{5-NO2-bpy}C12] yield 86.40 %, expected for 

C10H7N302PtC12  25.71 %C 1.51 %H 8.99 %N found 31.77 %C 2.10 %H 9.57 %N 
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Brown solid of [Pt{5,5'-(NO2)2-bpy}C12] yield 71.27 %, expected for 

C, 0H6N404PtC12  23.45 %C 1.18 %H 10.94 %N found 24.04 %C 1.46 %H 10.04 %N 

Yellow solid of {Pd{5,5'-(NO2)2-bpy}C121 yield 75.89 %, expected for 

C10H6N404PdC12 28.36%C 1.43 %H 13.23 %N found 27.14%C 1.49%H 11.87 %N 

2.1.8. Synthesis of [Fe{tpy}2][BF4]2, [Fe{4'-ph-tpy}2][BF4]2, 

[Fe{4-p-NO2-ph-tpy} (BF4]2 	and 	[Fe{4'-m-NO2-ph- 

tpy}2] [B F4]2  

These were prepared as [BF4] salts by heating an aqueous solution of 

[Fe(SO4)2(NH4)21 .6H20 to reflux with two equivalents of the ligand in the presence of 

an excess of [Na][BF4]. The complexes were filtered and purified by slow 

precipitation from DMF solution with diffusion of diethyl ether. The aim in each case 

was to make 0.1 g of the final complex. 

Purple microcrystalline solid of [Fe{tpy}2}[BF4]2  yield 50.19 %, expected for 

C30H22N6FeB2F8  51.77 %C 3.18 %H 12.07 %N found 51.24 %C 3.16 %H 11.70 %N, 

'H NMR (DMSO, 250 MHz): 6 = 9.247 (d, J= 7.96, 4H), 8.830 (d, J8.08 Hz, 2H), 

8.804 (d, J = 7.96, 4H), 7.985 (td, J= 7.43, 1.56 Hz, 4H), 7.182 (d, J= 5.87 Hz, 4H), 

7.129 (d, J= 5.61, 4H) ppm 

Purple microcrystalline solid of [Fe{4'-ph-tpy}2][BF4]2  yield 91.6 %, expected for 

C42H30N6FeB2F8  59.47 %C 3.57 %H 9.91 %N found 57.72 %C 3.77 %H 9.93 %N 
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Purple microcrystalline solid of [Fe {4 '-p-NO2-ph-tpy1 21  [BF412  yield 70.7 %, expected 

for C42H28N804FeB2F8  53.77 %C 3.01 %H 11.94 %N found 47.11 %C 3.37 %H 

11.05 %N, 'H NMR (DMSO, 250 MHz): 8 = 9.78 (s, 411), 9.081 (d, J =7.83 Hz, 4H), 

8.805 (d, J =8.74 Hz, 4H), 8.673 (d, J = 8.61 Hz, 4H), 8.060 (t, J = 7.56 Hz, 411), 

7.300 (d, J = 5.217 Hz, 4H), 7.196 (t, J = 6.391 Hz, 4H) ppm 

Purple/dark blue microcrystalline solid of [Fe{4'-m-NO2-ph-tpy}2][BF4]2  yield 77.0 

%, expected for C42H28N804FeB2F8  53.77 %C 3.01 %H 11.94 %N found 46.74 %C 

3.44 %H 11.19 %N, 'H NMR (DMSO, 250 MHz): 8 = 9.805 (s, 411), 9.349 (s, 2H), 

9.101 (d, J=8.09 Hz, 4H), 8.959 (d, J= 7.43 Hz, 2H), 8.577 (dd, J= 8.477, 1.69 Hz, 

2H), 8.147 (t, J= 7.96 Hz, 2H), 7.057 (t, J= 5.612 Hz, 4H), 7.300 (d, J = 5.21 Hz, 

4H), 7.195 (t, J= 6.78 Hz, 411) ppm 

2.1.9. Synthesis of [TBA][BF4] electrolyte 

Tetrafluoroboric acid (120 ml, 50 %) was dissolved in water (500 ml) and 

tetrabutylammonium hydroxide (660 ml, 40 %) was added until neutralisation was 

achieved (pH 7). More water (1 1) was added to ensure efficient stirring. The white 

precipitate of [TBA] [BF4] was filtered, recrystallised twice from a 1:1 mixture of 

ethanol:water and dried in a vacuum oven before use, expected for C16H36NBF4  58.56 

%C 11.02 %H 4.25 %N, found 58.37 % C 10.00 %H 4.25 %N. 

2.1.10. 	Purification of Solvents 

DCM (environmental grade) was stored over KOH pellets for a minimum of two 

weeks before being distilled three times from P205. It was freshly distilled from P205  

before use. 
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Acetonitrile (HPLC grade) was refluxed over aluminium chloride (15 Wi) for 1 hour 

and then distilled. The distillate was refluxed over alkaline potassium permanganate 

(10 g potassium permanganate and lOg lithium carbonate per litre) for 15 minutes 

followed by distillation. The distillate was refluxed over potassium bisulphate (15 Wi) 

for 1 hour followed by distillation. The distillate was then refluxed over calcium 

hydride (2 Wi) for 1 hour followed by a careful fractionation from a helice packed 

column at a high reflux ratio. The middle 80 % fraction was retained and distilled 

three times from phosphorus pentoxide 	(1 % w/v). The now purified and dried 

acetonitrile was freshly distilled from phosphorus pentoxide before use. 

All other solvents were purchased puriss (>99.5 %) and used with no further 

purification. 

2.2. 	Analysis 

2.2.1. Electrochemical Techniques 

Electrochemical data were captured on a DELL Pentium III desktop PC with General 

Purpose Electrochemistry system (GPES) version 4.8 connected to an Autolab 

PGSTAT30 potentio stat. Quoted data were recorded using a scan rate v = 0.1 Vs' 

and are displayed in the form (Epa+Epc)/2 V (Epa - 

Electrochemical studies were carried out using the standard three electrode system 

Figure 2.1. 
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Reference 
1 Electrode 

Counter- 
Electrode 

-Working 
Electrode 

Salt Bridge Stirrer Bar 

Figure 2.1 Three electrode system for electrochemical studies 

The working electrode (WE) is the electrode of interest as this is where the redox 

reaction occurs. Pt was used as a working electrode as it is malleable, ductile, 

relatively inert and is stable over a wide potential and temperature range. The Pt 

electrode used for this work had a diameter of 0.25 mm. Potential is measured with 

respect to a reference electrode (RE) which was Ag/AgCJ in DCM with 0.45 M 

[TBA][BF4] and 0.05 M [TBA]C1 dissolved in. Current is passed round the loop 

containing the working electrode and a counter electrode (CE), commonly a Pt rod. 

Minimal current flows around the working/reference electrode loop. 

The reasons for the three electrode system are twofold. Consider the potential applied 

across the working and reference electrodes (VT)- This potential is split into potential 

across the working electrode/solution interface (V) and a second potential across the 

reference electrode/solution interface (Vr). A "potential drop" (VR) occurs due to 

Ohm's law (Equation 2.1) as the solution has an intrinsic resistance. 

VR = iR 	 Equation 2.1 
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Thus the total potential applied is split according to Equation 2.2. 

VT = Vw  + Yr + VR 	 Equation 2.2 

VR is zero since there is no current flowing round the WE/RE loop (thus i = 0 in V = 

iR). Vr is constant so therefore any potential changes occur at the working electrode/ 

solution interface only. Ferrocene was used as the internal standard and all values 

were referenced to the ferrociniumlferrocene couple at 0.55 V.5'7  All solutions were 

purged with N2  before study. [TBA][BF4] was used as the inert electrolyte in order to 

increase the conductivity of the solution and eliminate migration as the mode of mass 

transport for the electroactive species. 0.1 M [TBA] [BF41 solutions were used for 

DMF, acetonitrile, DMSO and acetone. A 0.2 M [TBA] [BF4] was used for pyridine 

and 0.3 M [TBA][BF4] solutions were used for DCM, ethyl acetate and THF unless 

otherwise stated. 

2.2.1.1. Cyclic Voltammetry 

For any given redox pair, there is a characteristic potential at which electron transfer 

will occur. The reaction at this potential can be studied using Cyclic voltammetry in 

which the current is measured while the potential of the working electrode is varied in 

a saw-tooth manner. Figure 2.2 shows a typical potential-current response 

(voltammogram). 
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Figure 2.2 Typical cyclic voltammogram for a reversible oxidation process 

Initially, there is no current since the potential is too small to induce electron transfer 

(a). However, when the redox potential of the couple is reached, transfer occurs and 

the current increases (b). In the example shown a reduction process is occurring and 

thus by electrochemical convention the initial current is negative. At (c) all the 

compound around the working electrode has reacted so new compound can only reach 

the electrode by diffusion. Therefore, the current reaches a maximum (ipc  at potential 

E) and then drops to the diffusion limited current. As soon as the maximum 

potential (E) is reached, it is swept back and, if the reaction is reversible, the opposite 

electron transfer occurs((d), ipa at potential Epa) . If the electron transfer is not 

reversible (i.e. the newly reduced/oxidised compound is unstable and decomposes), 

then no reverse wave is observed. If this is the case, the decomposition may be 

"outrun" by increasing the scan rate and/or cooling the sample. It should be noted 

that the terms "reversible" and "irreversible" refer to limiting cases. 
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For a reversible electrochemical process, the maximum current (i pa, i) varies with the 

square root of the scan rate (v). Therefore, the reversibility of a process can be 

established by ensuring that the plot of ipa VS. 	is linear 

In the cases where Epa E was not equal to the Nernst value of 59 mV, the equivalent 

E pa E pc  value for the ferrociniumlferrocene couple was measured. The Epa Epc  values 

for ferrociniumlferrocene and the compound under scrutiny were comparable in all 

cases. 

2.2.1.2. Stirred Cyclic Voltammetry 

This technique was used to determine whether bulk electrolysis was complete or not. 

The set up is the same as for cyclic voltammetry but the solution is stirred while the 

scan is running (scan rate, v = 0.02 Vs'). The position of the zero current indicates 

whether a reduction or oxidation is taking place. 

-ye ' 	. 	 I 	 • 	 I 	 • 	 I 	• 

0 
E/V 

Figure 2.3 Redox process before (purple) and after (red) bulk reduction 
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2.2.1.3. Differential Pulse Voltammetry 

Differential pulse voltammetry also uses the three electrode system but here the 

potential is applied in a series of pulses (Figure 2.4). The pulses occur for equal 

amounts of time but the base potential increases for each pulse. 

-r 

Figure 2.4 Waveform for differential pulse voltammetry. The red dots indicate 

where current is measured 

The response is presented as the difference between the two currents per pulse plotted 

against potential (Figure 2.5). E. values can be calculated by taking the average of 

the peak positions for forward and reverse scans. This technique is very sensitive and 

useful for the study of electroactive species which are relatively insoluble. 
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Figure 2.5 Differential pulse voltammogram for a reduction process 

2.2.1.4. Coulometry 

It is necessary to determine the number of electrons involved in a redox process. 

Measuring the charge passed in the bulk electrolysis of a known number of moles of 

compound can be used to achieve this as the charge is given by Equation 2.3. 

Q = nFe 	 Equation 2.3 

Where Q is the charge (C), n is the number of moles of the compound added, F is 

Faraday's constant (96585 C) and e is the number of electrons involved in the redox 

process. 

Bulk electrolysis was carried out in an H-type cell (Figure 2.6) using a large Pt gauze 

basket electrode. Sintered fits separated the test solution from the platinum counter 

electrode to avoid any contamination of the test solution from products produced at 

the counter electrode. A platinum working electrode was used so that the progress of 

the reduction could be monitored using quiet and stirred cyclic voltammetry. 
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Reference 	Working Electrode 
Electrode 	Inurfin unlfmmfrv 

Salt bridg 

Working Elecl 
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ounter 
ectrode 

Sintered Frits 

Figure 2.6 H-Type cell for coulometric studies 

The electroactive species is first studied using the cyclic voltammetry electrode in 

quiet and stirred solutions. The working electrode is then swapped to the Pt basket 

and the solution stirred rapidly to ensure good circulation of the solution. Electro-

generation was carried out at -40 °C (dry ice/acetone bath) and under a nitrogen 

atmosphere to ensure stability. Progress was monitored as a plot of charge vs. time. 

2.2.2. Spectroelectrochemical Studies 

It is desirable to obtain UV/Vis and EPR spectra of the redox products generated in 

the electrochemical studies in order to determine their electronic structure. To 

achieve this, existing spectrochemical techniques can be modified to allow the 

generation of redox products in situ. The two techniques utilized in this study were 

UV/Vis/NIR and EPR spectroscopies. 

2.2.2.1. UVNis/NIR Spectroelectrochemistry 

In situ UV/Vis/NIR electro-generation was performed using an optically transparent 

thin layer electrode (OTTLE) cell (Figure 2.7) in a Perkin-Elmer Lambda 9 
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spectrophotometer. A platinum gauze working electrode (transparency = 40 %) was 

used in the quartz cell (path length = 0.5 mm). The platinum wire counter and 

AgIAgC1 reference electrodes were separated from the test solution by sintered fits in 

a quartz reservoir above the flat cell. A tight fitting PTFE lid prevented the oxygen-

purged solutions being exposed to the atmosphere. 

Working Electrode 
to 

Reference 
	 Counter Electrode 

Electrode 

0.05 cm 
Quartz 

Call rK, Quartz windows 

Cold N2' 
m Temp. N2  

Lighi 

Figure 2.7 Experimental set-up for in situ UV/Vis/NIR spectroscopy 

The assembly was then placed in a PTFE block fitted with two pairs of quartz 

windows, inside the spectrometer. Dry, pre-cooled N2  was passed between the cell 

and the inner pair of quartz windows to cool the solution. Dry, room temperature N2  

was passed between the outer and inner quartz windows of the PTFE block to prevent 

frosting of the cell and windows. The spectrometer cavity was kept under N2. The 

temperature was monitored using a thermocouple connected to a digital thermometer 

and could be controlled by careful adjustment of the N2  flow rate. Potential was 

applied and bulk electrolysis performed with UV/Vis/NIR spectra measured every ten 

minutes. Conversion of the electroactive species was deemed complete when the 

spectrum stopped changing and current flow ceased. The potential was set back to re- 
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generate the original species. This ensured that the process under study was 

reversible. The spectra were captured on a Datalink Pentium desktop PC running UV 

Winlab software, version 2.70.01. 

2.2.2.2. EPR Spectroelectrochemistry 

The spin of an unpaired electron (ms) can have two values; +'/2 and -V2. Under normal 

conditions, there is no energy difference between the two but when a magnetic field 

(B) is applied these two, degenerate states split as shown in Figure 2.8. 

Figure 2.8 Energy levels of afree electron in the presence of an external magnetic 

field (B) 

The energy difference is given by Equation 2.4. 

AE = gjt8B 	 Equation 2.4 

Where J.tB is the Bohr magneton (9.274x10 24  JT'), B is the magnetic field (T) and g 

is a constant characteristic of the complex. Therefore, at a certain frequency of 

electromagnetic radiation, the electron will change state and an absorption of energy 

(resonance) will be observed. Microwave radiation (10-4 to 10 m) is required to 

induce this change and since it is difficult to sweep microwaves, a scan of the 

magnetic field is used as an alternative. The two are equivalent. 

091 



Experimental 

The exact value of radiation required depends on the complex under examination and 

the magnetic field applied. For a free electron, g 	2.0023 but for a complex, the 

circulation of neighbouring electrons vary the local field and thus vary g. If g < ge 

then the local field is less than that applied and if g> ge then the local field is greater 

than that applied. It is therefore possible, in theory, to make deductions about the 

environment of the unpaired electron based on g. 

In practice, more useful information can be obtained from a property known as 

Hyperfine Coupling. As for Nuclear Magnetic Resonance Spectroscopy (NMR), the 

nuclei of neighbouring of atoms also have spin (I) and can adopt 21+1 different 

orientations. Since these nuclei must then have 21+1 contributions to the local 

magnetic field, the resonance of any interacting unpaired electron will also have 21+1 

different values. These often form multiplets in the same way as in NMR 

spectroscopy. In EPR spectroscopy, coupling to quadrupolar nuclei is also observed 

The g value is considered a symmetric matrix which can be diagonalised to give three 

principal g factors, g,, gyy  and g. In isotropic systems (liquid or solution) tumbling 

of the molecules produces an average of these values and thus only one g value is 

seen. In anisotropic systems however (frozen solutions, powders, crystals) up to three 

g values may be observed. For systems of low symmetry, the three g values are 

different and therefore three sets of peaks are seen. This is known as a rhombic 

signal. For axial systems, one term (assigned as g11) is different to the other two (g1) 

and thus two sets of peaks are seen. 
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X-band EPR data were recorded on an X-band Bruker ER 200-D SRC spectrometer 

connected to a datalink 486DX desktop PC running EPR Acquisition System version 

2.42. A specially designed variable temperature, in-situ cell was used with a platinum 

gauze working electrode placed in the flat part of the cell. Platinum wire counter and 

Ag/AgCI reference electrodes were placed on the reservoir at the top of the cell. 

Electro-generation was performed using a Potentiostat BASCV-27 Voltammograph. 

Variable temperature work was carried out using the Bruker ER41 11 VT Unit. 

Simulations were performed using Bruker WINEPR Simfonia Version 1.25. All g-

values were referenced to the g-value of 2,2'-diphenyl-1-picrylhydrazyl (DPPH) 

35 which is 2.0036 ± 0.002. 

Counter 
EIectroce 

- 	 Reference 
Electrode 

Working 
Electrode 

Figure 2.9 In situ EPR cell (N.B. B is perpendicular to the microwave field) 
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2.2.3. NMR and IR Spectroscopy 

200 MHz NMR spectra were recorded on a Varian Gemini 200 and 250 MHz NMR 

spectra were recorded on a Bruker ARX 250. 

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectrometer. 

CHN analysis was carried out using an Exeter Analytical Elemental Analyser 

(CE440). 

Electron lonistation Mass Spectrometry was carried out on a Kratos Profile Mass 

Spectrometer. Fast Atom Bombardment was carried out on a Kratos double 

focusing high resolution Magnetic Sector MS 50TC Mass Spectrometer. 

2.3. 	Calculations 

Calculations used the Amsterdam Density Functional program ADF 1999.36  A triple- 

-STO basis set was employed for Pt, while all other atoms were described by a 

double- plus polarization STO basis set. The frozen core approximation was 

employed for the is electrons of C, N and 0, up to and including the 2p electrons of 

Cl and the 4f electrons of Pt. All geometry optimizations used the procedure 

developed by Versluis and Ziegler37  and incorporated the gradient corrections due to 

Becke38  (exchange) and Perdew39  (correlation) as well as the quasi-relativistic 

corrections of Snijders and co-workers. 40  Where high symmetry species were 

calculated, the calculation was repeated in a lower symmetry point group to ensure it 

was correct. In all cases, the calculations converged on the species given in the text. 
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3. Electrochemical and Spectroelectrochemical 

Characterisation of 5-NO2-bpy and 5,5-(NO2)2-bpy, 

and their Platinum and Palladium complexes 

3.1. 	Introduction 

3.1.1. NO2-bpy Ligands 

A number of papers have reported the synthesis of 4,4'-(NO2)2-bpy and 4-NO2-

bpy 33,41,42,43,44  but few have reported transition metal complexes of these ligands. 

Weiner et a!43  reported the electrochemistry of 4,4'-(NO2)2-bpy as two sequential, 

reversible one-electron reductions at Ey, = -0.80 V and -0.91 V in MeCN vs. SCE. 

These were attributed to reduction of the bpy it system. In contrast, 4-NO2-bpy 

displayed two irreversible reductions at E. -1.55 V and -2.38 V in MeCN vs. SCE. 

Weiner also noted that the nitro substituents moved the reduction to a less negative 

potential relative to the un-substituted bpy. 

More recent studies 5,7  have revealed similar electrochemical results for 4,4'-(NO2)2-

bpy (two reversible one-electron reductions at Ey2  = -0.64 V (0.081) and -0.79 V 

(0.085) in DMF vs. Ag!AgC17) have but obtained results for 4-NO2-bpy that contrast 

with those from Weiner. Jack  reported a fully reversible one-electron reduction of 4-

NO2-bpy at E. = -0.72 V in DMF vs. AgIAgC1 and a second quasi-reversible 

reduction at E. = -1.63 V. 4-NO2-py was synthesised for comparison with the bpy 

ligands and revealed a reversible, one-electron reduction at E. = -0.74 V with a 

second, irreversible reduction at -1.92 V. The small separation between the two 
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reductions of 4,4'-(NO2)2-bpy (ca. 150 mV) was deemed too small to be a spin-

pairing process. 

A trend was observed on comparing the UV/Vis/NIR spectra of [4,4'-(NO2)2-bpy]2 , 

[4-NO2-bpy]' and [4-NO2-py]". All spectra showed an intense, high energy band in 

the range 31 500 - 35 000 cm' and a second band at 20 600 - 21 800 cm-1. For [4-

NO2-py], the reduction electron can only be located on the 4-NO2-py moiety. 

Therefore, the absorptions in all spectra were assigned as electronic transitions 

between orbitals of rr symmetry based on the 4-NO2-py moiety. It was postulated that 

there was a lack of delocalisation of the reduction electron over the extended ring 

system, i.e. the electron is localised on the NO2  group.7  

Similarities were also observed on comparison of the EPR spectra of [4,4'-(NO2)2-

bpy]2 , [4-NO2-bpy]' and [4-NO2-py]1 . Simulation of each spectrum revealed one 

large and one small 14N coupling at around 8 0 and 2.5 G respectively. Coupling to 

two identical protons was also observed in the range 2.5 G - 3 G. This added further 

weight to the suggestion that each reduction electron was based on the NO2-py moiety 

rather than delocalised over the whole bpy molecule. [4,4'-(NO2)2-bpy]2  was EPR 

active thus a spin-pairing process had not occurred i.e. the LUMO to LUMO+1 

energy gap was smaller than the spin pairing energy of the two added electrons in 

[4,4'-(NO2)2-bpy]2 . Jack postulated that the largest 14N coupling in the EPR spectra 

of [4,4'-(NO2)2-bpy]2 , [4-NO2-bpy]" and [4-NO2-py]1  was coupling of the electron 

to the N nucleus in the NO2  moiety.7  
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Co-ordination of 4,4'-(NO2)2-bpy to Pt(II) and Pd(II) centres moved the reduction 

potentials to -0.26 V (0.07) and -0.45 V (0.08) for [Pt{4,4'-(NO2)2-bpy} Cl2] and -0.26 

V (0.07) and -0.43 V (0.09) for [Pd{4,4'-(NO2)2-bpy}C12]. UV/Vis/NIR studies on 

the mono- and di-reduced complexes indicated ligand localised reductions. The EPR 

spectra of di-reduced [Pt{4,4'-(NO2)2-bpy}C12]2  and [Pd{4,4'-(NO2)2-bpy}C12]2  

confirmed this and the reductions were assigned as spread over both 4-NO2-py 

moieties of the bpy ligand, in contrast to the free ligand. The data from the frozen 

EPR spectrum of [Pt{4,4'-(NO2)2-bpy}C12]2  was used with Rieger's equations 30 

(Equations 1.1 - 1.3, section 1.3.3) to give 5dx, and 6z admixtures to the SOMO of 

8.7 % and 3.9 % respectively. Thus the ligand was predicted to contribute 87 % to 

the SOMO. The lack of resolution in the EPR spectrum of[Pt{4,4'-(NO2)2-bpy}C12]' 

was attributed to an electron "hopping" mechanism from the LUMO to the LUMO+1. 

4,4'-(NO2)2-bpy was found to crystallise in a P21/C space group with the two py rings 

trans to each other .44  The molecule was almost planar with a C3-C2-C2'-Nl' torsion 

angle of 1.1 (3)° (see Figure 1.1 for the bpy numbering system). The C2-C2' distance 

was about 0.1 A longer than C-C bonds in the ring. The crystal packing was 

described as molecular tapes formed by C-H ... 0-N hydrogen bonds. 

Converse to the 4,4' analogue, only a few references to 5,5'-(NO2)2-bpy could be 

found in the literature. 46-52  This is most likely due to the difficulties in preparation. 

Pyridine derivatives are much less reactive towards electrophillic aromatic 

substitution than their benzene analogues due to the high electronegativity of nitrogen 

and subsequent + charge on the ring. This repels the positive electrophile and 

prevents reaction. Conversion to the N-oxide overcomes this but the substitution 
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reaction will only occur at the 4 position. Thus, only 4 substituted pyridines and 

bipyridines can be made in this fashion. Bipyridine derivatives substituted in the 5 

position are usually made by coupling the two substituted pyridine rings together in a 

Ullmann type reaction. Synthesis of 5,5 '-(NO2)2-bpy in this manner has been 

documented by Case 45, Caloger049 and Hassan 50'51. The methods of both Calogero 

and Hassan were attempted for this study and the method of Calogero was deemed 

most practical and economical. The general syntheses are given in Figure 3.1. 

02N_(J1_ NH2 

NaNO 
KI 

Acetic Acid 

OzN—/J--I 

Cu 
Cymene 

VN- 

02N :~(—:~cl 

Nal 
HI 

~2-butanone 

02N—/J ----i 

Cu 
DMF 

NO2 

02N 	 Br 

["Bu4N]Br ('Pr)2EtN 
PrOH 

Pd(OAc)2 
Toluene 

+ 16' 

02N__ -2/NO2 

6 1 

Figure 3.1 Syntheses of 5,5 '-(NO2)2-bpy as detailed by Case 45 (a), Calogero 49 (b) 

and Hassan 50,51 (c) 

The properties of 5,5 '-(NO2)2-bpy remain unreported and the ligand is only referred to 

in the literature as one of a series of organic preparations45'50'51 or as a precursor to the 

diamine analogue .47,49 EHMO calculations performed on substituted bpy derivatives 

found 46 that NO2 groups at the 4,4", 5,5' and 6,6' positions caused a decrease in the 

positive net charge of the substituted C atom and an increase in the positive partial 

charge of the neighbouring C atoms. 
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3.1.2. Comparison of 3,3', 4,4' and 5,5'-positions 

It was thought originally that the 4,4' positions on di-substituted bpy were the most 

important electronically. However, Baxter et al noted 52  that the lowest energy MLCT 

absorption in [Mo{CO}4{5,5'-(CN)2-bpy}] was at a significantly (50 mn) lower 

energy than that for [Mo{CO}4{4,4'-(CN)2-bpy}jl. This implied that the nitrile 

substituents exhort a greater electron withdrawing effect on the metal in the 5,5'-

positions than those in the 4,4' di-substituted ligand. Yellowlees et al carried out 

molecular orbital calculations on bpy.27  The contribution to the LUMO from the ring 

carbons was calculated to be in the order C2,2'>C4,4'>C6,6'>C5,5'>C3,3' by 

Extended Htickel Molecular Orbital Calculation and C5,5'>C2,2'>C4,4'>C3,3'>C6,6' 

by Density Functional Theory. 	EPR studies on [Pt(bpy)(CN)2] revealed 

superhyperfine couplings to two sets of two equivalent 1H nuclei, which suggested 

that two of the ring carbons have a significantly greater unpaired electron density than 

the other two. 27 

Jack  and Mclnnes5  found a linear correlation between the Hammett Parameters, cyr,, 

and o, and the first reduction potentials of [Pt{ 5,5 '-(X)2-bpy} Cl2] and [Pt {4,4 '-(X)2-

bpy} C121 (X = NH2, Me, H, CO2Me, CO2Et for 4,4' and 5,5' derivatives and OEt, Ph 

and Cl for 4,4' derivatives only). The gradient of the line for [Pt{5,5'-(X)2-bpy}C12] 

was greater than for [Pt{4,4'-(X)2-bpy}C12] i.e. changing the substituent at the 5,5' 

position has a greater effect on the reduction potentials than changing the substituent 

at the 4,4' position. Thus the 5,5' position was deemed electrochemically the most 

important. Substitution in the 3,3' position will affect both the electronic and steric 

properties of the ligand. A detailed study of the effect of substitution in the 3,3' 

position on the redox properties has not been undertaken and should be carried out in 
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the future. Substitution of the nitro group in the 4,4' position has the greatest effect 

on the reduction potentials of the bpy derivatives of all groups studied to date. It was 

therefore interesting to investigate the electronic properties of the ligands with NO2  

substituents in the 3,3' and 5,5' positions. 

	

3.2. 	Aim of this Chapter 

The aim of the following chapter is to investigate the electronic properties of bpy 

ligands with NO2  subsituents in the 5,5' positions. Their corresponding Pt(II) and 

Pd(II) metal complexes will also be examined. Comparison with the corresponding 

pyridyl ligand 3-NO2-py will be made. 

	

3.3. 	Results and Discussion 

3.3.1. 5,5-(NO2)2-bpy, 5-NO2-bpy and 3-NO2-py 

3.3.1.1. Crystal Structure of 5,5'-(NO2)2-bpy 

A single pale yellow block of 5,5 '-(NO2)2-bpy was grown by recrystallisation from 

dioxane. The unit cell was found to contain one 5,5'-(NO2)2-bpy and one dioxane 

molecule (Figure 3.2). Only one half of each molecule was crystallographically 

independent with the two halves of the molecules related by an inversion centre. The 

two bpy rings were trans with respect to each other as seen for other examples of bpy 

and substituted derivatives. 44,53  It is assumed that the molecule twists to a cis 

configuration on coordination to a metal. Contrary to other X,X'-(NO2)2-bpy 

derivatives in the literature, the molecule is planar. The bonds lengths are similar to 

those of the 3,3' and 4,4' NO2  substituted bpy derivatives with the C2-C2A bond 

about 0.1 A longer than the py ring C-C bonds (1.49 A compared to 1.39 A). The 

molecules are stacked but offset with polar-polar intermolecular bonding from the 
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ring nitrogen to the positive N on the NO2  group (intermolecular bond length of 3.416 

A). The crystallographic data are given in Table 3.1 and Table 3.2. 

OIlS A) 

0(52A) 
	

C(311SAA) 9,,0(1S) 

 MS) 

0(52) 

Figure 3.2 Crystal Structure of 5,5 '-(NO2)2-bpy 

Chemical formula (C101-16N404).(C4H802) T,,,,, 0.630 

Mr 334.29 T. 1.0 

Cell setting, space Triclinic, P-I No. of measured, independent and 3240, 1686, 1628 
group observed parameters 

a, b, c (A) 6.4941 (6), 6.5761 (6), Criterion for observed reflections I> 2(I) 
9.3664(8) 

a, 3, y (°) 85.2000 (10), 87.9100 Rini  0.014 
(10), 66.0050 (10) 

V (A) 364.15(6) 0,,,,,, (°) 28.7 

Z 1 Range ofh,k,l 

D, (Mg 1.524 -8--*k-8 

Radiation type Mo Ka -12 -* I -* 12 

No. of reflections for 2575 Refinement on F2  
cell parameters 

0 range (°) 3.4-28.7 R[F2  > 2(F2)], wR(F2), S 0.042, 0.118, 1.06 

.s (mm-') 0.12 No. of relections 1686 reflections 

Temperature (K) 150 (2) No. of parameters 110 

Crystal form, colour Block, pale yellow H-atom treatment Riding 

Crystal size (mm) 0.81 x 0.51 x 0.37 Weighting scheme Calculated 	w = 
1/[&(F02) + (0.0672P)2  
+ 0.0993P] where P = 
(F,,2  + 2F,,2)13 

Diffractometer Bruker Smart (N),,,,, <0.0001 

Data collection method cu scans Ap,,,,,,, Apj,, (e A-3)0.36, -0.25 

Absorption correction Multiscan Extinction method SHELXL 

Table 3.1 Crystal, Data collection and refinement data for X-ray structure of 5,5 

(NO2)2-bpy 
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Atoms 
	 Distance /A 

	
Atoms 
	 Angle /0 

N(1)-C(6) 1.3363(15) C(6)-N(1)-C(2) 117.92(10) 

N(1 )-C(2) 1.3458(14) N(1)-C(2)-C(3) 123.31(10) 

C(2)-C(3) 1.3957(16) N(1)-C(2)-C(2A) 116.24(12) 

C(2)-C(2A) 1.492(2) C(3)-C(2)-C(2A) 120.45(12) 

C(3)-C(4) 1.3854(16) C(4)-C(3)-C(2) 118.52(11) 

C(4)-C(5) 1.3819(16) C(5)-C(4)-C(3) 117.63(11) 

C(5)-C(6) 1.3849(17) C(4)-C(5)-C(6) 121.00(11) 

C(5)-N(51) 1.4639(14) C(4)-C(5)-N(51) 119.69(11) 

N(5 1 )-0(5 1) 1.2254(15) C(6)-C(5)-N(51) 119.30(11) 

N(5 1)-0(52) 1.2265(15) 

C(2S)-0(IS) 1.4263(14) 0(51 )-N(5 I )-0(52) 123.96(11) 

C(2S)-C(3S) 1.5004(17) 0(51)-N(51)-C(5) 117.96(11) 

0(1 S)-C(3SA) 1.4283(15) 0(52)-N(5 1)-C(5) 118.09(11) 

C(3S)-0( ISA) 1.4283(15) N(1)-C(6)-C(5) 121.62(11) 

0(IS)-C(2S)-C(3S) 110.61(10) 

C(2S)-0( 1 S)-C(3SA) 110.14(9) 

0(1 SA) -C(3S)-C(2S) 	110.46(10) 

Table 3.2 Bond lengths (A) and angles ()for 5,5 '-(NO2)2-bpy characterised by X- 

ray crystallography 

3.3.1.2. Electrochemistry 

5,5 '-(NO2)-bpy has two sequential, reversible one-electron reduction waves at Ey2  = 

-0.61 V (0.06)*  and -0.70 V (0.07) vs. Ag/AgCl in DMF (Figure 3.3). A third, 

irreversible reduction was observed at -2 V. A plot of i vs. 'Iv for the reversible 

reductions gave a linear relationship. This indicates a diffusion controlled process. 

* E
v. values are all quoted in the fonfl E = {(Epa+Epc)/2} V (Epa Epc) 
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-1.5 	-1.0 	-0.5 
EIV 

Figure 3.3 Cyclic voltammetry of 5,5 '-(NO2)rbpy vs. Ag/AgCl in 0.1 M 

[TBAJ[BF4]/DMF at 293 K 

Initially, AEy. was thought to be too small (90 mV) to be a spin pairing process. 

However, this was negated by the EPR spectroelectrochemistry results (Section 

3.3.1.4). 

Jack compared spectroelectrochemical results for 4,4'-(NO2)2-bpy and 4-NO2-py and 

noted many similarities (Ey. = -0.64 and -0.79 V for 4,4'-(NO2)2-bpy and -0.74 V for 

4-NO2-py).7  In a similar manner, 5,5 '-(NO2)2-bpy was compared to 3-NO2-py which 

exhibits a reversible, one-electron reduction at -0.94 V (0.08) vs. AgIAgC1 in DMF 

(previously reported as -1.06 V in acetonitrile54). This is well shifted from the 

reductions of 5,5 '-(NO2)2-bpy and indicates that the electronic character of 5,5'-

(NO2)2-bpy and 3-NO2-py may be different. 

5-NO2-bpy exhibited a fully reversible, one-electron reduction process at Ey2  = -0.83 

V (0.07) with an irreversible process at -1.63 V. The large difference between the 

first reduction potentials of 5-NO2-bpy and 5,5 '-(NO2)2-bpy (-0.83 V and -0.64 V 
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respectively) suggests that each may be undergoing a different reduction process. 

This is also in contrast to 4-NO2-bpy and 4,4'-(NO2)2-bpy which reduce at more 

similar potentials (Ey, = -0.80 V and -0.72 V respectively). 

3.3.1.3. UVNis/NIR Spectroelectrochemistry 

5,5 '-(NO-bpy exhibited a high energy 7t7r  absorption band at 30 800 cm (s = 34 

800 M 1 cm 1 ). The applied potential across the working electrode/solution interface in 

the OTTLE cell was set to -0.68 V in an attempt to generate the mono-reduced species 

[5,5'-(NO2)2-bpy] 1 . The band at 30 800 cm collapsed to c = 18 000 M'cm' and 

bands at 21 000 cm-1  and 8 400 cm' grew in (E = 15 000 and 13 000 M'cm 1  

respectively, Figure 3.4). The peaks at 20 100 cm-1  and 8 400 cm-1  obviously contain 

structure and were split with AE = 1 400 cm-1. This fine structure is probably due to 

vibronic coupling to the NO2  moiety. 

The potential across the working electrode/solution interface was then set to -1 V in 

order to generate the di-reduced species, [5,5 '-(NO2)2-bpy]2 . The peak at 15 800 cm-1  

was observed to increase in intensity to P, = 72 000 M'cm' while the other peaks 

decayed (Figure 3.5). Thus, the 15 800 cm-1  peak in the spectrum of [5,5'-(NO2)2-

bpy] arises due to generation of a small amount of [5,5 '-(NO2)2-bpy]2 . The spectra 

of the individual species are difficult to resolve due to the close spacing of the two 

reduction processes. 
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Figure 3.4 UV/Vis/NIR spectra of 5,5 '-(NO2) 2-bpy (blue) and [5,5 '-(NO2)2-bpyJ' 

with a small impurity of[5,5 '-(NO2)2-bpyt (red) in 0.1 M[TBAJ[BF4J/DMF at 233 

K showing partially reduced curves. Potential held at -0.68 V vs. Ag/A gCL 

Figure 3.5 UV/Vis/NIR spectra of[5,5 '-(NO2)rbpyJ' with a small impurity of 

[5,5 '-(NO2)2-bpyJ2  (red) and [5,5 '-(NO2)2-bpyt (green) in 0.1 M[TBAJ[BF4]/DMF 

at 233 K showing partially reduced curves. Potential held at -1 V vs. Ag/A gCl. 
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The peak at 30 800 cm-1  in the UV/VisINIR spectrum of the neutral ligand is assigned 

as a HOMO to LUMO it-it transition (Figure 3.6(a)). On reduction, an electron 

enters the LUMO, and the energy of the semi-occupied level decreases. Thus low 

energy SOMO to LUMO+l transitions are expected to be observed (Figure 3.6(b)). 

In addition, HOMO to LUMO transitions are still permitted but are expected at lower 

energy than in the neutral species. Therefore, the nir peak at 8 400 cm' is assigned to 

the SOMO to LUMO+1 transition and the higher energy peak is assigned as a HOMO 

to SOMO transition. The observed fine structure on the band can be attributed to 

vibronic coupling as the IR (KBr disc) of 5,5 '-(NO2)2-bpy showed an NO2  symmetric 

stretch at l 600 cm'. If, as expected, the reduction electrons are based on the NO2  

group, the N-O bonds would weaken and reduce the vibration frequency. The 

vibronic coupling of AE1 400 cm-1  for [5,5 '-(NO2)2-bpy] is in concordance with 

this. 

The EPR results suggest that the second reduction is a spin pairing process (vide 

infra). Therefore, the intense peak in the spectrum of [5,5 '-(NO2)2-bpy]2  at 15 800 

cm-1  is assigned as a transition from the occupied LUMO to a higher energy level 

(Figure 3.6(c)). Note the decrease in the vibronic coupling to AE 1 200 cm-'. This 

concurs with further weakening of the NO2  bonds due to the addition of electron 

density to the 7t*  level. 
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(a) (b) 
LUMO+1 	LUMO+1 
LUMO 	 ('s 	W8 400 cm-1  

LUMO M-1 	

_____i_iri_ . 
cm-1 

HOMO HOMO 

(c) 
15800 cm-1 	

LUMO-1-1 

HOMO 

Jr
LUMO 

iF 

Figure 3.6 Molecular orbital energy diagram for 5,5 '-(NO2) 2-bpy (a), [5,5 '-(NO2)-

bpyJ' (b) and [5,5' (NO2)2-bpyf (c) 

The question then arises of where the LUMO of 5,5 '-(NO2)2-bpy is located. In 

particular, whether the LUMO spans the entire bpy framework or is localised on one 

pyridine ring. In order to clarify this question, the UVIVis/NIR spectrochemical study 

of 3-NO2-py was undertaken and is shown in Figure 3.7. No similarities were noted in 

the spectra when compared to the mono-reduced form of 5,5 '-(NO2)2-bpy suggesting 

a different process may be occurring. 
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40000 	35000 	30000 	25000 	20000 	15000 	10000 	5000 

cm1 

Figure 3.7 UV/Vis/NIR absorption spectra of 3-NO2-py (blue) and 13-NO2-pyt 

(red) in 0.1 M fTBAJfBF4]/DMF, T = 233 K showing partially reduced curves. 

Potential held at -1.5 V vs. Ag/A gCl. 

Similarities were evident however when the spectra of [3-NO2-py]' and [5-NO2-

bpy]' were compared (Figure 3.7 and Figure 3.8 respectively, red spectra). Both 

mono-reduced species gave a main high energy peak with a peak of much lower 

intensity in the 15 000 to 25 000 cm-1  region. This indicates 3-NO2-py and 5-NO2- 

bpy 	undergo similar reduction processes whereas 5,5 '-(NO2)2-bpy behaves 

differently. This difference could be attributed to localisation of the reduction 

electron on one NO2-py moiety in [3-NO2-py]' and [5-NO2-bpy]" against 

delocalisation of the reduction electron over both rings of [5,5 '-(NO2)2-bpy]' 

E 
0 
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Figure 3.8 UV/Vis/NIR absorption spectra of 5-NO2-bpy (blue) and 5-NO2-bpy' 

(red), in 0.JM[TBAJ[BF4J/DMF showing partially reduced curves, T = 233 K. 

Potential held at -1.2 V vs. Ag/A gCl. 

3.3.1.4. EPR Spectroelectrochemistry 

5,5'-(NO2)2-bpy in DMF solution gave no EPR signal. In-situ electrochemical 

reduction at -0.68 V vs. Ag/AgC1 resulted in the spectrum shown in Figure 3.11 which 

was simulated with coupling of the unpaired electron to two identical '4N nuclei (1.65 

G) and three sets of identical pairs of protons (1.65 G, 0.66 G and 0.37 G). 

The successful simulation shows that the LUMO of 5,5'-(NO2)2-bpy is spread over 

the entire molecule as opposed to being localised on one of the NO2-py rings as for 

4,4'-(NO2)2-bpy. Attempts to simulate the observed spectrum by localising the 

reduction electron on only one pyridine ring gave a very much poorer comparison 

with the experimental result. 
r. 
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The EPR spectrum of [3-NO2-py]' was experimentally recorded at 233 K (Figure 

3.12) and simulated using the values shown. It is clear that the EPR spectra and 

simulations of [5,5 '-(NO2)2-bpy] and [3-NO2-py]' - are quite different. This lack of 

concordance is in stark contrast with previous results for 4,4 '-(NO2)2-bpy where there 

were obvious similarities between the spectra of [4,4'-(NO2)2-bpy]' and 

[4-NO2-py] 1-7  Both species gave 11 line spectra with a large and one small 14N 

coupling (Ca. 8 and 2.5 G), and two identical 'H couplings (2.4 - 3 G). The spectrum 

of [4-NO2-py1' was more resolved with two further identical 'H couplings of 0.45 G 

also observed. 

The EPR spectrum of [5-NO2-bpy]1  also showed no concordance with that of [5,5'-

(NO2)2-bpy]'. [5-NO2-bpy]' was generated in situ at 233 K to give the spectrum 

shown in Figure 3.13. This was simulated using the values shown. In accordance 

with the calculations (Section 3.3.2.4), the largest 14N coupling (7.10 G) is assigned as 

the NO2  group and the second largest (1.3 G) as the N on the un-substituted pyridine 

ring. In addition, three couplings to 'H were observed (4.00, 2.35 and 2.45 G). In 

order to achieve a successful simulation a fourth 14N coupling was required (1.1 G). 

It is suggested that this is the N on the derivatised py ring. It is interesting to note that 

inclusion of both ring N nuclei was not necessary in the simulation of the EPR 

spectrum of [4-NO2-bpy]' (Section 6.2.1.3). 

The largest 14N couplings in the EPR spectra of [5,5'-(NO2)2-bpy] and [3-NO2-py]' 

are suggested to derive from the NO2  N nuclei in line with previous studies on [4,4'-

(NO2)2-bpy]1  [4-NO2-bpy]' and [4-NO2-py] (further evidence for this will be given 
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in Chapter 6). Also note that when the reduction electron is localised on one ring 

(NO2-py species or 4,4 '-(NO2)2-bpy), then coupling to the nuclei are more than twice 

as large as when the electron is delocalised over two rings (5,5 '-(NO2)2-bpy). This is 

further evidence for localisation in the 4,4'-(NO2)2-bpy analogue but delocalisation in 

5,5 '-(NO-bpy. 

Di-reduction of 5,5 '-(NO2)2-bpy with Egen = -1.5 V collapsed the spectrum thus 

indicating formation of a diamagnetic species. This was confirmed by the re-growth 

of the spectrum on setting Egen back to -0.68 V. Thus, the second reduction is a spin-

pairing process as discussed. 

Localisation of the reduction electrons in [4,4'-(NO2)2-bpy]2  vs. delocalisation in 

[5,5'-(NO2)2-bpy]2  can be rationalised using resonance structures (Figure 3.9). The 

resonance structure shown is only possible when the NO2  groups are conjugated i.e. 

either ortho or para with respect to the C-C bond joining the two rings. This bond 

would be expected to be shorter in [5,5'-(NO2)2-bpy]2  where it contains significant 

double bond character than in 5,5 '-(NO2)2-bpy where it is a purely single bond. X-ray 

crystallographic studies would confirm this and crystallisation of [5,5'-(NO2)2-bpy]2  

was attempted by reacting the neutral ligand in N2  purged dry DMF with Na[BH4]. 

This generated a deep purple solution which was layered with diethyl ether in order to 

precipitate [5,5'-(NO2)2-bpy]2  and form crystals. This failed due to the air-sensitive 

nature of the product and should therefore be attempted in future studies. 
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Figure 3.9 Resonance structure of f5,5 '-(NO2)rbpyt 

Only the 5,5' analogue shows this resonance effect as this is the only X,X'-(NO2)2-

bpy (X = 3, 4 or 5) ligand where the molecule is planar (Section 3.3.1.1). The 3,3' 

analogue should show resonance as the NO2  groups are conjugated but it is inhibited 

by the steric bulk of the NO2  group which prevents a fully planar conformation 

(Chapter 5). Resonance structures cannot be drawn for [4,4'-(NO2)2-bpy]2  and thus 

delocalisation of the reduction electrons is not possible. 

It is suggested that this resonance effect is also responsible for some delocalisation of 

the reduction electron on to the non-derivatised py ring of [5-NO2-bpy]' as indicated 

by the EPR simulation. The resonance structure in Figure 3.10 shows how the 

unpaired electron radical can be delocalised onto the un-substituted py ring. This 

resonance cannot occur for [4-NO2-bpy]' and thus the reduction electron is localised 

on the one ring only. 

E) 
/0 

Q-Q=\0  
e 

Figure 3.10 Resonance structure of[5-NO2-bpyt 
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Figure 3.11 Experimental and simulated EPR spectra of[5,5 '-(NO2)2-bpyf 

generated in situ at -0.68 V vs. Ag/AgCI at 233 K, recorded at 233 K in 0.1 M 

fTBAJ[BF4J/DMF 
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Figure 3.12 Experimental and simulated EPR spectra of[3-NO2-pyJ' generated in 

situ at -1.5 V vs. Ag/AgCI at 233 K, recorded at 233 K in 0.1 MfTBAJ[BF4J/DMF 
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Figure 3.13 Experimental and simulated EPR spectra of[5-NO2-bpyJ' generated in 

situ at -1.2 V vs. Ag/AgCI at 233 K, recorded at 233 K in 0.1 MJTBAJ[BF4J/DMF 
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3.3.2. Pt and Pd Complexes of 5,5'-(NO2)2-bpy and 5-NO2-bpy 

3.3.2.1. Electrochemistry 

Both [Pt{5,5'-(NO2)2-bpy}C12] and [Pd{5,5'-(NO2)2-bpy}Cl2] exhibited two, 

reversible one-electron reductions in DMF solution. The Ey, values were -0.18 V 

(0.08) and -0.32 V (0.08) vs. Ag!AgC1 for [Pt{5,5'-(NO2)2-bpy}C12] and -0.15 V 

(0.09) and -0.33 V (0.10) vs. AgIAgC1 for [Pd{5,5'-(NO2)2-bpy}C12] at 293 K. All 

reductions gave a linear correlation between i, and \Jv indicating diffusion controlled 

processes. A third one-electron, reversible reduction of [Pt{5,5'-(NO2)2-bpy} Cl2] was 

observed at -1.55 V (0.09). 

Comparison with the Ey2  values of the free ligand reveals that coordination increases 

the ease of reduction i.e. lowers the energy of the LUMO, due to the positive charge 

on the metal centres. The similarity between the two complexes indicates that these 

are primarily ligand-based reductions. 

i/A 

	

I 	 I 	 I 

	

-1.0 	 -0.5 	 0 
EIV 

Figure 3.14 Cyclic voltammetry of [P1(5,5 '-(NO2)-bpy) Cl2] (purple) and [Pd(5,5 '-

(NO2) -bpyJ Cl2] (blue) vs. Ag/AgCl in 0.1 M[TBAJ[BF4J/DMF at 293 K 
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[Pt{5-NO2-bpy}C12] exhibited two one-electron reduction processes (Figure 3.15) at 

-0.40 V (0.07) and -0.94 V (0.07). These reduction potentials are far removed from 

those of [Pt{5,5'-(NO2)2-bpy}C12 indicating that the two complexes are undergoing 

different reduction-based processes. 

iI4A 

[1 

...o 	.....°. 
EIV 

Figure 3.15 Cyclic voltammetry of (Pt[5-NO2-bpy) Cl2] vs. Ag/A gCl in 0.1 M 

[TBAJ(BF4]/DMF at 293 K 

3.3.2.2. UVNis/NIR Spectroelectrochemistry 

The UV/VisINIR spectrum of [Pt{5,5'-(NO2)2-bpy}Cl2] exhibited ir— it' absorption 

peaks at 36 000 cm', 32 200 cm' and 28 600 cm-1  (c = 15 600, 20 100 and 11 000 

M'cm' respectively). An MLCT band at 22 400 cm' (e = 1 500 M'cm') was also 

observed (Figure 3.16, blue spectrum). 

On mono-reduction of the complex, new bands at 23 200 cm' and 10 000 cm' (s = 

11 000 and 17 000 M1 cm 1 ) grew in while the high energy ir-rr bands collapsed. An 
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indistinct band at 19 000 cm' (s = 5 000 M'cm') also grew in (Figure 3.16, red 

spectrum). 

Di-reduction of [Pt{5,5'-(NO2)2-bpy}C12] gave a spectrum with one very intense peak 

at 14 500 cm' (6 = 40 000 M'cm', Figure 3.17, dark green spectrum). 

Vibrational splitting was observed in both the mono- and di-reduced complexes. In 

the mono-reduced complex, the coupled peaks at 23 200 cm' and 10 000 cm-1 had a 

splitting of around 1 000 cm-1  and 1 400 cm-1  respectively while the peak in the di-

reduced complex had a progression of approximately 1 000 cm-1 . 

From comparison of the spectra of the mono-reduced ligand and platinum complex, 

the similarities are obvious. Bands for [5,5'-(NO2)2-bpy]' at 20 700 cm-1  and 8 400 

correspond to [Pt{5,5'-(NO2)2-bpy}C12]' bands at 23 200 cm-1  and 10 000 cm'. 

These are indicative of a ligand-based reduction. The additional band at 19 000 cm-1  

is therefore assigned to a charge transfer transition involving the Pt(II) metal centre as 

previously discussed for [Pt(bpy)C12] 1  (Chapter 1.3.2). It is also interesting to note 

that coordination of the ligand has increased the energies of the intra-ligand charge 

transfer transitions. The electron withdrawing effect of the positively charged metal 

centre decreases the energy of the LUMO as indicated by the cyclic voltanimetric 

results. Thus the UV/Vis/NIR results suggest that the LUMO+1 has not decreased in 

energy as significantly as the LUMO as the energy of the LUMO to LUMO+1 

transition has increased (8 400 cm-1  compared to 10 000 cm 1 , see Figure 3.6). The 

HOMO to LUMO transition for the mono-reduced complex has also increased in 

energy compared to the mono-reduced free ligand (23 000 cm' compared to 
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20 700 cm'). The energy decrease in the HOMO to LUMO transition for the neutral 

complex compared to the neutral ligand is in agreement with this (28 600 cm' 

compared to 30 800 cm') and indicates that coordination to a M(II) centre stabilises 

the HOMO of the ligand. 

The dominant peak in the spectrum of the di-reduced species shifts from 15 800 cm-1  

in [5,5'-(NO2)2-bpy]' to 14 500 cm 1  in [Pt {5,5'-(NO2)2-bpy}C12]1 . 
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Figure 3.16 UV/Vis/NIR spectra of [Pt[5,5 '-(NO2) 2-bpy) Cl2] (blue), [Pt[5,5 '-

(NO2)2-bpy)C12]1  (red) and in 0.1 M[TBA][BF4J/DMF at 233 K showing partially 

reduced curves. Potential held at -0.31 Vvs. Ag/AgCl 
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Figure 3.17 UVIVis/NIR spectra of [Pt (5,5 '-(NO2)2-bpy)C12J' (red) and [Pt(5,5 '-

(NO2)2-bpy]C12J2  (green) in 0.1 M[TBAJ[BF4J/DMF at 233 K showing partially 

reduced curves. Potential held at -0.60 V vs. Ag/AgCl 

The neutral complex [Pd{5,5'-(NO2)2-bpy}C12] exhibited two high energy peaks at 35 

800 cm' and 29 800 cm-1  (c = 17 100 and 18 800 M'cm', Figure 3.18, blue 

spectrum). The Pd(II) spectrum is simplified compared to the Pt(II) analogue since 

there are no low energy MLCT transitions. The Pd metal centre 4d orbitals will be at 

lower energy than the 5d Pt orbitals and therefore MLCT bands will be at higher 

energy in the Pd containing complex than its Pt analogue. On reduction to [Pd{5,5 

(NO2)2-bpy}C12]', the high energy bands collapsed and peaks at 20 900 cm' and 9 

900 cm-1  (c = 18 500 and 24 000 M 1cm 1) grew in. Both of these peaks were split 

with AE = 1 900 cm' and 1 400 cm 1  respectively (Figure 3.18, red spectrum). Di 

reduction gave an intense peak at 14 500 cm' (s = 58 000 M'cm') with AE = 1 000 

cm' (Figure 3.19, dark green spectrum). 
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It is noteworthy that although both the peaks in the spectrum of [Pd{5,5'-(NO2)2-

bpy}C121' have increased in energy with respect to [5,5 '-(NO2)2-bpy] 1-,  they are still 

at lower energy than those for [Pt{5,5'-(NO2)2-bpy}C12 ] 1 . Thus it appears that co-

ordination to Pd(II) stabilises the LUMO and HOMO but not to the same extent as 

coordination to Pt(II). It is also interesting to note that co-ordination has little effect 

on the vibronic coupling observed in the ligand and complexes. Coupling of AE = 1 

400 cm-1  and 1 200 cm' is observed for the mono- and di-reduced species 

respectively. This indicates that while the presence of a metal centre is important to 

the reduction potential, the exact nature of the metal is relatively unimportant. This 

further supports the case for localisation of the reduction electrons on the NO2  

moieties. 
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Figure 3.18 UV/Vis/NIR spectra of [Pd[5,5 '-(NO2) rbpy) C12J (blue), [Pd[5,5 '- 

(NO2) 2-bpy] ci2t (red) and in 0.1 M[TBAJ[BF4J/DMF at 233K showing partially 

reduced curves. Potential held at -0.31 V vs. Ag/A gCl 
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Figure 3.19 UV/Vis/NIR spectra of (Pd{5,5 '-(NO2)2-bpy]C12J' (red) and [Pd[5,5 '- 

(NO2)-bpy)Cl2f (green) in 0.1 MfTBAJfBF4J/DMF at 233 K showing partially 

reduced curves. Potential held at -0.60 V vs. Ag/A gCl 

[Pt{5-NO2-bpy}C12] exhibits two high energy irtK  peaks at 36 500 and 32 800 cm 

with shoulders at 30 500 and 29 300 cm-1  (E = 10 800, 11 600, 8 200 and 7 500 M' 

cm-1  respectively, Figure 3.20, blue spectrum). A MLCT band is present at 24 300 

cm' (E = 2 400 M' cm'). 

Holding the potential at -0.9 V vs. AgIAgC1 produced the mono-reduced complex 

[Pt{5-NO2-bpy}C12]' (Figure 3.20, red spectrum). This exhibited a UV peak at 24 

700 cm-' (c = 2 400 M' cm') with shoulders at 26 200 and 22 600 cm-1  (s = 7 300 

and 6 600 M' cm' respectively). This band compares well to the band at 25 100 cm-1  

in the spectrum of [5-NO2-bpy]' (Figure 3.8, red spectrum) indicating that this may 

be a ligand based reduction. A NIR band at 10 400 cm' (6 = 2 400 M 1  cm') is also 

observed in the UVIVis/NIR spectrum of [Pt {5-NO2-bpy}C12]' which is postulated as 

corresponding to the band at 14 900 cm' in the UVIVisINIR spectrum of [5-NO2- 
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bpy] . The doublet centred around 15 000 cm-' is not observed in the UV/Vis/NIR 

spectrum of [5-NO2-bpy]1  indicating a MLCT band. 

39000 	35000 	30000 	25000
cm 

 20 000 	15000 	10000 	5000 

Figure 3.20 UV/Vis/NIR absorption spectra of fPt[5-NO2-bpy]C12J (blue) and [Pt(5-

NO2-bpy)C1211-  (red), in 0.1M [TBAJ[BF4]/DMF showing partially reduced curves, 

T = 233 K. Potential held at -0.9 V vs. Ag/AgCL 

The di-reduced complex [Pt{5-NO2-bpy}C12]2  was generated on holding the potential 

at -1.6 V. This exhibited an intense peak centred around 19 300 cm-1  (c = 2 400 M1  

cm'). This peak is similar to that observed for [Pt{5,5'-(NO2)-bpy}C12]2  and may be 

indicative of a spin pairing process. It is interesting to note that vibronic coupling is 

observed here, similar to that in the UV/\Tis/NIR spectrum of [Pt{5,5'-(NO2)-

bpy}C12]2  with AE = 700 cm-1. This indicates weaker N-O bonds and therefore a 

greater electron density on the NO2  group than for the di-reduced [Pt{5,5'-(NO2)-

bpy}C12]2 . This to be expected as [Pt{5-NO2-bpy}C12}2  contains only one NO2  

group and therefore all the electron density is localised on one NO2-py ring. [Pt{5,5'- 
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(NO2)-bpy}C12]2  has two NO2  groups and thus the electron density can be spread out 

over both NO2-py rings. 
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Figure 3.21 UV/Vis/NIR absorption spectra of(Pt[5-NO2-bpy)C12J' (red) and 

fPtI5-NO2-bpyjc12f (green), in 0. IM /TBAJJBF4J/DMF showing partially reduced 

curves, T = 233 K. Potential held at -1.6 V vs. Ag/A gCl. 

3.3.2.3. EPR Spectroelectrochemistry 

[Pt{5,5'-(NO2)2-bpy}C12] and [Pd{5,5'-(NO2)2-bpy}C121 were diamagnetic. Spectra 

were obtained on electro-generation at -0.3 V. 195Pt coupling of 23.9 G was observed 

for [Pt{5,5'-(NO2)2-bpy}C12]' with giso = 1.9983. No structure was observed for the 

[Pd{5,5'-(NO2)2-bpy}C121' signal which gave a spectrum with g10  = 2.0019. In 

neither case was hyperfine coupling of the reduction electron to the ligand nuclei 

resolved. 
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Di-reduction of both species (Egen  = -1 V) collapsed the spectra indicating a spin-

pairing process. This was confirmed by the re-growth of the spectra on setting Egen 

back to -0.3 V. 

The frozen spectrum of [Pt{5,5'-(NO2)2-bpy}C121' was recorded as a glass in DMF 

and is shown in Figure 3.22. Simulation of this was achieved using the values given 

in Table 3.3. A3  was not resolved so has been calculated using Equation 3.1. 

A3  = 3A 0  - Al  - A2 	 Equation 3.1 

3300 	3320 	3340 	3360 	3380 	3400 	3420 	3440 

Magnetic Field I G 

Figure 3.22 Experimental and simulatedfrozen  solution EPR spectra of [Pt[5,5 

(NO2)2-bpy]C12J" generated in situ at -0.68 V vs. Ag/AgCI at 233 K, recorded at 173 

K in 0.1 M [TBAJIBF4J/DMF 
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g1 0 gi 92 93 A0 Al  A2  A3  WI W2  W3  

/G /G /G /G /G /G 

1.99834 2.0048 2.0057 1 1.963 1 -23.9 -20 -31 -21 8 6 25 

Table 3.3 Simulated g-values and coupling constants for isotropic and frozen 

solution EPR spectra of [Pt(5,5 '- (NO2) 2-bpy)C12J' - generated in situ at -0.68 V vs. 

Ag/AgCl at 233 K, recorded at 233 K/i 73 K in 0.1 MfTBAJ[BF4]/DMF 

Evaluation of Rieger' s equations (Equations 1.1 - 1.3, Chapter 1.3.3) predicts 5dy, and 

6Pz admixtures to the SOMO of 2.2 % and 0.1 % respectively. This small metal 

contribution to the LUMO of [Pt{5,5'-(NO2)2-bpy}C12] means that the LUMO is 

primarily ligand based (-98 %) and the mono-reduced complex should be formulated 

as [Pt { 5,5 '-(NO2)2-bpy} 'C12} .The analogous [Pt 4,4 '-(NO2)2-bpy} Cl2]' complex has 

a 13 % Pt contribution to the LUMO and therefore is in agreement with the 

postulation from Jack that the 5,5' position on bpy is the most important 

electrochemically.7  

[Pt{5-NO2-bpy}Cl2]1  was generated in-situ at 233 K by holding the potential at -1 V 

and a EPR spectrum centred at g = 2.00095 was observed. Unfortunately the 

spectrum was too ill-resolved to obtain a successful simulation but it is thought that 

coupling to Pt of about 20 G was evident. A much smaller coupling of about 1.7 G 

was also present but it is impossible to make any deductions based on this. 

3.3.2.4. Calculations on 5,5'-(NO2)2-bpy, [Pt{5,5'-(NO2)2-

bpy}C12], 5-NO2-bpy and [Pt{5-NO2-bpy}Cl2] 

Calculations on 5,5 '-(NO2)2-bpy confirmed that it has a flat trans geometry. The 

calculated and experimental structures agreed well (eg the C-C' bond joining the two 
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rings together was 1.48 A and 1.49 A for the calculated and experimental structures 

respectively). The structures of the mono- and di-anions were also calculated and 

revealed a shortening of the C-C' bond joining the rings as the compound is reduced 

(i.e. C-C' bond length is 1.480 A and 1.420 A for the neutral and di-anionic species 

respectively). This supports the idea that the resonance structure in Figure 3.9 is a 

significant contributor to the overall structure of the anions. Figure 3.9 shows that 

one of the resonance forms of the doubly reduced species has a double C=C bond 

between the pyridine rings which would result in a shortening of this bond on 

reduction of the ligand. 

The lowest energy form of [5,5'-(NO2)2-bpy]2  was found to be a singlet i.e. a 

diamagnetic species, as observed in the collapsing of the EPR spectrum as [5,5'-

(NO2)2-bpy]2  was generated from [5,5 '-(NO2)2-bpy] '. The singlet/triplet energy gap 

was +13.3 kcalmor'. Thus the calculations also gave a good indication of the 

structure of the molecular orbital containing the reduction electrons (Figure 3.23). It 

can be seen that the orbital of the neutral parent 5,5 '-(NO2)2-bpy, which the electrons 

enter, is spread over the whole molecule with a large electron density (44 %) on the 

NO2  groups. The electron densities for the other nuclei indicate that the hyperfine 

coupling constants in the EPR spectrum of [5,5 '-(NO2)2-bpy]' correspond to those in 

Table 3.4. The McConnell equation can be used along with coupling constants as 

estimation of the quality of the calculations (Equation 3 55 

a=Qp 
	 Equation 3.2 

Where a is the hyperfine coupling constant for a particular atom (G), p is the spin 

density on that atom (on the carbon atom to which the H is attached) and Q is a 

constant (G). If Q is calculated to be in the range 18-30 G then the McConnell 

M. 
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equation is satisfied and the calculation is judged to be good. Table 3.4 shows the Q 

values calculated and it can be seen that only one of the Q values is out-with the given 

range. 

Figure 3.23 HOMO of [5,5 '-(NO2) 2-bpyt with % electron density on each nucleus. 

The yellow/green colours represent positive/negative lobes of the orbitals 

Nuclei Size of Assignment as % Electron Q /G 

coupling /G in Figure 1.1 density on 

nucleus 

2 x 'H 1.65 H4 4.5 36.7 

2 x 'H 0.66 H3 2.8 23.6 

2 x 'H 0.37 H6 1.9 19.5 

Table 3.4 Assignment of coupling constants in the EPR spectrum of[5,5 '-(NO2)2- 

bpyJ' 

The lowest energy form of [Pt {5,5'-(NO2)2-bpy}C12]2  was also found to be a singlet 

(singlet/triplet AE = + 18.4 kcal/mol ) The HOMO of [Pt{5,5'-(NO2)2-bpy}C12]2  

showed that the reduction of the neutral species is indeed ligand based and spread 

over both NO2-py rings. There is a significant (35.2 %) electron density on the NO2  

and some delocalisation onto the Pt(II) nucleus (3.7 %, c.f 2.3 % calculated from 

frozen EPR spectrum of [Pt{5,5'-(NO2)2-bpy}C1211 ). 
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The most stable form of [5-NO2-bpy]2  was also calculated to be a singlet. The 

singlet/triplet energy gap was +20.0 kcalmoF'. The HOMO is shown in Figure 3.24 

and shows a molecular orbital with a 68.3 % electron density on the ring containing 

the NO2  group and a 31.7 % electron density on the un-substituted ring. This is in 

agreement with the fact that the EPR spectrum of [5-NO2-bpy] ' had to be simulated 

taking both rings into account. The likely assignments of the coupling constants are 

given in Table 3.5. It can be seen that the calculated Q values from Equation 3.2 are 

not as good as those calculated for the di-substituted analog. 

!' 	2 	4.1 2.9/911.7 

ioTi 11  

Figure 3.24 HOMO of [5 (NO2)-bpyt with % electron density on each nucleus 

Nuclei 
	

Size of 	Assignment as 
	

% Electron 	Q IG 

coupling /G 	in Figure 1.1 
	

density on 

nucleus 

lx'H 	4.00 
	

H5'(py) 	10.8 
	

37.0 

lx'H 	2.45 
	

114 (NO-py) 	5.9 
	

33.6 

lx'H 	2.35 
	

H3'(py) 	3.5 
	

67.1 

Table 3.5 Assignment of coupling constants in the EPR spectrum of [5-NO2-bpyJ1  

[Pt(5-NO2-bpy)C12]2  exhibited a ligand based HOMO with electron densities of 31.1 

% and 58.0 % on the un-substituted and substituted py rings respectively. The greater 

electron density on the substituted ring reflects the electron withdrawing effect of the 
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NO2  group. There is a significant (22.7 %) electron density on the NO2  group and 

some delocalisation onto the Pt(II) nucleus (3.9 %). 

3.4. 	Conclusions 

5,5 '-(NO2)2-bpy undergoes two one-electron reduction processes. The first reduction 

is spread over both NO2-py halves of the ligand with a large electron density on the 

NO2  group. The second reduction is a spin pairing process. The UV/Vis/NIR 

absorptions of 5,5'-(NO2)2-bpy, [5,5'-(NO2)2-bpy]' and [5,5'-(NO2)2-bpy]2  are 

assigned to electronic transitions on this basis. 

5-NO2-bpy undergoes a single, reversible one-electron reduction process which is 

localised on the NO2-py moiety with a significant electron density on the NO2  group. 

There is some delocalisation of the reduction electron onto the unsubstituted py ring, 

in contrast to 4-NO2-bpy where the electron is completely localised on the NO2-py 

moiety. This is accounted for by the contribution of a resonance structure to the 

overall structure of 5-NO2-bpy where a double bond is placed between the two py 

rings. 

The first two reduction processes of [Pt{5,5'-(NO2)2-bpy}C12] and [Pd{5,5'-(NO2)2-

bpy}C12] are ligand-based and therefore are formulated according to Scheme 3.1. The 

similarities between the UV/Vis/NTR spectra of the ligand and complexes and 

corresponding redox products suggest that both are undergoing similar processes i.e. 

the reductions of the complexes are also spread over both halves of the 5,5'-(NO2)2-

bpy ligand. Unfortunately, no coupling to ligand nuclei could be resolved in the 

solution EPR spectra of [Pt{5,5'-(NO2)2-bpy}C12]' and [Pd(5,5'-(NO2)2-bpy}C12]. 

Frozen spectra predicted 5d and óPz  admixtures to the SOMO of [Pt{5,5'-(NO2)2- 
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bpy}C12]' of 2.2 % and 0.1 % respectively. These values are lower than those for 

{Pt{4,4'-(NO2)2-bpy}C12]' and thus add weight to the postulation from Jack  that the 

5,5' positions on bpy are electrochemically the most important. The second reduction 

of each complex involves a spin pairing process. 

[M(II){5,5 '-(NO2)2-bpy} Cl2] - [M(II){5,5 '-(NO2)2-bpy} 'C12] -* 

[M(II) {5,5 '-(NO2)2-bpy}2 C12] 

Scheme 3.1 Reduction processes of (Pt(5,5 '-(NO 2)2-bpy]C12J and [Pd[5,5 '-(NO- 

bpy) Cl2] (M = Pt(II) or Pd(II)) 

[Pt(5-NO2-bpy)C121 undergoes two reduction processes, the second of which is a spin 

pairing process. IJV/VisINIR studies revealed similarities with the free ligand thus 

the reductions were assigned as ligand based. 
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4. Solvent Effects on the Electrochemical Properties 

of 5,5-(NO2)2-bpy and its Platinum and Palladium 

Complexes 

4.1. 	Introduction 

This chapter is concerned with solvent effects on the electrochemical properties of 

ligands and complexes. Many previous authors have considered the nature of the 

solvent to be innocent of the redox process. Thus the solvent is often changed 

between different studies on the same compound.7  However, a thorough search 

through the literature finds examples of how a solvent can affect the results obtained 

from electrochemical studies. Weaver et al determined the entropy change AS°rc  for a 

number of simple octahedral M(III/II) redox couples in water using a non isothermal 

cell.56'57  It was found that the experimental values of AS', were dependent on the 

nature of the ligand. This dependency was much greater than predicted by the 

dielectric-continuum Born Model. Weaver concluded that this was due to specific 

interactions of the ligands with surrounding water molecules. 

Numerous studies on the relation between AS' and the nature of the solvent have 

been carried out since. 59-80  A linear correlation between 	and the solvent 

"acceptor number" (AN)80  was found for simple M(IIIIII) couples and an empirical 

equation for this correlation was proposed (Equation 4. 1).81 

AS°rc  = K1  + K2(AN) + K3(Zox2.Zretj2)/r 	Equation 4.1 
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Where AS',, is the reaction entropy of the M(III/II) couple (JKmol'), AN is the 

acceptor number, Z0, and Zred are the charge numbers of the oxidised and reduced 

species respectively, r is the effective radius of the couple and K1, K2, and 1(3 are the 

rate constants (empirically determined as 91.5 JK1mof1, -2.43 JK 1mor' and 

86.6 JK'moi' A respectively). 

Jaworski82  found that specific solvation was also important in the electro-reduction of 

organic molecules. Reduction of p-dicyanobenzene exhibited a linear correlation 

between AS' and AN whereas the dielectric approach was more important for the 

reduction of anthracene. A two-parameter approach involving the acceptor number 

and the solvent "donor number" (DN) was required for reduction of nitromesitylene. 

These different approaches were attributed as being due to the differing localisation of 

the electric charges in each compound i.e. localised charge at the cyano groups in p-

dicyanobenzene but a much more delocalised charge (and therefore weaker specific 

solvation) in anthracene. The correlation equation (Equation 4.1) was found to be 

different for organic radicals than for transition metal compounds. 
83  This was 

rationalised by taking into account the access that the solvent molecules have to the 

reduction site. For a metal-localised redox process in a transition metal complex, the 

site where the electron transfer occurs is surrounded by ligands. The ligands block 

the solvent molecules from gaining access to the site where the redox process occurs 

and thus the solvent has little effect. In contrast, the charge on an organic radical is 

exposed and solvent molecules can gain direct access to it. If the solvent molecules 

are relatively polar they will orientate themselves around the charged point and 

solvation will occur. 
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A number of authors have since noted similar effects when considering the Ey2  values 

of redox couples in different solvents. Gritzner found a linear correlation between the 

E. of the K'°  couple and the donor number of the solvent 84  while Keita et al found 

that the acceptor number gave the best correlation with the reductions of 

[aSiW120401K4 and [aP2W i8062]K6  in a variety of solvents. 85  Recently, Borsari et al 

have examined the reduction of a number of thio- and oxo-pyrimidine derivatives. 86 

It was observed that increasing the acceptor number of the solvent also increased the 

ease of reduction. Given that the acceptor number is a measure of solvent acidity, 80 

this can be attributed to greater stabilisation of the negatively charged reduction 

product by more acidic solvents. However, clear differences in some electrochemical 

parameters were displayed for nitrogen unsubstituted thio- and oxo-pyrimidines in 

acetonitrile. It was postulated that the ability of pyrimidines to form hydrogen bonds 

with acetonitrile might account for this anomalous behaviour. 86 

4.2. 	Results and Discussion 

4.2.1. Electrochemistry 

The electrochemical behaviours of 5,5 '-(NO2)2-bpy, [Pt{5,5'-(NO2)2-bpy}C12] and 

{Pd{5,5'-(NO2)2-bpy}C12] were examined in a number of solvents. These data are 

given in, Table 4. 1, Table 4.2 and Table 4.3. The low solubility of the compounds in 

most solvents made it necessary to resort to differential pulse polarography as the 

technique for determining E 2. Where cyclic voltammetry was possible, i, was 

measured at a number of scan rates. A plot of i, versus the square root of the scan rate 

gave a linear relationship. This indicates diffusion controlled processes. 
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Where two reductions were present, coulometry determined that each was a one-

electron process. Where only one reduction wave was observed, coulometry 

determined that it was a two-electron process. 

Solvent Acceptor 
Number 

E2,1/ V Ey2 ,2/ V AEyJ V 

Dichioromethane 20.4 -0.623 - 0 
Dimethylsuiphoxide 19.3 -0.572 - 0 
Acetonitrile 18.9 -0.632 - 0 
Dimethylformamide 16.0 -0.606 -0.703 0.097 
Pyridine 14.2 -0.633 -0.696 0.063 
Acetone 12.5 -0.641 -0.761 0.120 
Ethyl Acetate 9.3 -0.636 -0.783 0.147 
Tetrahydrofuran 8.0 -0.653 -0.809 0.156 

Table 4.1 Ey, values vs. Ag/A gCl as determinedfrom differential pulse 

polarography on 5,5' (NO2)2-bpy in various solvents at 298 K (electrolyte = 

ITBAJ[BF4]) 

Solvent Acceptor Ey2,1 / V 
Number  

E 2,2/ V L\EyJ V 

Dimethylsuiphoxide 19.3 -0.104 -0.242 0.139 
Acetonitrile 18.9 -0.088 -0.280 0.192 
Dimethylformamide 16.0 -0.172 -0.374 0.201 
Acetone 12.5 -0.112 -0.310 0.198 
Ethyl Acetate 9.3 -0.122 -0.354 0.232 
Tetrahydrofuran 8.0 -0.078 -0.332 10.254 

Table 4.2 Ey, values vs. Ag/A gCl as determinedfrom differential pulse 

polarography on [Pt[5,5 '-(NO2)2-bpy]Cl2J in various solvents at 298 K (electrolyte = 

[TBAJ[BF4]) 

77 



Solvent Effects on I/ic Electrochemical Properties of 5,5 -'NO2 rbpy and its Platinum and Palladium CompIates 

Solvent Acceptor E2,1/ V 
Number  

E2,2/ V AEyI V 

Dichloromethane 20.4 -0.063 -0.283 0.220 
Dimethylsulphoxide 19.3 -0.122 -0.248 0.126 
Acetonitrile 18.9 -0.116 -0.298 0.182 
Dimethylformamide 16.0 -0.128 -0.322 0.194 
Acetone 12.5 -0.136 -0.362 0.226 
Ethyl Acetate 9.3 -0.125 -0.353 0.228 
Tetrahydrofuran 8.0 -0.126 -0.374 0.248 

Table 4.3 Ey, values vs. AglAgCl as determinedfrom djfferentialpulse 

polarography on [Pd[5,5 '-(NO2) rbpy) Cl2] in various solvents at 298 K (electrolyte = 

JTBA]IBF4J) 

It is clear that the solvent has a dramatic effect on the electrochemical behaviour of 

5,5 '-(NO)2-bpy. In low acceptor number solvents (THF, ethyl acetate etc., Figure 

4.1a), two, sequential one-electron reductions are observed whereas in high acceptor 

number solvents (DMSO, DCM etc. Figure 4.1c) only one two-electron reduction is 

observed. This single peak can be resolved into two peaks by adding aliquots of the 

DMF to the DMSO solution giving a cyclic voltammogram comparable to that shown 

in Figure 4.1b. In general, it can be seen that where there are two reductions, AEy. 

decreases with increasing acceptor number. This effect is also apparent for the Pt and 

Pd complexes but since the distance between the reductions is much larger compared 

to the free ligand, no solvent could be found which resulted in the combination to give 

a single peak. 
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1•0E/V E/V 

o• 	0 

Figure 4.1 Cyclic voltammetry of 5,5 '-(NO2) 2-bpy vs. Ag/AgC1 in THF (a), DMF 

(b) and DMSO (c) at293K 

Attempts to correlate electrode potential with acceptor number are shown in Figure 

4.2 and Figure 4.3. It can be seen that the reduction potential moves towards zero in 

and approximately linear fashion with respect to the solvent acceptor number. It can 

also be seen that the nature of the solvent affects the second reduction potential more 

than the first for 5,5 '-(NO2)2-bpy. Chapter 3 states that the second reduction is a spin-

pairing process. This leads to an overall 2- charge which is highly localised on the 

NO2  groups. Solvents with higher acceptor numbers are more acidic and will 

therefore surround and stabilise the negatively charged moiety of a reduced molecule. 

Thus the di-reduced state will be more stable in a solvent with a high acceptor 

number. The effect will be increased for a highly charged molecule which will have a 

greater attraction for acidic molecules than the mono-reduced anion. This is the case 

for [5,5 '-(NO2)2-bpy]2 . Extension of the correlation to a theoretical "vacuum" 

situation i.e. AN=O gives a value for AEy. which would be closer to 0.5 V i.e. that 

expected for a spin pairing process.7  

The correlation diagram predicts that the first reduction process for the free ligand 

will occur at the same potential as the second reduction in a solvent with an acceptor 
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number of approximately 22. However, the resolution of two redox processes is 

around 100 mV using cyclic voltammetry and 50 mV using differential pulse 

polarography. Hence, only one two-electron wave is observed for the free ligand in 

solvents with an acceptor number as low as 19. 
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Figure 4.2 Plot of Ey vs. Acceptor number for 5,5 '-(NO2)2-bpy (red), [Pt[5,5 '- 

(NO2) 2-bpyJQ2J (green) and fPd{5,5 '-(NO2)2-bpyJGl2J (blue) 
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Figure 4.3 Plot of ziE. vs. Acceptor number for 5,5 '-(NO2) 2-bpy (red), [Pt[5,5 

(NO2) 2-bpy) Cl2] (green) and fPd(5,5 '-(NO2,) 2-bpyj Cl2] (blue) 

Given that the observed solvent effect for 5,5 '-(NO2)2-bpy is due to solvation by the 

+ moiety of the solvent molecule, it was hypothesised that ion pairing may also have 

an effect. 	In an attempt corroborate this hypothesis, the differential pulse 

polarography of 5,5 '-(NO2)2-bpy was examined in THF and DMF using different 

concentrations of electrolyte. These data are shown in Table 4.4 and Table 4.5. Plots 

of E. vs. the concentration of electrolyte for 5,5 '-(NO2)2-bpy in can be seen in Figure 

4.4 and Figure 4.5. 

Concentration Ey21/ V (DP) Ev2,21 V (DP) AEyI V (DP) 

0.1 -0.72 -0.88 0.16 

0.2 -0.68 -0.83 0.15 

0.3 -0.62 -0.76 0.15 

0.4 -0.64 -0.78 0.14 

0.5 -0.63 -0.78 0.15 

Table 4.4 Ey values vs. Ag/A gCl as determinedfrom differential pulse 

polarography on 5,5' (NO2)2-bpy in DMF with given concentrations of ITBA]IBF4J 
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Concentration /M dm 3  E 2 , 1/ V E½,2/ V AE/) V 

0.1 -0.72 -0.88 0.16 

0.2 -0.68 -0.83 0.15 

0.3 -0.62 -0.77 0.15 

0.4 -0.64 -0.78 0.14 

0.5 -0.63 -0.78 0.15 

Table 4.5 E ç  values vs. Ag/A gCI as determined from differential pulse 

polarography on 5,5 '-(NO2)2-bpy in THF with given concentrations of[TBAJ[BF4] 
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Figure 4.4 Plot of Ey. vs. concentration of[TBAJ[BF4] as determinedfrom 

differential pulse polarography on 5,5 '.-(NO2)2-bpy in THF 
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Figure 4.5 Plot of Ey. vs. concentration of[TBAJJBF4J as determinedfrom 

djfferentialpulse polarography on 5,5 '-(NO2)2-bpy in DMF 

There is a linear correlation in DMF. The concentration of electrolyte is directly 

related to Ey2  which moves less negative with increasing concentration. This is related 

to the solvent acceptor number effect in that solutions with higher concentrations of 

electrolyte contain a greater number of positively charged [TBA] 1+  ions. These act in 

a similar way to acidic solvents in that they interact and stabilise the negatively 

charged parts of the molecule. The reduction potential then moves less negative as 

their concentration increases. This not observed in THF due to the lower dielectric 

constant and therefore higher resistance which leads to greater error in the 

measurement for low concentrations of electrolyte. 

The electrolyte concentration effect is not as important as the solvent acceptor number 

effect, as the solvent is present in excess compared to electrolyte and will thus 

dominate. Therefore, the solvent studies use concentrations of electrolyte according 

to the varying dielectric constants of the solvents (i.e. 0.1 M [TBA] [BF4] for dielectric 
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constants of 12 and above and 0.3 M [TBA][BF4] for dielectric constants less than 

12). 

A further experiment was carried out where differential pulse scans of a known 

concentration of 5,5 '-(NO2)2-bpy in 0.3 M [TBA] [BF4]/THF were measured as 

aliquots of a solution of the same concentration of 5,5 '-(NO2)2-bpy in 0.3 M 

[TBA][BF4]/DCM were added. The Ey, values are given in Table 4.6 and Figure 4.6. 

A straight line correlation was obtained on plotting E. vs. mole fraction of DCM. 

Again it can be seen that addition of the higher acceptor number solvent (DCM) 

moves the reductions closer together with the second reduction moving more quickly 

than the first. This corroborates the postulations that a) solvent molecules with higher 

acceptor numbers surround and stabilise a charged species and b) this stabilisation 

effect increases in importance as the charge increases. 
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Mole Fraction of DCM Ev2,11 V (DP) Ey2,21 V 
0 -0.635 -0.788 
0.00785 -0.632 -0.781 
0.01558 -0.631 -0.776 
0.02318 -0.632 -0.776 
0.03067 -0.632 -0.772 
0.03805 -0.631 -0.769 
0.04532 -0.630 -0.765 
0.05247 -0.626 -0.760 
0.07331 -0.627 -0.754 
0.0867 -0.625 -0.748 
0.11236 -0.622 -0.739 
0.13661 -0.618 -0.728 
0.14824 -0.620 -0.726 
0.15957 -0.618 -0.721 
0.1706 -0.617 -0.716 
0.19181 -0.612 -0.707 
0.21197 -0.608 -0.697 
0.23114 -0.607 -0.690 
0.2494 -0.606 -0.684 
0.26682 -0.607 -0.680 
0.28344 -0.608 -0.675 
0.29933 -0.609 -0.670 
0.31453 -0.610 -0.666 
0.32908 -0.608 -0.660 
0.34303 -0.609 -0.655 
0.35641 -0.613 -0.651 
0.36926 -0.612 -0.646 
0.39347 -0.611 -0.641 
0.41589 -0.622 -0.622 
0.44169 -0.618 -0.618 
0.46531 -0.609 -0.609 

Table 4.6 E values of 5,5'-(NO2)2-bpy vs. mole fractions of DCM/THF 
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Figure 4.6 Straight line correlation obtainedfrom plot of Ey. values of 5,5'-(NO2)2-

bpy vs. mole fractions of DCM/THF 

4.2.2. UVNis/NIR Spectroelectrochemistry 

The UV/Vis/NIR spectra of 5,5 '-(NO2)2-bpy, [5,5 '-(NO2)2-bpy]1  and [5,5 '-(NO2)2-

bpy]2  were recorded in all solvents where this was possible. The spectra recorded in 

DMF (Figure 4.7) TI-IF (Figure 4.8) and DCM (Figure 4.9) are shown. Full analysis 

of the peaks is given in Chapter 3. It was not possible to record all spectra in all 

solvents used in the electrochemical study. This was due either to the varying 

solubilities of 5,5 '-(NO2)2-bpy and reduced species (e.g. 5,5 '-(NO2)2-bpy and [5,5 '-

(NO2)2-bpy]1  were soluble in THF whereas [5,5 '-(NO2)2-bpy]2  was not) or the small 

potential difference between the reductions. Setting the generation potential beyond 

the single observed reduction in DCM and MeCN grew the di-reduced species after 

two or three scans and at no time could a spectrum of the mono-reduced species be 

isolated. The unambiguous spectrum of [5,5'-(NO2)2-bpy]' could be recorded in 

THF since the electrode potential difference between the mono- and di-reduced 
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species is largest in this solvent and because the di-reduced species is not soluble in 

this solvent. 

Although the spectra are similar in all solvents (and hence electronic assignments are 

common), it is interesting to note the differing peak shapes spectra of [5,5 '-(NO2)2-

bpy]2  in DMF and DCM. In MeCN, [5,5 '-(NO2)2-bpy]2  gave a similar peak shape to 

that in DCM which has a similar acceptor number. Thus the effect is most likely 

linked to the acceptor number. However, no quantitative correlation could be found. 

It is also worth noting that the spectra of the di-reduced species were more affected by 

solvent than those of the mono-reduced species. This is concordant with the greater 

shift in the Ey2  of the second reduction with solvent acceptor number and illustrates 

how a highly charged species is more affected by an acidic solvent. 
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Figure 4.7 UV/Vis/NIR spectra of 5,5 "-(NO2) 2-bpy (blue), [5,5 '- (NO2) 2-bpyJ1  with a 

small impurity of[5,5 '-(NO2)2-bpyt (red) and [5,5 '-(NO2) 2-bpyt (green) in DMF 

at 233 K 
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Figure 4.8 UV/Vis/NIR spectra of 5,5 "-(NO2) 2-bpy (blue) and [5,5 '-(NO2)2-bpyJ" 

(red) in 0.3 M[TBAJ[BF4J/THF at 233K showing partially reduced curves. 

Potential held at -0.68 V vs. Ag/AgCI. 
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Figure 4.9 UV/Vis/NIR spectra of 5,5 '-(NO2) 2-bpy (blue) and [5,5 '-(NO2)rbpyt 

(green) in 0.3 M[TBAJJBF4J/I.JCM at 233K showing partially reduced curves. 

Potential held at -1.5 V vs. Ag/A gCL 
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4.2.3. EPR Spectroelectrochemistry 

EPR spectra of [5,5 '-(NO2)2-bpy]' in DCM, MeCN, THF and DMSO were recorded 

and are shown in Figure 4.10, Figure 4.11 and Figure 4.12, Figure 4.13 respectively 

(The EPR spectrum of [5,5'-(NO2)2-bpy]' in DMF has already been shown in Figure 

3.11) 

It was previously thought7  that viscous solvents led to slower nuclear tumbling in 

EPR and therefore gave less resolved spectra. However, the one of the most viscous 

solvents (DMF) gives the best resolution in this case. Therefore, this cannot be 

thought of as a general rule. A possible explanation for this is the interaction between 

[5,5 '-(NO2)2-bpy] ', solvent and electrolyte is minimal in DMF. This gives a small 

anionic system which tumbles efficiently leading to narrow lines in the EPR 

spectrum. DMSO has a higher dielectric constant and therefore interacts more with 

the anion. This leads to a larger system which tumbles less efficiently. This gives 

rise to broader lines in the EPR spectrum. The low dielectric constant of THF may 

cause the anion to pair with the [TBA]' electrolyte anion. This would also lead to a 

larger system, less efficient tumbling and a broader EPR line width. 

It is worth noting that although no correlation with the Acceptor Number is evident, 

the EPR spectra are different in all solvents studied. It is however, encouraging to 

note that [5,5 '-(NO2)2-bpy]1  in solvents with similar acceptor numbers gives rise to 

similar EPR spectra (i.e. MeCN and DCM give similar spectra whereas the couplings 

in THF are closer to those in DMF (Figure 3.11)). The coupling of the reduction 

electron to the N-nucleus (NO2  group) is more affected by solvent (2.9 G to 1.4 G) 

than the proton coupling (1.7 G to 1.4 G) with the larger coupling arising in high 
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acceptor number solvents. If solvents with high acceptor numbers are stabilising the 

electron density on the NO2  group to a greater extent then the observed couplings are 

in line with general solvent effects. It should be noted that the EPR spectrum of [5,5'-

(NO2)2-bpy]' in DMSO had to be recorded at room temperature due to the high 

melting point of the solvent. This may have an effect on the resultant spectrum. 
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Figure 4.10 Experimental and simulated EPR spectra of[5,5 '-(NO2)2-bpyJ' 

generated in situ at -1.3 V vs. Ag/AgC1 at 233 K, recorded at 233 K in 0.3 M 

[TBAJ[BF4J/DCM 
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Figure 4.11 Experimental and simulated EPR spectra of [5,5 '-(NO2)2-bpyt 

generated in situ at -1.3 V vs. Ag/A gCl at 233 K, recorded at 233 K in 0.1 M 

[TBAJ[BF4]/MeCN 
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Figure 4.12 Experimental and simulated EPR spectra of[5,5 -(7V02)2-bpyf 

generated in situ at -1.3 V vs. Ag/AgCI at 233 K, recorded at 233 K in 0.3 M 

[TBAJIBF4J/THF 
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Figure 4.13 Experimental and simulated EPR spectra of f5,5'-(NO2)2-bpy 1- 

generated in situ at -1.5 Vvs. Ag/AgCl at 293K, recorded at 293 Kin 0.1 M 

[TBAJ[BF4J/DMSO 
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4.3. 	Conclusions 

The electrochemical properties of 5,5 '-(NO2)2-bpy exhibit a dramatic solvent 

dependence. In solvents with low acceptor numbers two, reversible one-electron 

reductions are observed whereas in those with high acceptor numbers only one, 

reversible two-electron reduction is observed. 	This dependence gives an 

approximately linear relationship between E ;j or E'/2,2  vs. AN. The gradient of the 

best fit line for El/,,2  vs. AN is steeper than that for Ey2,1  VS. AN  thus indicating a 

greater dependency on the solvent for the second reduction. 

This effect is explained by the acidic solvents surrounding the site where the negative 

charge is located and thus stabilising the charged species. A more negative charge 

will have a greater affinity for the solvent molecules and thus is more affected by the 

differing solvent acidities. 

The UV/VisINIR and EPR spectroelectrochemical results were also observed to be 

solvent dependent but no quantitative correlation with a solvent parameter could be 

found. 
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5. Electrochemical and Spectroelectrochemical 

Characterisation of 3,3'-(NO2)2-bpy and Pt[3,3-

(NO2)2-bpy] in DMF 

5.1. 	Introduction 

Only a few 3,3'-di-substituted bpy derivatives are known due to the steric hindrance 

of the substituents. This results in a twisted, non-coplanar conformation of the two py 

rings. 88-92  A number have been prepared either through the dicarboxylic acid, 3,3'-

(COOH)2-bpy92'93  or by Ullmann homo-coupling of the corresponding substituted 2- 

halopyridine.32'94 	Recently, 3,3'-Me2-bpy has also been prepared by the 

electrochemical homo-coupling of 2-Br-3-Me-py.95  

3,3 '-(NO2)-bpy can be prepared using the Ullmann coupling of 2-Cl-3-NO2-py by 

copper bronze. 32  The pyridine is activated towards the dimerisation reaction by the 

NO2  group ortho to the substituted halogen.4  Thus the chioro-pyridine precursor is 

sufficient for the 3,3' derivative whereas for 5,5' analogue it is necessary to resort to 

the 	iodo-pyridine starting material since iodide is a better leaving group. 49 

Kanoktanaporn and MacBride report a 45 % yield for the Ullmann coupling for 2-Cl-

3-NO2-py to give 3,3 '-(NO2)2-bpy.32  

3,3 '-(NO-bpy is reported commonly as precursor to other derivatives such as 3,3'-

(NH2)2-bpy96'97  or 3,3 '-(OH)2-bpy.98  The most recent report of 3,3 '-(NO2)2-bpy is in 

the synthesis of mono- and di-thioacetate dinitro-bipyridyl compounds for study as 
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molecular "wires".99  There is one reported example of 3,3 '-(NO2)2-bpy coordinated 

to a metal as a precursor to [Ru(bpy)2(3,3 '-(NH2)2-bpy)]2 .9' 

3,3'-(NO2)2-bpy crystallises in a P21/c space group (Figure 	53 The pyridine rings 

have a dihedral angle of 42.9 (1)° between them such that the N(1A) ... N(7B) and 

N(1B) ... N(7A) distances are 2.860 (2) A and 2.913 (2) A respectively i.e. just within 

the sum of the Van der Waals radii for the two N atoms. It was also noted that the 

nitro group planes were at 42.8 (1)° and 52.0 (1)° with respect to the planes of their 

aromatic rings so that the 0 atom of each nitro group approaches the nearest 

quaternary carbon atom with 0(8A). . .C(2B) and 0(8B). . .C(2A) distances of 2.916 

(2) A and 2.980 (3) A respectively. This was deemed the most important intra-

molecular interaction. 

Figure 5.1 View of 3,3 '-(NO2) rbpy with atom labels and anisotropic displacement 

parameters drawn at the 50 % ieve/3  
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5.2. 	Results and Discussion 

5.2.1. 3,3'-(NO2)2-bpy and 3-NO2-bpy 

5.2.1 .1. Crystal Structure of 3-NO2-bpy 

Crystals of 3-NO2-bpy were grown from THF/DEE. A single beige block was 

selected for diffraction and the crystal structure obtained (Figure 5.2). 3-NO2-bpy 

crystallised in an orthorhombic system with a P21 2121  space group. The two bpy 

rings were trans with respect to each other as seen for other examples of bpy and 

substituted derivatives."°°  It is assumed that the molecule twists to a cis 

configuration on coordination to a metal. The two py rings are twisted with respect to 

each other with N1-C2-C2'-C3' and Ni '-C2'-C2-C3 torsion angles of 28.8 (3) ° and 

27.6 (3) respectively. This is much smaller that the torsion angle of 48.9 reported 

for 3,3' -(NO2)2-bpy.53  This reflects a decrease in steric hindrance due to the presence 

of a single NO2  group. The bonds lengths are similar to those of the 3,3' and 4,4' 

NO2  substituted bpy derivatives with the C2-C2' bond about 0.1 A longer than the py 

ring C-C bonds (1.49 A compared to 1.39 A). No intra-molecular interactions were 

evident. The crystallographic data are given in Table 5.1 and Table 5.2. 

Figure 5.2 Crystal Structure of 3-NO2-bpy 
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Chemical formula 

Mr 
Cell setting, space 
group 

a,b,c(A) 

V(A) 
z 
D (Mg m 3) 

Radiation type 

No. of reflections for 
cell parameters 

0 range (°) 

Temperature (K) 

Crystal form, colour 

Crystal size (mm) 

Diffiactometer 

CoH7N3O2 

201.19 

Orthorhombic, P212321  

7.4647 (3), 10.1931 (4), 
11.7396(4) 

893.25(6) 

4 

1.496 

Mo Ka 

1047 

3-22 

0.11 

150 (2) 

Block, beige 

0.35 x  0.13 x  0.13 

Bruker Smart Apex CCD 

T 

T 

No. of measured, independent and 
observed parameters 

Criterion for observed reflections 

Rini  

0-0 
Range of h, k, / 

Refinement on 

R[F > 2a(F2)], wR(F), S 

No. of relections 

No. of parameters 

H-atom treatment 

Weighting scheme 

(A/O)mx 
AP—, Ap,m, (e k) 

Absolute structure 

0.788 

0.980 

5306, 935, 833 

I> 2a1) 

0.045 

25.0 

-8-> h —*8 

-11 —*k--* 12 

-13 —>I—> 13 

0.029, 0.067, 1.04 

935 reflections 

140 

Mixture of independent 
and constrained 
refinement 

Calculated w = 
1/[o2(F,2) + (0.0346P)2  
+ 0.0717P] where P = 
(F 2  + 2F 2)/3 

<0.0001 

0.14, -0.12 

Flack H D (1983), Aeta 
Cryst. A39, 876-881 
A I1A\ 

Data collection method 	ro and Phi scans 

Absorption correction 	Multi-scan (based on 
symmetry-related 
measurements) 

Diffractometer 	 Bruker Smart Apex CCD 

Table 5.1 Crystal, Data collection and refinement data for X-ray structure of 3- 

NO2-bpy 
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Atoms 
	 Distance IA 

	
Atoms 
	

Angle /0 

N(1)- C(2) 1.336(3) C(6)-N( 1 )-C(2) 118.77(19) 

C(2)- C(3) 1.392(3) N( I )-C(2)-C(3) 119.88(18) 

C(2) 1.491(3) N(1)-C(2)-C(2') 116.71(18) 

C(4) 1.380(3) C(3)-C(2)-C(2') 123.38(19) 

C(3)-N(3) 1.468(3) C(4)-C(3)-C(2) 121.3(2) 

C(5) 1.373(3) C(4)-C(3)-N(3) 116.22(18) 

C(4)- R(4) 0.9500 C(2)-C(3)-N(3) 122.39(17) 

C(S)- C(6) 1.382(3) C(5)-C(4)-C(3) 118.0(2) 

H(5) 0.9500 C(5)-C(4)-H(4) 121.0 

H(6) 0.9500 C(3)-C(4)-H(4) 121.0 

N(3)-0(32) 1.221(2) C(4)-C(5)-C(6) 118.2(2) 

N(3)- 0(3 1) 1.227(2) C(4)-C(5)-H(5) 120.9 

N(1')- C(6) 1.339(3) C(6)-C(5)-H(5) 120.9 

N(1 )- C(2') 1.342(3) N( 1 )-C(6)-C(5) 123.8(2) 

C(2')- C(3') 1.391(3) N(l )-C(6)-L1(6) 118.1 

C(3')-C(4) 1.384(3) C(5)-C(6)-H(6) 118.1 

C(3')- H(3) 0.99(2) 0(32)-N(3)-0(31) 125.00(19) 

C(4')- C(5') 1.383(3) 0(32)-N(3)-C(3) 117.72(17) 

C(4')- H(4) 0.9500 0(31)-N(3)-C(3) 117.20(18) 

C(5')- C(6') 1.380(3) C(6)-N(1')-C(2') 116.99(18) 

1-1(5') 0.9500 N(1')-C(2')-C(3') 123.26(19) 

H(6') 0.9500 N(1')-C(2')-C(2) 116.79(17) 

C(4')- C(S) 1.383(3) C(3')-C(2)-C(2) 119.95(19) 

C(4')-C(3')-C(2') 118.5(2) 

C(4')-C(3')-H(3') 122.2(13) 

C(2')-C(3')-H(3') 119.2(13) 

C(5')-C(4')-C(3') 118.8(2) 

C(5')-C(4')-H(4') 120.6 

C(3')-C(4')-I-1(4') 120.6 

C(6')-C(5')-C(4') 118.7(2) 

C(6')-C(5')-H(5') 120.6 

C(4')-C(5)-H(5') 120.6 

N(1)-C(6')-C(5') 123.7(2) 

N(1')-C(6')-H(6') 118.2 

C(5')-C(6')-H(6') 118.2 

Table 5.2 Bond lengths (A) and angles ()for 3-NO2-bpy characlerised by X-ray 

crystallography 

5.2.1.2. Electrochemistry 

3,3 '-(NO2)2-bpy undergoes two reversible, one-electron reductions at Ey2  = -0.79 V 

(0.08) and -1.10 V (0.08) in 0.1 M [TBA][BF4]/DMF vs. AgIAgC1 (Figure 5.3). A 

plot of i, vs. 'Iv for the reversible reductions gave a linear relationship indicating a 
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Elecfrochemkal and Spectroelectrocl:einical Characlerisafion of 3,3 '-NOj-hpy and PtJ3,3 '-(NO2 -bp/ in DMF 

diffusion controlled process. The large distance (AEy. = 310 mV) between the 

reductions is in contrast to the 4,4' and 5,5' analogues which have My, = 150 mV and 

90 mV respectively. This may be indicative of a spin-pairing process. 

[J 

-1.0 	-0.5 	0 
EN 

Figure 5.3 Cyclic voltammetry of 3,3 '-(NO2)2-bpy vs. Ag/A gCl in 0.1 M 

[TBAJ[BF4]/DMF at 293 K 

The different reduction potentials of the three NO2-disubstituted bpy derivatives can 

now be compared (Table 5.3). The sequence of electrochemical importance was 

postulated to be in the order 5,5 '>4,4'>3,3 27  The results reported here confirm this 

as the 5,5' derivative gives the most positive reduction potentials with the 3,3' the 

most negative. The anomalously low value for 3,3'-(NO2)2-bpy reflects the steric 

influence of the NO2  groups on the properties of the ligand. 

Ligand 	H 	E /2,1 /V 	I 	Ev2,2/V 

3,3'-(NO2)2-bpy 	-0.79 (0.07) 	-1.10 (0.08) 

4,4'-(NO2)2-bpy7 	-0.64 (0.08) 	-0.79 (0.08) 

5,5'-(NO2)2-bpy 	-0.61 (0.06) 	1-0.70 (0.07) 

Table 5.3 Half wave reduction potentials of 3,3' (NO2)2--bpy, 4,4 '-(NO2)2-bpy and 

5,5 '-(NO-bpy in 0.1 M[TBAJ[BF4]DMF at 293 K 
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3-NO2-bpy displayed a single, one-electron, reversible reduction process at E. = -0.98 

V (0.09) with an irreversible reduction at -1.88 V. The large difference between the 

reductions of 3,3'-(NO2)2-bpy and 3-NO2-bpy indicates that different electrochemical 

processes may be occurring. 

5.2.1.3. UVIVIs/N I R Spectroelectrochemistry 

The neutral 3,3 '-(NO2)2-bpy ligand showed one high energy it—it absorption band at 

35 900 cm-1  (c = 6 100 M'cm', Figure 5.4, blue spectrum). Electro-generation at -1 

V to give the mono-reduced species resulted in peaks at 31 900 cm-1  and 22 300 cm-1  

with a broad band at 10 000 cm' (s = 9 600, 2 500 and 1 000 M 1cm 1  respectively, 

Figure 5.4, red spectrum). The di-reduced species exhibited several high energy 

peaks at 34 600 cm 1 , 32 100 cm' and 30 500 cm-1  with a shoulder at 28 600 cm' (S = 

18 800, 17 700, 14 400 and 12 200 M'cm' respectively, Figure 5.5, dark green 

spectrum). Peaks at 24 600 cm-1 and 14 200 cm-1  were also observed (6 = 5 500 and 7 

600 M1 cm1  respectively). 
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Electrochemical and Speclroeleclroclzernical characlerisalion of 3,3 '-(fVO2)-bpy and P!/3,3 '-(NO2) bpy/ in DMF 

E 
U 

40000 	35000 	30000 	25000 . 20000 	15000 	10000 	5000 
cm 

Figure 5.4 UV/Vis/NIR spectra of 3,3 '-(NO2) rbpy (blue) and [3,3 '-(NO2)2-bpyt 

(red) in 0.1 M JTBAJ[BF4]/DMF at 233 K showing partially reduced curves. 

Potential held at -1.0 Vvs. Ag/AgCL 

Figure 5.5 UV/Vis/NIR spectra of[3,3 '-(NO2)2-bpy/ (red) and [3,3 -(NO2)2-bpyt 

(green) in 0.1 M [TBA][BF4J/DMF at 233 K showing partially reduced curves. 

Potential held at -1.7 V vs. Ag/AgCl 
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3-NO2-bpy gave a single UV transition at 36 500 cm -'(F. = 8 300 M'cm 1 , Figure 5.6, 

blue spectrum). Holding the potential at -1.7 V generated the mono-reduced species 

with absorptions at 36 500, 32 000 and 19 700 cm' (E = 5 100, 6 000 and 

2 400 M1 cm' respectively, Figure 5.6, red spectrum). The peak at 32 000 cm-1  had 

many shoulders. 

9.0 

8.5 

8.0 

7.5 

7.0 

6.5 

6.0 

5.5 

5.0 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0 
35000 	30000 25000 

cm
.1 20000 15000 	10000 	5000 

Figure 5.6 UV/Vis/NIR absorption spectra of 3-NO2-bpy (blue) and [3-NO2-bpyJ' 

(red), in 0.1M[TBAJ[BF4J/DMF showing partially reduced curves, T = 233 K. 

Potential held at -1.7 Vvs. Ag/AgCl. 

For the neutral species 3,3 '-(NO2 )2-bpy, the peak at 35 900 cm-1  can be assigned as a 

HOMO to LUMO transition. Mono-reduction puts an unpaired electron into the 

LUMO which leads to a decrease in the energy of this orbital. In line with this, the 

HOMO to LUMO transition also drops in energy compared to the neutral species to 

give the 31 900 cm-1  transition. The broad, low energy band is assigned as a LUMO 
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to LUMO+l transition and the 22 300 cm" band as an absorption from the LUMO to 

the LUMO+2 (Figure 5.7). 

It is postulated that the second reduction is a spin paring process. This will drop the 

LUMO energy further leading to an increase in energy for the LUMO to LUMO+l 

transition (14 200 cm) compared to the corresponding transition in the mono-anion. 

The energy of the LUMO to LUMO+2 transition increases in accordance with this to 

24 600 cm-1 . Higher energy bands are assigned as electron transfer to higher energy 

levels 

(a) (b) 
LUMO+2 

300 	
LUMO+1 

LUMO 	
221]II 

CM-1 
LUMO 

M-1  

HOMO 	
I 

I3100 cm-1 

HOMO 

(c) 
LUMO+2 

LUMO+1 

LUMO 

HOMO 

Figure 5.7 Molecular orbital energy level diagram for 3,3 '-(NO2) 2-bpy (a), [3,3 

(NO2)2-bpyf (b) and [3,3 '-(NO2)rbpy]2-('c) 

The spectrum of the mono-reduced species [3-NO2-bpy] 1  is very similar to other 

compounds in which the electron is localised on one NO2-py moiety (namely 4-NO2- 
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py7, 3-NO2-py (3.3.1.3), 4-NO2-bpy7 , 5-NO2-bpy (3.3.1.3) and 4,4'-(NO2)2-py7 ). 

Thus, the reduction electron for [3-NO2-bpy]1  is assigned as being localised on the 3-

NO2-py moiety. It is interesting to note that there is no evidence of similarities with 

the UVIVis/NIR spectra of [3,3'-(NO2)2-bpy]' or [3,3'-(NO2)2-bpy 2 . It can 

therefore be said tentatively that the species 3,3 '-(NO2)2-bpy and 3-NO2-bpy undergo 

reduction processes to species with different electronic structures. It is most like that 

the difference corresponds to localisation of the reduction electron on the 3-NO2-py 

ring of 3-NO2-bpy vs. delocalisation of the reduction electron over both rings on 3,3'-

(NO2)2-bpy. 

5.2.1.4. EPR Spectroelectrochemistry 

The neutral ligand was diamagnetic in DMF solution. Electro-reduction at -1 V gave 

a spectrum for the mono-reduced species (Figure 5.8). Simulation of the experimental 

spectrum proved difficult due to the lack of resolution (Figure 5.8 simulation) so the 

experiment was repeated and a 2nd  derivative spectrum was measured (Figure 5.9). 

This was simulated successfully using the values shown. These values also gave a 

good simulation for the first derivative spectrum (Figure 5.8). 

Each coupling requires two equivalent nuclei which indicates that the reduction 

electron is spread over both NO2-py moieties in the 3,3 '-(NO2)2-bpy molecule. Thus 

it is anticipated that the mono-reduced ligand [3,3 '-(NO2)2-bpy]1  is approximately 

planar and probably adopts the trans configuration. The simulation also requires two, 

identical large 14N couplings which are postulated to arise from interaction of the 

unpaired electron with the N nuclei of the NO2  groups. 
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Exper 
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Figure 5.8 Experimental and simulated EPR spectra of 13,3 '-(NO2)2-bpyJ' 

generated in situ at -1.0 V vs. Ag/A gCl at 233 K, recorded at 233 K in 0.1 M 

[TBAJ[BF4J/DMF 
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Experimen 
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Figure 5.9 Experimental and simulated 2nd derivative EPR spectra of [3,3 

(NO2) 2-bpyJ1' generated in situ at -1.00 V vs. Ag/A gCl at 233 K, recorded at 233 K in 

JTBAJ[BF4J/DMF 
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The EPR spectrum of [3-NO2-bpy]' is shown in Figure 5.10. A successful simulation 

was obtained using 1 x ' 4N (9.3 G), 1 x 'H (5.7 G), lx 'H (3.4 G) and 2 x 1H (1.1 G). 

It is interesting to note that the simulation required some electron delocalisation onto 

the non-nitrated py ring (assumed to be one of the two smallest 'H couplings). A 

smaller torsion angle between the two pyridine rings was observed in the crystal 

structure of 3-NO2-bpy when compared to 3,3 '-(NO2)2-bpy (29 ° compared to 

49 0).  It is thought that this torsion angle hinders the resonance which should occur 

for the mono-reduced ligands (see section 3.3.1.4) thus a smaller angle should more 

favourable to delocalisation than a large angle. 

It should also be noticed that the EPR spectra and simulations for [3-NO2-bpy]' and 

[3,3 '-(NO2)2-bpy]1  are completely different. This reflects the different electronic 

structures of the two ligands i.e. localisation of the reduction electron on one 3-NO2-

py moiety in [3-NO2-bpy 1  vs. delocalisation of the reduction electrons over both 3-

NO2-py rings in [3,3 '-(NO2)2-bpy] . 
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Experiments 

3350 	Magnetic field IG 	3380 

Simulatioi 

A1N =  9.3 C 

A1H =  5.7 C 

A1H =  3.4 C 

A2H =  1.1 C 
AHpp = 0.6 
LIG = 0 
g0=  2.005 

 

3350 	Magnetic field IG 	3380 

Figure 5.10 Experimental and EPR spectra of f3-NO2-bpyJ' generated in situ at - 

1.5 Vvs. Ag/A gCl at 233 K, recorded at 233 K in 0.1 M[TBAJ[BF4J/DMF 
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5.2.2. Comparison of EPR Spectra for all nitrated bpy 

derivatives 

The data for all EPR spectra are shown in Table 5.4. 

[3-NO2-bpy] [3,3 '-(NO2)2-bpy] [4-NO2-bpy]'-  [4,4'-(NO2)2-bpy] 

A1N= 9.3 G A2N= 3.72 G AIN= 7.2 G AIN= 7.95 G 

AIH= 5.7 G A2H= 2.00 G AIN= 3.0 G AIH= 2.65 G 

AIH=3.4G A2H=1.38G A2H=2.6G A2H =2.4 G 

A2H= 1.1 G AHPP  = 0.65 G AIH= 0.4 G AHPP  = 0.6 G 

AI-l11,=O.6 G L/G =0 AHPP L/G =0 

L/G = 0 g10  2.00365 L/G = 0 giso 2.0077 

g10  2.00525 g10  2.00545 

[5-NO2-bpy] 1- 	[5,5 '-(NO2)2-bpy]' - 

A1N=7.lO G 

AIH= 4.00  G 

AIH= 2.35 G 

AIH= 2.45 G 

AIN =  1.10 G 

AH= 1.10 G 

L/G = 0 

g10  = 2.00312 

A2N= 1.65 G 

A2H= 1.65 G 

A2H= 0.66 G 

A2H= 0.37 G 

AHPP = 0.3 G 

L/G = 0 

g10  2.00411 

Table 5.4 EPR data for all nitrated bpy derivatives studied in DMF (data for [4,4'- 

(NO2)2-bpyJ' from Jack' and [4-NO2-bpyt from 6.2.1.3) 

As can be seen, the only di-nitrated ligand which displays any similarity to the mono-

nitrated analog is [4,4'-(NO2)2-bpy]'. This is the only ligand in which the reduction 

electron is located on one NO2-py half of the molecule, thus the EPR spectra of [4,4'-

(NO2)2-bpy]1  and [4-NO2-bpy]' - are similar. 
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It is worth noting that for all three pairs, the coupling constants are generally larger 

for the mono-nitrated derivatives than the di-nitrated ligands. This is expected given 

that the extent of delocalisation of the reduction electron is greater for the di-nitrated 

ligands due to the increased "pulling" effect of two NO2  groups as opposed to one. 

Thus if the electron is spread over more nuclei, the electron density (and the EPR 

coupling constant) on any particular nucleus will be smaller. This effect is 

particularly pronounced for the 5,5' derivative. Here, it is thought that a resonance 

form has a double bond between the carbons joining the two rings together (Figure 

3.9) thus there is a significant electron density on these nuclei. Spin active C nuclei 

are present only in very low abundance and thus are not visible in an EPR spectrum. 

Electron density is then "used up" by these "invisible" nuclei leading to a narrow 

spectrum with small coupling constants. 

The torsion angle between the NO2-py rings of [3,3 '-(NO2)2-bpy]' will prevent the 

double bond from forming thus there will be a greater electron density on the spin 

active nuclei. This leads to a wider spectrum with larger coupling constants. It is 

particularly encouraging to note that the coupling constants in the EPR spectrum of 

[3-NO2-bpy]1  are roughly double of those for [3,3 '-(NO2)2-bpy] . This is to be 

expected since the electron density is spread over pairs of nuclei in [3,3 '-(NO2)2-

bpy]' but localised on single nuclei in [3-NO2-bpy]1 . 
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5.2.3. [Pt(3,3-(NO2)2-bPYJCI21  

5.2.3.1. Crystal Structure 

Dark red crystals of [Pt{ 3,3 '-(NO2)2-bpy } Cl] were grown from a solution of the 

complex in DMF into which diffused DEE. The crystal lattice was found to be 

monoclinic with a P2(1)/n space group. The py rings are twisted with respect to each 

other with an average torsion angle of 17.28 (4) which is smaller than for other 

[Pt{3,3'-(X)2-bpy}C12] derivatives (cf 25.5 0  26.5 0  and 30.0 0  for [Pt{3,3'-

(COOMe)2-bpy} Cl2] ,89  [Pt { 3,3 '-(COOH)2-bpy } Clf°  and [Pt { 3,3 '-(CH2OH)2-

bpy} C12]9°  respectively). Presumably, this is due to the lower steric bulk of the NO2  

group compared to the COOMe, COOH and CH20H groups. However, the geometry 

around the Pt(II) center is square planar as the total angle round the Pt(II) is 360 • 

The NO2  groups are staggered with respect to the py rings with 0(2)-N(3)-C(4)-C(5) 

and 0(3)-N(4)-C(7)-C(6) torsion angles of 36.80 0  and 23.50 0  respectively. This is 

much less than the equivalent angle for the free ligand (42.9 0)53  due to the restrictions 

imposed by coordination. The NO2  groups are at the angles 32.94 (6) (N(6)), 

29.51 (6) 0  (N(S)), 39.18 (6) (0  (N(3)) and 23.50 (6) 0  (N(4)) to their respective 

aromatic rings (cf 42.8 0  and 52.0 0  for the free ligand 53 ). All other bond lengths and 

angles are similar to those in the free ligand. Figure 5.11 shows the structure and 

Table 5.5 and Table 5.6 give the crystallographic data. 
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Figure 5.11 Crystal Structure of [Pt(3,3 '-(NO2)2-bpy)C12J.DMF 

Chemical Formula C23L119C14N909Pt2  Tmin 0.630 

M 1097.45 

Cell setting, space Monoclinic, P2(1)/n No. of measured, independent and 18668, 7207, 6226 
group observed parameters 

a, b, c (A) 14.3359 (12), 14.1844 Criterion for observed reflections I> 2(y(1) 
(12), 14.9479 (13) 

3(0) 

 

99.909(2) Ri., 0.031 

V(A) 2994.3(4) 0_ 0 28.9 

Z 4 Range ofh,k,l -18—*h—*19 

D0 
(Mg  m 3) 2.434 -17-3k—*18 

Radiation type MoKa -16 	1—> 19 

No. of reflections for 7311 Refinement on F2  
cell parameters 

Orange (0)  2.3-28.5 R[F5  > 2c(F5)], wR(F5), S 0.028, 0.063, 1.02 

.t (mm') 9.76 No. of relections 7207 reflections 

Temperature (K) 150 (2) No. of parameters 444 

Crystal form, colour Block, dark H-atom treatment Mixture of independent 
and constrained 
refinement 

Crystal size (mm) 0.37 x  0.16 x 0.10 Weighting scheme Calculated 	w = 
1/[&(F0 2) + (0.020P)2  + 
3.5906P] where P = 
(F0 2  + 2F0 2)/3 

Diffiactometer CCD Area Detector 0.002 

Data collection method 4 e scans Ap000, 	 (e k3) 1.03,-0.87 

Absorption correction Multi-scan (based on Weighting scheme Calculated 	w = 
symmetry-related 1/[&(F,2) + (0.020P)2  + 
measurements) 3.5906P] where P = 

(F0 2  + 2F0 2)/3 

Table 5.5 Crystal, Data collection and refinement data for X-ray structure of 

[Pt[3,3 '-(NO2)2-bpy)C12J 
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Atoms Distance /A Atoms Angle /0 Atoms Angle /0 

Pt( I )-N(1) 2.004(3) N(1 )-Pt(1 )-N(2) 79.56(14) 0(2)-N(3)-0(1) 125.3(4) 

Pt(l)-N(2) 2.015(4) N( I )-Pt(1 )-Cl(1) 175.63(10) 0(2)-N(3)-C(4) 118.2(4) 

Pt(1)-Cl(1) 2.2887(11) N(2)-Pt(1)-Cl(1) 9661(10) 0(1)-N(3)-C(4) 116.5(4) 

Pt(1)-Cl(2) 2.2947(11) N(1)-Pt(1)-CI(2) 96.37(10) 0(4)-N(4)-0(3) 124.7(4) 

C(10)-N(2) 1.343(5) N(2)-Pt(1)-Cl(2) 174.93(10) 0(4)-N(4)-C(7) 118.0(4) 

C(10)-C(9) 1.375(6) Ct(1)-Pt(1)-Cl(2) 87.57(4) 0(3)-N(4)-C(7) 117.3(4) 

C(10)-H(10A) 0.9500 N(2)-C(10)-C(9) 121.9(4) C(2)-C(3)-C(4) 118.7(4) 

Pt(2)-N(7) 2.008(3) N(2)-C(10)-H(1OA) 119.0 C(2)-C(3).H(3A) 120.6 

Pt(2)-N(8) 2.009(4) C(9)-C(10)-H(1OA) 119.0 C(4)-C(3)-H(3A) 120.6 

Pt(2)-Cl(3) 2.2874(11) N(7)-Pt(2)-N(8) 79.92(14) C(13)-C(14)-C( 15) 121.8(4) 

Pt(2)-Cl(5) 2.2921(11) N(7)-Pt(2)-Cl(3) 96.07(10) C(13)-C(14)-N(5) 115.0(4) 

N(7)-C( 11) 1.347(6) N(8)-Pt(2)-Cl(3) 175.85(10) C(15)-C(14)-N(5) 123.0(4) 

N(7)-C(15) 1.357(5) N(7)-Pt(2)-Cl(5) 175.89(10) C(10)-N(2)-C(6) 121.5(4) 

N( 1 )-C( 1) 1.348(5) N(8)-Pt(2)-Cl(5) 96.03(10) C(10)-N(2)-Pt(l) 122.2(3) 

N(l)-C(5) 1.368(5) Cl(3)-Pt(2)-C1(5) 87.99(4) C(6)-N(2)-Pt(1) 116.1(3) 

C( 12)-C(1 1) 1.371(6) C(1 I )-N(7)-C( 15) 120.8(4) C(21)-N(9)-C(22) 122.6(5) 

C(12)-C( 13) 1.373(7) C( II )-N(7)-Pt(2) 122.8(3) C(2 1 )-N(9)-C(23) 121.3(4) 

C(12)-H(12) 0.91(6) C(15)-N(7)-Pt(2) 116.0(3) C(22)-N(9)-C(23) 115.9(4) 

C(9)-C(8) 1.376(7) C( 1 )-N( 1)-C(S) 120.8(4) C(18)-C(19)-C(20) 118.4(4) 

C(9)-I-1(9A) 0.9500 C( 1)-N(1 )-Pt( 1) 122.4(3) C(18)-C(19)-H(19) 119(3) 

N(8)-C(20) 1.349(5) C(5)-N(l)-Pt(1) 116.4(3) C(20)-C(19)-H(19) 122(3) 

N(8)-C(16) 1.357(5) C(1 l)-C(12)-C(13) 118.1(4) C(19)-C(18)-C(17) 118.6(4) 

N(6)-0(8) 1.222(5) C(1 1)-C(12)-H(12) 113(3) C(19)-C(18)-H(18A) 120.7 

N(6)-0(7) 1.225(5) C(13)-C(12)-H(12) 129(3) C(17)-C(18)-H(18A) 120.7 

N(6)-C(17) 1.469(6) C(10)-C(9)-C(8) 118.3(4) N(7)-C(l 1)-C(12) 122.4(4) 

C(15)-C(14) 1.393(6) C(10)-C(9)-H(9A) 120.8 N(7)-C(1 1)-H( 11) 113(3) 

C(15)-C(16) 1.489(6) C(8)-C(9)-H(9A) 120.8 C(12)-C(1 1)-H(1 1) 124(3) 

C(16)-C(17) 1.390(6) C(20)-N(8)-C(16) 120.4(4) N(8)-C(20)-C(19) 122.6(4) 

C(7)-C(8) 1.378(6) C(20)-N(8)-Pt(2) 123.5(3) N(8)-C(20)-H(20A) 118.7 
C(7)-C(6) 1.395(6) C(16)-N(8)-Pt(2) 115.7(3) C(19)-C(20)-H(20A) 118.7 

C(7)-N(4) 1.470(6) 0(8)-N(6)-0(7) 124.5(4) 0(9)-C(21)-N(9) 125.8(5) 
0(5)-N(5) 1.232(5) 0(8)-N(6)-C(17) 118.6(4) 0(9)-C(21)-H(21A) 117.1 

N(5)-0(6) 1.227(5) 0(7)-N(6)-C( 17) 116.9(4) N(9)-C(2 1 )-H(2 1A) 117.1 
N(5)-C( 14) 1.464(6) N(7)-C(15)-C(14) 117.1(4) N(9)-C(23)-H(23A) 109.5 
0(2)-N(3) 1.218(5) N(7)-C(15)-C(16) 113.0(4) N(9)-C(23)-H(23B) 109.5 
0(3)-N(4) 1.227(5) C(14)-C(15)-C(16) 129.8(4) H(23A)-C(23)-H(23B) 109.5 
C(6)-N(2) 1.355(5) N(8)-C(16)-C(17) 117.6(4) N(9)-C(23)-H(23C) 109.5 
C(6)-C(5) 1.487(6) N(8)-C(16)-C(15) 113.3(4) H(23A)-C(23)-H(23C) 109.5 
0(l)-N(3) 1.221(5) C(17)-C(16)-C(15) 129.1(4) H(23B)-C(23)-H(23C) 109.5 
C(17)-C(18) 1.391(6) C(8)-C(7)-C(6) 121.8(4) N(9)-C(22)-H(22A) 109.5 
C(8)-1-I(8) 0.91(5) C(8)-C(7)-N(4) 115.5(4) N(9)-C(22)-H(22B) 109.5 
C(4)-C(3) 1.379(6) C(6)-C(7)-N(4) 122.2(4) l-I(22A)-C(22)-H(22B) 109.5 
C(4)-C(5) 1.393(6) 0(6)-N(5)-0(5) 124.4(4) N(9)-C(22)-H(22C) 109.5 
C(4).N(3) 1.477(5) 0(6)-N(5)-C(I4) 117.9(4) H(22A)-C(22)-H(22C) 109.5 
C(1)-C(2) 1.378(6) 0(5)-N(5)-C(14) 117.7(4) H(22B)-C(22)-H(22C) 109.5 
C(l)-H(1A) 0.9500 N(2)-C(6)-C(7) 116.9(4) 
C(13)-C(14) 1.377(6) N(2)-C(6)-C(5) 113.3(4) 
C(13)-H(13A) 0.9500 C(7)-C(6)-C(5) 129.9(4) 
C(2)-C(3) 1.363(7) C(16)-C(17)-C(18) 121.7(4) 
C(2)-H(2) 0.85(4) C(16)-C(17)-N(6) 123.1(4) 
N(4)-0(4) 1.218(5) C(18)-C(17)-N(6) 115.0(4) 
C(3)-H(3A) 0.9500 C(9)-C(8)-C(7) 118.8(4) 
N(9)-C(21) 1.322(6) C(9)-C(8)-H(8) 125(3) 
N(9)-C(22) 1.444(6) C(7)-C(8)-H(8) 116(3) 
N(9)-C(23) 1.447(6) C(3)-C(4)-C(5) 122.2(4) 
0(9)-C(21) 1.229(6) C(3)-C(4)-N(3) 114.7(4) 
C(19)-C(18) 1.368(7) C(5)-C(4)-N(3) 122.9(4) 
C(19)-C(20) 1.377(7) N(1)-C(5)-C(4) 117.0(4) 
C(19)-H(19) 0.88(5) N(1)-C(5)-C(6) 112.7(4) 
C(18)-H(18A) 0.9500 C(4)-C(5)-C(6) 130.3(4) 
C(11)-H(ll) 0.95(4) N(l)-C(1)-C(2) 121.9(4) 
C(20)-H(20A) 0.9500 N(1)-C(l)-H(1A) 119.0 
C(21)-H(21A) 0.9500 C(2)-C(1)-H(1A) 119.0 
C(23)-H(23A) 0.9800 C(12)-C(13)-C(14) 119.0(4) 
C(23)-H(23B) 0.9800 C(12)-C(13)-H(I3A) 120.5 
C(23)-H(23C) 0.9800 C(14)-C(13)-H(13A) 120.5 
C(22)-H(22A) 0.9800 C(3)-C(2)-C(l) 118.9(4) 
C(22)-H(22B) 0.9800 C(3)-C(2)-H(2) 125(3) 
C(22)-H(22C) 0.9800 C(l)-C(2)-H(2) 116(3) 

Table 5.6 Bond lengths (A) and angles ()for fPt{3,3 -(NO--bpy] Cl2] 

characterised by X-ray crystallography 
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5.2.3.2. Electrochemistry 

[Pt { 3,3 '-(NO2)2-bpy } C121 showed two, reversible one-electron reductions at Ey2  = 0.01 

V (0.06) and -0.40 V (0.08) in 0.1 M [TBA][BF4]/DMF vs. AgIAgC1 (Figure 5.12). A 

plot of i, vs. "Jv gave a linear relationship thus indicating a diffusion controlled 

reaction for each peak. 

[ii 

-1.5 	 -05 	.... 
E/V 

Figure 5.12 Cyclic voltammetry of [Pt[3,3 ¶-(NO2)bpy]Cl2]  vs. Ag/AgCl in 0.1 M 

fTBA]IBF4J/DMF 

[Pt(3-NO2-bpy)C12] revealed two reduction peaks at Ey2  = -0.44 V (0.06) and -0.88 V 

(0.08). These appeared reversible on the timescale of cyclic voltammetry but 

coulometry and in-situ UVIVis/NIR studies showed that these were irreversible. Thus 

no further analysis of these reductions could be undertaken. 

As for the 4,4' and 5,5' analogues, it is clear that co-ordination of the ligand to Pt(II) 

has increased the ease of reduction. However, the effect in this case is particularly 

dramatic with a shift of 800 mV from the reduction potentials of the free ligand 

compared to 400 mV for the 4,4' and 5,5' derivatives. The reason for this shift is 
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unknown but it is worth noting that it is not unique to the nitro group. The first 

reductions of 3,3 '-(CO2Me)2-bpy and [Pt { 3,3 '-(CO2Me)2-bpy} Cl2] are at -1.77 V and 

-0.60 V respectively (zEy. = 1 100 mV)! In contrast, Jack found that the first 

reduction of 5,5-(CO2Me)2-bpy shifted by 730 mV in a positive direction on co-

ordinating 5,5-(CO2Me)2-bpy to Pt(II).7  Thus, the shift for 3,3 '-disubstituted bpy 

derivatives must in part due to a steric/geometry effect rather than due to the nature 

of the substituting group. 

Attempts to synthesise the Pd(II) analogue were unsuccessful as the solid obtained 

from the reflux of 3,3 '-(NO2)2-bpy with K2[PdC14] was a mixture of unidentifiable 

products. 

5.2.3.3. UVNis/NI R Spectroelectrochemistry 

The UVIVis/NIR spectrum of [Pt {3,3'-(NO2)2-bpy} C121  contained a broad ic..it band 

centred around 34 000 cm 1  (c = 10 000 M 1  cm- 1) with an MLCT band at 21 400 cm 1  

(c = 2 900 M' cm 1, Figure 5.13, blue spectrum). Reduction to the mono-anion gave 

an overall rise in intensity of the spectrum with main features at 32 000 cm 1, 26 900 

cm-1  and 21 000 cm' (c = 17 900, 6 500 and 4 600 M' cm 1, Figure 5.13, red 

spectrum). A broad, low energy band was observed at 11 000 cm 1  (c = 

3 200 M' cm'). Generation of the di-reduced species red-shifted the high energy 

band to 31 300 cm-1  with a shoulder at 25 800 cm' (c = 24 100 and 10 000 M' cm-'). 

Compounds synthesised by McInnes but not reported in his Thesis.5  Electrochemistry on these was 

carried out for this thesis. 
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A peak at 12 000 cm' (c = 7 900 M' cm') also grew in while all other peaks 

collapsed (Figure 5.14, dark green spectrum). 
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Figure 5.13 UV/Vis/NIR spectra of fF1[3,3 '-(NO2) 2-bpy] C12J (blue) and [Pt[3,3 

(NO2)2-bpy}C12t (red) and in 0.1 M [TBAJfBF4J/DMF at 233 K showing partially 

reduced curves. Potential held at -0.31 V vs. Ag/A gCl 
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Figure 5.14 UV/Vis/NIR spectra of (P1(3,3 '-(NO2)2 bpy)C'(redP 'J 	) 	- 

(7V02)2-bpy]C121'2   (green) in 0.1 M [TBAJ[BF4J/DMF at 233 K showing partially 

reduced curves. Potential held at -1.0 V vs. Ag/A gCl 

Comparison with the equivalent ligand spectra reveals a number of corresponding 

peaks. These are shown in Table 5.7 to Table 5.9. Cyclic voltammetry shows that the 

energy of the LUMO of bound 3,3 '-(NO2)2-bpy has been lowered compared to the 

free ligand. This is confirmed by a lowering in energy of the HOMO to LUMO 

transition in the neutral complex. Coordination has increased the energy of the 

transitions in the spectrum of [Pt{3,3 '-(NO2)2-bpy} C12]' compared to [3,3 '-(NO2)2-

bpy]'. This suggests that addition of the reduction electron to the LUMO of [Pt{3,3'-

(NO2)2-bpy} C121 lowers the energy of the orbital further than for 3,3 '-(NO2)2-bpy. 

This leads to an increase in the LUMO to LUMO+1 absorption energy (cf <10 000 

cm 1  and 11 000 cm-1). This is confirmed by the corresponding increase in energy of 

the LUMO to LUMO+l and LUMO+2 transitions for the di-reduced ligand and 

complex (cf 12 090 cm-1  and 24 600 cm-1  with 14 200 cm-1  and 25 800 cm'). The 

additional band in the spectrum of [Pt{3,3'-(NO2)2-bpy}Cl2] compared to [3,3'- 
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(NO2)2-bpy]1  is assigned to a charge transfer transition involving the metal centre. 

The UVIVisINIR results are in agreement with the site of the reduction being ligand-

based and the reduced species are formulated as [Pt(II){3,3'-(NO2)2-bpy'}C12]' and 

[Pt(II){3,3 '-(NO2)2-bpy2 1C12J2 . 

Intra-ligand Charge 

transition 	transfer 

/cm-1 	involving 

Pt(II)1cm1  

3,3 '-(NO-bpy 	 35 900 

[Pt{3,3 '-(NO2)2-bpy}C12} 	34 000 
	

21 400 

Table 5.7 Equivalent UV/Vis/NIR absorption peaks for 3,3 -(NO2)2-bpy and 

[Pt[3,3 '-(NO2)2-bpy)C12J in 0.1 M[TBAJ[BF4J/DMF 

Intra-ligand Intra-ligand Intra-ligand Charge 

transition 	transition 	transition 	transfer 

/cm' 
	

1cm4 
	

/cm' 	involving 

Pt(II)/cm 1  

[3,3'-(NO2)2-bpy}C121' 31 900 22 300 <10 000 - 

[Pt{3,3'-(NO2)2-bpy}C12]' 32000 21 000 11 000 26900 

Table 5.8 Equivalent UV/Vis/NIR absorption peaks for [3,3 '-(NO2)2.-bpyJ' and 

[Pt[3,3 '-(NO2)2-bpy]C12J' in 0.1 M [TBA][BF4]/DMF 

120 
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Intra-ligand I Intra-ligand 
	

Intra-ligand 

transition 	transition 	transition 

/cm1 
	

/cm 1 
	

/cm-1  

[3,3 '-(NO2)2-bpy}C12]2 
	

32 100 
	

24600 	112900 

[Pt{3,3 '-(NO2)2-bpy}C12]2 
	

31 300 
	

25800 	114200 

Table 5.9 Equivalent UV/Vis/NIR absorption peaks for 13,3 '-(NO2) 2-bpyf and 

[P1(3,3 '-(NO2)2-bpy]C12 f in 0.1 M [TBAJ[BF4J/DMF 

5.2.3.4. EPR Spectroelectrochemistry 

A diamagnetic solution was obtained on dissolving the neutral [Pt{3,3 '-(NO2)2-

bpy}C12] complex in 0.1 M [TBA][BF4]/DMF. This was reduced at Egen = -0.31 V to 

give the spectrum shown in Figure 5.15. Simulation of this spectrum proved difficult 

due to the lack of resolution so a 2nd  derivative spectrum was used (Figure 5.16). 

Successful simulation was achieved using a large coupling to 195pt smaller couplings 

to four identical 14N nuclei and two identical protons. 

The simulation suggests that the reduction electron is spread over both halves of the 

3,3 '-(NO-bpy ligand with roughly equal electron densities on the ring and nitro 

group nitrogen atoms. This is a reasonable assignment considering the electron-

withdrawing ability of the Pt(II) centre which would reduce the electron density on 

the NO2  group considerably compared to the free ligand. 

The difficulty with the EPR simulation of [Pt{3,3'-(NO2)2-bpy}C12] is that it is quite 

ambiguous. For example, a reasonable simulation can be obtained using a 

121 



Electrochemical and Speciroelecirochemical Characterisation of 3,3 '-(NO-bpy and P113,3 '-(NO2)2-bpr/ in DMF 

hyperfine coupling of 21.5 G along a '4N hyperfine coupling of 1.3 G and proton 

hyperfine couplings of 1.2 G (3 x 1 H, Figure 5.17). Thus the assignment of this 

reduction is highly questionable. However, the correlation between the reduced 

ligand and complex UV/Vis/NIR spectra has already been noted and implies that both 

are undergoing similar redox processes. The EPR spectrum of [3,3 '-(NO2)2-bpy]' 

has been simulated as an electron delocalised over both 3-NO2-py rings, therefore it 

seems reasonable to suggest the same delocalisation for [Pt{3,3 '-(NO2)2-bpy} Cl2]'. 

A similar reasoning can be used for the assignment of the second reduction. 

Generation of [Pt{3,3'-(NO2)2-bpy}C12]2  with Egen = -1 V collapses the spectrum in 

Figure 5.15, which can then be re-grown by applying Egen = -0.31 V. Thus, the 

second reduction involves a spin pairing process. The second reduction of 3,3'-

(NO2)2-bpy is therefore also assigned as a spin-pairing process. 
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Figure 5.15 Experimental and simulated EPR spectra of [P1(3,3 '-(NO2)rbpyJCl2t' 

generated in situ at -0.31 V vs. Ag/A gCl at 233 K, recorded at 293 K in 0.1 M 

[TBAJ[BF4]/DMF 
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Figure 5.16 Experimental and simulated 2" derivative EPR spectra of [Pt[3,3 '-

(NO2)2-bpy)C12J' generated in situ at -0.31 V vs. Ag/A gCl at 233 K, recorded at 

293 K in 0.1 M [TBAJ[BF4J/DMF 
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Electrochemical and Spectroelectrocheniical Characterisalion of 3,3'-(NO,)2-bpy and Pif3,3 '-'NOjlr-bpy/ in DMF 

Experim 
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3345 	 3385 
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Figure 5.17 Experimental and incorrectly simulated EPR spectra of (P1(3,3 '- 

(NO2)2-bpy)C12f generated in situ at -0.31 V vs. Ag/A gCl at 233 K, recorded at 

293 K in 0.1 M [TBAJfBF4J/DMF 
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The frozen solution spectrum of [Pt{3,3'-(NO2)2-bpy}C12]' in DMF is shown in 

Figure 5.18 and was simulated using the values given in Table 5.10. A3  was not 

resolved so is calculated using Equation 3.1. A2  was resolved but was not well 

defmed so an error of ± 5 G is assumed. 

3320 	 3340 	 3360 	 3380 	 3400 

Magnetic Field / C 

Figure 5.18 Experimental and simulatedfrozen solution EPR spectra of [P113,3'-

(NO2) 2-bpyJ Cl2J' generated in situ at -0.31 Vvs. Ag/AgCl at 233 K, recorded at 173 

Kin 0.1 M [TBAJJBF4J/DMF 

gi 92 93  A0 A1  /G A2  /G A3  /G W1  /G W2  /G W3  /G 

IG 

0374 2.0536 2.00047 1.991 -21.5 -18 -25 -21 7 10 17 

(±5) (±4) 

Table 5.10 Simulated g-values and coupling constants for isotropic andfrozen 

solution EPR spectra of [P113, 3 '-(NO2)2--bpy]C12t generated in situ at -0.31 V vs. 

Ag/A gCl at 233 K, recorded at 293 K/i 73 K in 0.1 M[TBAJ[BF4J/DMF 
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Equations 1.1-1.3 predict 5d and 6Pz  admixtures to the SOMO of [Pt { 3,3 '-(NO2)2-

bpy}Cl2]of 0.67% ± 0.27 and 0.7% ± 0.14 respectively thus the ligand contributes 

99 %. Rieger's equations have previously predicted ligand contributions to the 

SOMO of 87 % and 98 % for 4,4'-(NO2)2-bpy and 5,5'-(NO2)2-bpy respectively 

(Chapter 3.1.1 and ref. 7). If as predicted the 3,3' positions are electronically the least 

important, we would expect the ligand contribution to the SOMO to be much less for 

complexes containing 3,3 '-(NO2)2-bpy. The value predicted here for [Pt { 3,3 '-(NO2)2-

bpy}Cl2]' (99 % contribution from the ligand to the SOMO) is therefore much higher 

than expected. However, the skewed geometry will prevent the 5d and 6Pz  orbitals 

from interacting effectively with the ligand and will thus reduce their contributions to 

the SOMO. This does corroborate the hypothesis that the reduction is ligand-based as 

this leaves a -99 % contribution to the SOMO from the ligand. 

5.2.3.5. Calculations on 3,3'-(NO2)2-bpy, [Pt{3,3'-(NO2)2-

bpy}C12], 3-NO2-bpy and [Pt{3-NO2-bpy}C12] 

Calculations found that the NO2-py rings were trans with respect to each other in the 

structure of 3,3'-(NO2)2-bpy in agreement with experiment. The N-C-C'-N' torsion 

angle was 109.0 (cf 137.1 ° in the crystal structure 3). All bond lengths and angles 

were in good agreement with the crystal structure. 

In contrast, the NO2-py rings in the di-anion [3,3 '-(NO2)2-bpy]2  were found to be cis 

with respect to each other. A shortening of the central C-C' bond connecting the rings 

was observed on the reduction of 3,3'-(NO2)2-bpy to [3,3'-(NO2)2-bpy]2  (C-C' = 

1.495 A and 1.446 A for 3,3 '-(NO2)2-bpy and [3,3 '-(NO2)2-bpy]2  respectively). The 

resonance structure given in Figure 3.9 can occur for both [5,5'-(NO2)2-bpy]2  and 
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[3,3 '-(NO2)2-bpy]2  and thus predicts significant double bond character in this 

position. 

The lowest energy form of [3,3'-(NO2 )2-bpy]2" was found to be a singlet. The 

singlet/triplet energy gap was 8.1 kcalmor'. This is in agreement with the creation of 

a diamagnetic species when 3,3 '-(NO2)2-bpy was di-reduced. The HOMO of [3,3'-

(NO2)2-bpy]2  is shown in Figure 5.19. Due to the lack of symmetry in the molecule, 

it is difficult to predict % contributions to the HOMO from each nucleus and thus 

absolute values are not given. However, it is obvious that the molecular orbital 

containing the reduction electrons is based mainly on the NO2  groups and the C-C' 

bond joining the NO2-py rings. This is in agreement with the EPR spectrum which 

predicts the largest hyperfine coupling (and therefore largest electron density) as 

located on a pair of 14N nuclei. 

Figure 5.19 HOMO of[3,3 '-(NO2)rbpyt 

The calculations predict that the protons in the 5,5' and 6,6' positions will contribute 

to the redox active orbital with little contribution from the 4,4' positions. Two sets of 

two equivalent proton couplings are observed in the EPR spectra in agreement with 

this. The calculations (and EPR spectra) therefore suggest that substitution in the 3,3' 
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positions by NO2  groups has resulted in the 4,4' positions in bpy becoming the least 

important electrochemically as opposed to the situation in un-substituted bpy. 

The HOMO of [3-NO2-bpy]2  is shown in Figure 5.20. It can be seen that the 

calculation agrees broadly with the EPR simulation showing contributions to the 

SOMO from the NO2  group nitrogen (9.3 G '4N coupling in EPR spectrum of [3-NO2-

bpy]1 ) and the 6 and 5' (5' on the un-substituted py ring) carbon atoms (3.4 0 and 5.7 

G 'H couplings). The final, small 'H couplings are most likely due to the 5 and 3' 

protons. The fact that no coupling to the ring nitrogen nuclei is observed is 

mysterious and gives an indication of how the lack of symmetry has led to possible 

inaccuracies in the calculation. 

Figure 5.20 HOMO of[3-NO2-bpyt 

Calculations predicted that [Pt{3,3 '-(NO2)2-bpy}C12]2  is a singlet species with a 

ligand based HOMO (Figure 5.21). As for [3,3'-(NO2)2-bpy]2 , absolute electron 

densities cannot be given but it is clear that the molecular orbital containing the 

reduction electrons is ligand based with the majority of the electron density on the 

NO2  groups and C-C' bond joining the rings together. It also predicts that the orbital 

is spread over both NO2-py rings. This was difficult to determine using EPR alone. It 

can be seen from Figure 5.21 that the pattern of EPR coupling constants in the EPR 

spectrum of [Pt{3,3'-(NO2)2-bpy}C12]' agrees broadly with the calculation. The EPR 
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simulation suggests that there are four equal 14N coupling (the ring and NO2  group N-

atoms) constants and two identical protons. The calculated SOMO shows large 

contributions from the 5,5' positions but not from the 4,4' or 6,6' positions. Thus 

only two, identical proton couplings would be expected. 

Figure 5.21 HOMO of [P1(3,3 '-(NO2)2-bpy]C12t 

The calculated structure of 3-NO2-bpy was in good agreement with the structure 

determined by X-ray crystallography. A torsion angle of 154.4 ° was predicted (cf. 

151 ° in experimental structure). All other predicted bond lengths and angles were in 

agreement with their experimental counterparts. 

It was difficult to predict whether the di-anion [3-NO2-bpy]2  is in the cis or trans 

form as the energy difference between them is small (AEcisitrans  = 2.2 kcahnor', the cis 

form was considered for all molecules and found to be higher energy in all cases) 

However, the cis form was found to be slightly lower in energy and predicted a 

HOMO which is delocalized over both the substituted and un-substituted ring with a 
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slightly larger electron density on the substituted ring. There is a significant electron 

density on the NO2  group and the C-C' bond joining the rings together. 

The HOMO of the Pt(II) complex [Pt{3-NO2-bpy)C12]2  (Figure 5.22) was ligand 

based and spread over both rings in a similar manner to the free ligand. There was 

some delocalisation onto the Pt(II) centre. 

Figure 5.22 HOMO of[Pt(3-NO2-bpy)C12t 

5.3. 	Conclusions 

3,3 '-(NO-bpy undergoes two, reversible one-electron reductions. The first 

reduction electron is spread over both NO2-py halves of the ligand with a large 

electron density on the NO2  group. The second reduction is the spin pairing process. 

3-NO2-bpy undergoes a single, reversible one-electron reduction. No similarities 

were observed between the equivalent spectroelectrochemical results for 3,3 '-(NO2)2-

bpy and 3-NO2-bpy thus showing that the two are undergoing different redox 

processes i.e. delocalisation of the reduction electron over both NO2-py rings of [3,3'-

(NO2)2-bpy]' vs. localisation of the electron on the single NO2-py ring of [3-NO2- 
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bpy]'. 	It is postulated that of 3-NO2-bpy can form a fully conjugated resonance 

structure giving rise to electron delocalisation onto the un-substituted py ring. 

[Pt{3,3 '-(NO2)2-bpy}C12] also undergoes two, reversible one-electron reductions at 

unusually positive potentials. This is likely to be either an effect of the interfering 

steric bulk of the substituting groups or the unusual, twisted geometry of the 3,3'-

(NO2)2-bpy ligand. The first reduction is ligand-based with a significant electron 

density on the NO2  group. The second reduction is a spin pairing process. 
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6. Determination of the site of reduction for 4-NO2-bpy 

and 4-15NO2-bpy and their Pt(lI) complexes 

6.1. 	Introduction 

Previous EPR studies on NO2  substituted bpy derivatives 5,7 have commonly found 

two 14N hyperfine coupling constants in the EPR spectra of mono-reduced species. It 

has always been assumed that the larger coupling constant (usually about 10 G) 

corresponds to the NO2  14N atom whereas the smaller coupling corresponds to the 

ring 14N. This assumption has been proven for 4-NO2-py by Itoh et al.'°' It was 

found that only the largest 14N coupling was affected by isotopic substitution of 14N 

by '5N (giving [4-15NO2-py] '). The size of this coupling increased from 8.72 G for 

to 12.3 G for '5N and the number of lines observed was reduced by the change of 

nuclear spin from I = 1 to I = V2. The coupling constants for an unpaired electron in a 

pure valence s orbital (a(ns)) are 54.95 mT and -77.07 mT for '4N and 15N 

respectively. 102 The magnitude of the a(ns, 4N)I a(ns,15  N)  ratio is therefore 0.713 and 

this correlates with the a('4N)/a('5N) coupling constant ratio for [4-14115NO2-py]' of 

0.709. Thus the largest N coupling can be assigned unambiguously as arising from 

the NO2  group. The EPR of spectrum of [4-NO2-py]' compared favourably with that 

from Jack .7 

To date, no attempt has been made to obtain similar results for a 15NO2  substituted 

bpy derivative due to the difficulty and considerable expense in obtaining suitable 

quantities of 15N labelled reagents. However, a modification of the method for the 

preparation of 4-NO2-bpy from Woodward 33 produced sufficient quantities of product 
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in high yield to make the preparation of 4-15NO2-bpy viable. Thus it was decided to 

synthesise 4-15NO2-bpy and [Pt(4-15NO2-bpy)C12] and repeat the experiments from 

Jack with the aim of showing a difference in the EPR spectrum only. 

Jack found that 4-NO2-bpy exhibited a fully reversible one-electron reduction at -0.72 

V (0.1) vs. Ag/AgC1 in 0.1 M [TBA][BF4]/DMF while [Pt(4-NO2-bpy)Cl2] exhibited 

two fully reversible one-electron reductions at -0.34 V (0.06) and -0.93 V (0.07) vs. 

Ag/AgC1. 

Both 4-NO2-bpy and [Pt(4-NO2-bpy)Cl21 were studied using in-situ IJVIVis/NIR 

spectroelectrochemistry. 4-NO2-bpy exhibited a single peak at 32,100 cm' (s = 7,100 

M-1  cm') whereas the mono-reduced species [4-NO2-bpy]' showed two UV/Vis 

peaks at 35 000 and 20 600 cm-1  (c = 17 200 and 4 800 M' cm-1  respectively). The 

neutral species [Pt(4-NO2-bpy)CI21 showed bands at 24,000 cm4, 32,000 cm' and 

37,200 cm-1 (c = 6 000, 14 200 and 20 300 M 1  cm-1 respectively). Generation of 

[Pt(4-NO2-bpy)C12]1  produced a broad band at 10 400 cm' (6 = 3 000 M 1  cm-') with 

additional peaks at 16 700, 17 700, 20 600, 22 800 and 36 600 cm' (c = 4 200, 4 500, 

5 400, 11 900 and 36 600 M' cm' respectively). The di-reduced species [Pt(4-NO2-

bpy)C12]2  had bands at 11500, 23 700(sh), 25 300(sh), 27 100(sh), 32 700 and 36 400 

cm' (6 = 4400, 7 100, 9 500, 11400, 25 100 and 32 600 M' cm'). 

[4-NO2-bpy]' gave an 11 line EPR spectrum centred at g = 2.0056 which was 

simulated with 2 x '4N nuclei (8.20 0 and 2.55 G), 2 x 1H nuclei (2.96 G) and a single 

1H nucleus (0.4 G). The Pt(II) analog [Pt(4-NO2-bpy)Cl21' revealed a spectrum 

centred at g = 2.0054 which was simulated using a single 195Pt nucleus (35.0 0), a 
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single 14N nucleus (5.05 G), 2 x 111 nuclei (3.50 G) and a single 'H nucleus (1.80 G). 

The assumption was made that the largest 14N coupling for [4-NO2-bpy]' and the 

single 14N coupling for [Pt(4-NO2-bpy)C12]' correspond to the NO2  14N nucleus. 

The aim of this chapter is to give the equivalent results for 4-'5NO2-bpy and [Pt(4-

15NO2-bpy)Cl2' - and thus prove that the site of electro-reduction contains significant 

NO2  character. 

6.2. 	Results and Discussion 

6.2.1. 4-NO2-bpy and 4-15NO2-py 

6.2.1.1. Electrochemistry 

Both 4-NO2-bpy and 4-15NO2-bpy exhibited a reversible one-electron reduction in 0.1 

M [TBA][BF4]/DMF (Figure 6.1) with an irreversible process as a more negative 

potential. The Ey. values of these are shown in Table 6.1 along with the equivalent 

result from Jack .7  It can be seen that the E 2  values are identical within experimental 

error, thus substitution of the '5N nucleus in the NO2  group has no effect on the 

absolute reduction potentials of the ligand. 
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-1.5 	-1.0 	-0.5 	0 
E/V 

Figure 6.1 Cyclic voltammetry of [Pt(4-'5N02-bp) Cl2] vs. Ag/AgCI in 0.1 M 

[TBAJIBF4J/DMF at 293 K 

Ey2rev /V 	IEirr/V 

-0.72 (0.10)a  -1.63 

-0.72 (0.07) -1.74 

-0.73 (0.07) -1.80 

4-NO2-bpy (Jack) 

4-NO2-bpy 

41  5NO2-bpy 

Table 6.1 Reduction potentials of 4-NO2-bpy and 4-15NO2-bpy vs. Ag/A gCl in 0.1 M 

[TBAJ[BF4J/DMF (a) 

6.2.1.2. UVNis/NIR Spectroelectrochemistry 

Two peaks are observed in the IJV/Vis/NIR spectra of 4-NO2-bpy and 4-'5NO2-bpy 

(Figure 6.2, blue spectrum) in 0.1M [TBA][BF4]/DMF at 233 K. On holding the 

potential at -1.5 V vs. AgIAgC1, [4-NO2-bpy]' and [4-"NO2-bpy]' were generated, 

showing one large peak with a lower energy shoulder and one small peak in their 

UV/Vis/NIR spectra (Figure 6.2, red spectrum). A low intensity, broad peak was also 

observed in the NIR region. The results for 4-NO2-bpy and 4-15NO2-bpy were 

identical and compared well with those from Jack. Thus, the addition of the 15N 
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isotope in the NO2  position has no effect on the UV/Vis/NIR spectra of 4-NO2-bpy 

and [4-NO2-bpy]1 . The results are summarised in Table 6.2. 

V/ CM-1  

(c/ M'cm) 

v/ cm 

(ci M'cm 1 ) 

vi cm 1  

(/ M 1cm') 

4-NO2-bpy 35 700 31 600 - 

(Jack)7  (11 100) (3 500) 

4-NO2-bpy 35 800 31 300 - 

(13 100) (5 200) 

4-15 NO2-bpy 35800 31 300 - 

(14 100) (4 800) 

[4-NO2-bpy]1  32 400 - 20 700 

(Jack)7  (15 800) (8 000) 

[4-NO2-bpy]1  34 900 30 300sh 20 700 

(18 900) (8 700) (6 200) 

[4-15 NO2-bpy]1  34 900 30 300sh 20 700 

(24 100) (9 100) (6 600) 

Table 6.2 Summary of the UV/Vis/NIR peaks of 4-NO2-bpy, 4-15NO2-bpy, [4-NO2-

bpyJ1  and [4-'5NOrbpyJ' 
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Determination oft/ic site of reduction for 4-NO.-bpy and 4-'5NO2-bpy and their Pt(JJ) comple,es 

Figure 6.2 UV/Vis/NIR absorption spectra of 4-15NO2-bpy (blue) and 14-15NO2-

bpyJ' (red), in O.JM fTBAJ,IBF4J/DMF showing partially reduced curves, T = 233 

K. Potential held at -1.5 Vvs. Ag/AgCl. 

6.2.1.3. EPR Spectroelectrochemistry 

Of the three electrochemical/spectroelectrochemical techniques, only EPR 

spectroelectrochemistry could distinguish between [4-NO2-bpy]' and 

[4-15NO2-bpy] '. Both ligands were EPR silent when neutral. Spectra grew in on 

application of -1.5 V vs. AgIAgCI. These are shown in Figure 6.3 and Figure 6.4 and 

were simulated using the values shown. 
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Experimeni 

3345 	 Magnetic field IG 	 3385 

Simulation 

A1N =  7.2 G 
A1N =  3.0 G 
A2H =  2.6 G 
A1H =  0.4 G 
AHpp = 0.50 
LIG = 0 
g 0= 2.0054!  

3345 	 Magnetic field IG 	 3385 

Figure 6.3 Experimental and simulated EPR spectra of [4-NO2-bpyJ' generated in 

situ at -1.5 Vvs. Ag/A gCI at 233 K, recorded at 233 K in 0.1 MJTBAJJBF4J/DMF. 
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Experimenta 

3350 	 3380 
Magnetic field IG 

Simulatior 

rA1 
15 N - 

A1 14N — 3.0
A2N =  2.6 C 
A1H =  0.4 C 
AHpp = 0.4 
L/G = 0 
g 0= 2.005 

3350 	 Magnetic field IG
3380 

Figure 6.4 Experimental and simulated EPR spectra of 14-'5NO2-bpyJ' generated 

in situ at -1.5 V vs. Ag/A gCl at 233 K, recorded at 233 K in 0.1 M 

ITBAJ(BF4J/DMF. 
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It is quite clear that to achieve a successful simulation, the largest N coupling had to 

be changed to account for the '5N nucleus in [4-' 5NO2-bpy]' -. Thus it is obvious that 

the largest reduction electron density is on the NO2  group and not the ring N. It is 

also noteworthy that the a('4N)/ a('5N) ratio is 0.720 which correlates with the 

a(ns, '4N)/ a(ns,'5N) ratio of 0.713.102 

6.2.2. fPt(4-NO2-bpy)C1 and [Pt(4- 15NOrbpy)Cl2] 

6.2.2.1. Electrochemistry 

The complexes [Pt(4-NO2-bpy)C12] and [Pt(4-"NO2-bpy)C12] exhibited two, fully 

reversible one-electron reduction processes (Figure 6.5). The Ey2  values are given in 

Table 6.3 along with those from Jack. It can be seen that all values are identical 

within experimental error i.e. the addition of the 15N in the NO2  group has no effect on 

the absolute reduction potentials of the complex. 

iIA 

-1.5 	-1.0 	-0.5 
E!V 

Figure 6.5 Cyclic vollammetry of [Pt(4-'5NO2-bpy) Cl2] vs. Ag/AgCI in 0.1 M 

[TBA][BF4J/DMF at 293 K 
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E 2,1N 	I E 2 2 IV 

[Pt(4-NO2-bpy)C121 (Jack)' 

[Pt(4-NO2-bpy)C12] 

[Pt(4- '5NO2-bpy)C12] 

-0.34 (0.06)a  -0.93 (0.07) 

-0.34 (0.08) -0.96 (0.07) 

-0.38 (0.07) -1.00 (0.09) 

Table 6.3 Reduction potentials of [Pt(4-NO2-bpy) Cl2J and [Pt(4-'5NO2-bpy)C121 vs. 

Ag/A gCl in 0.1 M [TBAJ[BF41/DMF (a) Epa Epc  

6.2.2.2. UV/Vis/NIR Spectroelectrochemistry 

Table 6.4 shows a summary of the UVIVis/NIR peaks of [Pt(4-NO2-bpy)C12], [Pt(4-

'5NO2-bpy)C121, [Pt(4-NO2-bpy)C12]' -, [Pt(4-' 5NO2-bpy)C12]' -, [Pt(4-NO2-bpy)C12]2  

and 	[Pt(4-'5NO2-bpy)C12]2  and a comparison with those from Jack .7  It is clear that 

the 15N label makes little difference to the IJV/VisINIR spectra of corresponding 

compounds. 
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[Pt(4-NO2-bpy)C12] (Jack) 

[Pt(4-NO2-bpy)C12] 

[Pt(4-' 5NO2-bpy)C12] 

[Pt(4-NO2-bpy)C12]' - (Jack)7  

[Pt(4-NO2-bpy)C12] 1- 

[Pt(4-' 5NO2-bpy)C12]' - 

[Pt(4-NO2-bpy)C12]2  (Jack)7  

[Pt(4-NO2-bpy)C12]2  

[Pt(4-' 5NO2-bpy)C12]2  

v/ cm 

(/ M'cm) 

37200 

(20 300) 

36 800 

(17 300) 

36 800 

(17 300) 

36 600 

(29 800) 

36 700 

(17 900) 

36 700 

(18 400) 

36400 

(32 600) 

36 600 

(16 900) 

36 100 

(16 700) 

V/ CM-1  

(8/ M'cm 1  

32 000 

(14 200) 

32 200 

(6 800) 

32 200 

(10 600) 

32 100 

32 300 

(6 700) 

32 300 

(10 700) 

32 700 

32 500 

(8 300) 

32200 

(12 800) 

V/ CM-1  

(c/ M'cm 1  

24 000 

(6 000) 

23 900 

(1 900) 

23 900 

(5 900) 

22 800 

(11 900) 

22 900 

(3 100) 

22 900 

(8 200) 

25 300 

24 200 

(2 800) 

23 700 

(6 600) 

Table 6.4 Summary of the UV/Vis/NIR peaks of [Pt(4-NO2-bpy) C121, [Pt(4-15NO2- 

bpy)C12J, [Pt(4-NO2-bpy)C12t9  fPt(4-'5NO2-bpy)C12J' 1. [Pt(4-NO2--bpy)C121' and 

[Pt(4-15NO2-bpy)C12t 

143 



Determination of the site of reduction for 4-NObpy and 4-' 5IVOr-1py and their P1(11) complexes 

6.2.2.3. EPR Spectroelectrochemistry 

Both [Pt(4-NO2-bpy)C12] and [Pt(4-15NO2-bpy)Cl2] gave diamagnetic solutions but on 

holding the potential at -0.6 V, the spectra in Figure 6.6 and Figure 6.7 grew in. An 

approximate simulation of the [Pt(4-NO2-bpy)C12]' spectrum was achieved using the 

values from Jack .7  However, these values did not give a good simulation for {Pt(4-

'5NO2-bpy)C12]' - thus re-simulation was attempted giving the results shown. It is 

interesting to note that there are two '4N coupling constants present in the EPR 

spectrum of [Pt(4-NO2-bpy)C12] . It would normally be assumed that the larger (4.5 

G) coupling constant corresponds to the NO2  group. However, the results show that 

the N from the NO2  group gives the smaller coupling constant. Thus, the electron 

withdrawing Pt(II) nucleus withdraws electron density away from the NO2  group and 

onto the ring, leading to a large '4N coupling to one of the ring N nuclei. 

It should be noted that the a('4N)/ a('5N) ratio is 0.733. This correlates with the 

a(ns,'4N)/ a(ns,'5N) ratio of 0.713.102 
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3330 	 3400 
Magnetic Field IG 

3330 	 3400 
Magnetic Field /0 

Figure 6.6 Experimental and simulated EPR spectra of fPt(4-NO2-bpy)C12t 
generated in situ at -0.6 V vs. Ag/A gCl at 233 K, recorded at 293 K in 0.1 M 

[TBAJIBF4J/DMF. 
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3330 	 3400 
Magnetic Field IG 

Simulation 

aipt 35.5 G 
A115N = 4.5 G 
A1N = 4.5 G 
A1H = 3.1 G 
A1H = 1.5 G 
AHpp  = 1.4 G 
L/G = 0 
g 0= 2.0033 

3330 
Magnetic Field IG 

3400 

Figure 6.7 Experimental and simulated EPR spectra of fPt(4-'5NO2-bpy)C12J' 

generated in situ at -0.6 V vs. Ag/AgCI at 233 K, recorded at 293 K in 0.1 M 

[TBAJJBF4J/DMF. 
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6.2.3. Calculations on 4,4'-( NO2)2-bpy, (Pt(4,4'-(NO2)2-bpy)C12], 

4-NO2-bpy and [Pt(4-NO2-bpy)C12] 

Calculations on these compounds were somewhat incongruent with the experimental 

results. 4,4 '-(NO2)2-bpy was found to be flat, whereas the crystal structure has 

already shown there be an angle of 1.1 (3)° between the two NO2-py rings. 

The lowest energy form of the di-reduced anion was calculated as a trans triplet with 

a singlet/triplet energy gap of 6.8 kcalmor'. There were two closely spaced 

molecular orbitals, each of which contained one electron (Figure 6.8). This fitted the 

experimental result from Jack who showed that [4,4'-(NO2)2-bpy]2  is a paramagnetic 

species.7  However, the calculations also showed the SOMO levels to be spread over 

both NO2-py halves of the molecule, contrary to the results from Jack which showed 

the electrons to be localised on each NO2-py half of the di-reduced anion. 

9 
9.9 

Figure 6.8 SOMO Levels of [4,4 '-(NO2)rbpyf with % electron density on each 

nucleus 

The di-anion [4-NO2-bpy]2  was found to be a trans singlet species with singlet/triplet 

energy gap of 2.1 kcalmoi'. The HOMO was localised mostly on the NO2-py moiety 

(Figure 6.9) but there was considerable delocalisation onto the un-substituted py ring. 



Determination of the site of reduction for 4-NOrbpy and 4.'NO2-bp' and their Pt(II) complexes 

Close examination of the molecular orbital reveals consistencies with the EPR 

spectrum of [4-NO2-bpy] which was previously thought to have a HOMO which is 

completely localised on the NO2-py half of the molecule (Figure 6.3). Two 14N (one 

large and one small) couplings are observed along with two identical protons and a 

single proton. The calculations show broadly the same pattern and an attempt to 

correlate coupling constants with proton nuclei is given in Table 6.5. 

12.4 

9.2 
8.3 

5.6 	45 2.3  

15.9 

17.7 

Figure 6.9 HOMO of 14-NO2-bpyf with % electron density on each nucleus 

Nuclei Size of Assignment as % Electron Q /G 

coupling /G in Figure 1.1 density on 

nucleus 

2 x 'H 2.6 H5 (NO2-py) 11.9 (average) 23.8 

H5'(py) 

lx 'H 0.4 H3(py) 3.1 12.9 

Table 6.5 Assignment of coupling constants in the EPR spectrum of[4-NO2-bpyJ1  

The lowest energy form of [Pt{4,4'-(NO2)2-bpy}C12]2  was found to be a singlet 

species. This is again contrary to the results from Jack. However, the singlet/triplet 

energy gap was low (1.1 kcalmol 1) thus, the existence of a triplet species is not 

inconceivable. [Pt(4-NO2-bpy)C12]2  was also found to be singlet with a HOMO 

which is mainly localised on the NO2-py half of the molecule. An attempt to correlate 

the electron densities with hyperfine coupling constants was made but the McConnell 
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equation revealed nonsensical values of Q. Thus the validity of the calculation is 

questionable. 

6.2.4. Conclusion 

4-NO2-bpy, 41 5NO2-bpy, {Pt(4-NO2-bpy)C12] and [Pt(4-15  NO2-bpy)Cl2]  have been 

synthesised successfully. The free ligands 4-NO2-bpy, 4-15NO2-bpy exhibit a single, 

reversible one electron reduction whereas both [Pt(4-NO2-bpy)C12] and [Pt(4-15NO2-

bpy)C12] have two reductions. The first reduction of each compound has previously 

been shown to be ligand based. The results reported here confirm this and the EPR 

spectroelectrochemical results show that the largest electron density on the singly 

reduced ligands is on the NO2  group. The largest electron density in [Pt(4-NO2-

bpy)C12]' is shown to be a ring nitrogen. [Pt(4-'5NO2-bpy)C12]' contains two equally 

large N coupling constants in the EPR spectrum. One of these is to a '5N nucleus and 

one is to 14N. The 15N coupling must be the NO2  group and therefore the '4N coupling 

is a ring nitrogen. 
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7. Electrochemical and Spectroelectrochemical 

Properties of the 4-p-NO2-ph-tpy and 4-m-NO2-ph-

tpy ligands and their complexes with iron 

7.1. 	Introduction 

The tridentate N-donor ligand most directly related to 2,2'-bipyridine is 2,2':6',2' 

terpyridine (tpy). Tpy and 4'-ph-tpy (Figure 7.1) undergo one-electron reduction 

processes at -2.07 V and -1.99 V respectively vs. Ag/AgC1.19  The wave obtained for 

tpy had no anodic peak whereas 4'-ph-tpy exhibited both cathodic and anodic peaks. 

No oxidations were observed for either ligand. The effect of adding a phenyl ring to 

the middle ring of tpy has resulted in an easier reduction (i.e. a shift to more positive 

potentials). This is in agreement with the electron withdrawing nature of a phenyl 

substituent. There is one report of the absorption spectrum of chemically generated 

[tpy] 1 Y°3  
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Figure 7.1 tpy (left) and 4-ph-tpy (right) 
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Electrochemical and Spectroeleclrochenhical Properties of the 4 -p-NOrph-tpy and 4 -m-NO2-ph-tpy ligands and their complexes with iron 

The ligand with the nitro group directly attached to the 4' position of tpy has been 

synthesised. The NO2  group was found to dramatically decrease the ease of oxidation 

of the complex [Ru(4'-X-tpy)2]2  (X = NO2  or N1712)  when compared to the NI-12  

analogue (Ey. = 0.356 V and 0.963 V for [Ru(4'-NH2-tpy)2]2  and [Ru(4'- NO2-

tpy)2]2  respectively). 104  The uses of 4'-ph-tpy ligands with an NO2  group in the meta 

or para position of the ph ring (Figure 7.2) have been reported in connection with 

06 supra-molecular architectures' 05,  metal 	 and the formation of luminescent 

metal chelates'°7  for protein labelling. Primov and co-workers' 08  studied the binding 

kinetics of a number of tpy derivatives including 4'-p-NO2-ph-tpy. This exhibited the 

smallest second order rate constant for the formation of mono(ligand) metal(II) ions 

[ML]2 . Mutai et a1I09  have also reported this ligand as one of a series of fluorescent 

compounds. It was found that addition of the 4'-ph group led to a marked 

improvement in fluorescence whereas no fluorescent properties were detected for the 

4'-p-NO2-ph-tpy derivative. The nitro group also had little effect on the absorption 

spectrum of 4'-p-NO2-ph-tpy compared to 4'-ph-tpy. 

Figure 7.2 4 '-p-NO2-ph-tpy (left) and 4 '-m-NO2-ph-tpy (right) 
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Semi-empirical MO calculations showed that the HOMO and LUMO of 4'-ph-tpy are 

localised on the central py ring. The introduction of mildly electron donating groups 

in the para position has little effect on this. The introduction of the strongly electron-

donating NH2  group changed the levels such that the HOMO was based on the phenyl 

group and the LUMO on the central py ring.' 09 

The most recently reported synthesis of 4'-p-NO2-ph-tpy is that of Williams and co 

workers who utilised the palladium mediated cross-coupling reaction of 4'-Br-tpy 

with the appropriate aryl boronic 	'10 They also reported a lack of fluorescent 

properties for 4'-p-NO2-ph-tpy. 

The iron complex of tpy [Fe(tpy)2]2  revealed two one-electron, reversible reductions 

at -1.48 V and -1.66 V vs. Ag/AgC1. There was also a one-electron oxidation at 0.89 

V vs. AgIAgCl.'°3  Braterman et a! found UVIVis absorptions indicative of tpy irc 

transitions and a MLCT band at 17 000 cm-1 in the UV/Vis spectrum of [Fe(tpy)2]2 . 

The mono-reduced complex [Fe(tpy)2]' revealed absorptions characteristic of tpy and 

[tpy]'-  and thus the reduction electrons were assigned as being localised on each tpy 

ring as opposed to being delocalised over both. The two reduction processes of 

[Fe(tpy)2]2  are thus assigned to the sequential reductions of the tpy ligands giving the 

products [Fe(II)(tpy')(tpy)] and [Fe(II)(tpy')21 and the oxidation processes as metal-

based giving the species [Fe(III)(tpy)2]3 . Morris" also came to this conclusion from 

EPR studies on the complex reduced ex-situ. 

[Fe(tpy)2]2  was crystallised as the perchiorate salt and studied by X-ray diffraction 

(Figure 7.3).' 12  The compound was found to be monoclinic with a P21  space group 
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with two molecules per unit cell. The average Fe-N(central tpy ring) and Fe-N(distal 

tpy ring) distances were 1.891(5) A and 1.988(10) A respectively i.e. There was a 

marked tetragonal distortion. If the z-axis is defined to contain the two central py ring 

N-atoms, then the distal N atoms must compose the xy plane. Only one t2g  orbital 

(d) can overlap with the ir orbitals of the distal groups, whereas all the other t2g 

orbitals are orientated for favourable overlap with the 	orbitals of the central ring 

N-atoms. Thus the bond order is greater for the central Fe-N(central tpy ring) leading 

to shorter bonds. The ligand was also slightly "bowed" with C(10)-C(11)-N(3) and 

(N2)-C(l0)-C(l 1) angles of 110.4(6) A and 115.0(7) A respectively. 

Figure 7.3 ORTEP view of[Fe(tpy)2f 
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7.2. 	Results and Discussion 

7.2.1. 4-p-NO2-ph-tpy and 4-m-NO2-ph-tpy Ligands 

7.2.1.1. Electrochemistry 

The cyclic voltammograms of tpy and 4'-ph-tpy revealed reversible one-electron 

reductions at E,/2 =  -1.99 V (0.13) and -1.86 V (0.07) respectively vs. Ag!AgC1 in 0.1 

M [TBA][BF4]/DMF. The less negative reduction of 4-ph-tpy reflects the electron 

withdrawing nature of the phenyl group. 

A reversible, one-electron reduction of 4'-p-NO2-ph-tpy was observed at -0.88 V 

(0.07) with a second reduction at -1.50 V (0.08) vs. AgIAgCl in 0.1 M 

[TBA] [BF4]/DMF (Figure 7.4). Cyclic voltammetry suggested that the second 

reduction was reversible but attempts to generate an in-situ UV/Vis/NIR spectrum of 

the di-anion produced non-isosbestic results and the original spectrum could not be re-

generated. Thus on the cyclic voltammetric timescale the second one-electron 

reduction process is reversible but on an extended electro-generation timescale the di-

reduced anion is unstable. All further experiments were undertaken on the stable 

mono-reduced state. 
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-2.0 	-1.5 	-1.0 	-0.5 
EIV 

Figure 7.4 Cyclic voltammetry of 4 '-p-NOrph-tpy vs. Ag/A gCl in 0.1 M 

[TBAJ[BF4J/DMF at 293 K 

The cyclic voltammogram of 4'-m-NO2-ph-tpy contained a reversible one-electron 

reduction at -0.93 V (0.13) with an irreversible process at -1.7 V vs. Ag!AgCI in 0.1 

M [TBA] [BF4]IDMF. The oxidation of a daughter product associated with the 

irreversible reduction appeared at -0.7 V. 

The large positive shift of the E. values of 4'-p-NO2-ph-tpy and 4'-m-NO2-ph-tpy 

compared to tpy and 4'-ph-tpy indicates the importance of the NO2  group in 

increasing the ease of reduction i.e. the electron withdrawing group stabilises the 

reduced state and thus moves the reduction potential to a less negative value. All 

reversible processes gave linear plots of i na,, vs. Iv indicating that the process is under 

diffusion control. 

7.2.1.2. In-situ UVN1s/NIR Spectroelectrochemistry 

Tpy showed one UV band at 35 900 cm' (c = 20 000 M'cm') with shoulders at 33 

100 cm-' (E = 20 600 M'cm') and 31 900 cm (c = 14 300 M'cm', Figure 7.5, blue 

spectrum). On applying a potential of -2.5 V, the high energy absorption collapsed 
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and new bands at 26 400 cm, 25 700 cm-1 (sh), 17 200 cm' and 15 800 cm' (s = 20 

900, 19 600, 5 400 and 4 700 M 1 cm' respectively) grew in along with a broad, low 

energy band centred around 13 000 cm'. Isosbestic points were observed at 37 200 

cm-1 and 31 500 cm' (Figure 7.5, red spectrum). The spectrum obtained is in broad 

agreement with those of tpy and chemically generated [tpy]' as reported by 

Braterman et al and the bands are assigned to a) intra-ligand charge transfer from the 

SOMO to higher level it at low energy and b) intra-ligand charge transfers from the 

highest energy it orbitals. 103 
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Figure 7.5 UV/Vis/NIR absorption spectra of tpy (blue) and [ipyt (red) in 0.1 M 

[TBAJ[BF4J/DMF, T = 233 K showing partially reduced curves. Potential held at 

-2.5 Vvs. Ag/AgCL 

In situ electrochemical reduction of 4'-ph-tpy was attempted but proved unsuccessful. 

4-p-NO2-ph-tpy displayed a high energy band at 35 000 cm-1 with a shoulder at 33 

600 cm-1  (E = 40 600 and 21 700 M'cm'). Generation of the mono-reduced species, 
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resulted in bands at 35 700 cm-1, 27 000 cm 1, 23 950 cm' and 13 900 cm-1 (s = 34 

600, 18 200, 13 400, and 9 700 M'cm respectively). An isosbestic point was 

observed at 29 600 cm' indicating clean conversion of the neutral to mono-reduced 

species (Figure 7.6). Di-reduction of the ligand was attempted but the di-anion was 

found to be unstable even at 233 K. 
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Figure 7.6 UV/Vis/NIR absorption spectra of 4 '-p-NO2-ph-tpy (blue) and [4 '-p-

NOrph-tpyJ' (red) in 0.1 M [TBAJ[BF4J/DMF, T = 233 K showing partially 

reduced curves. Potential held at -1.5 V vs. Ag/AgC1. 

The UV/Vis/NIR spectrum of 4 '-m-NO2-ph-tpy was different to that of tpy and 4-p-

NO2-ph-tpy in that it had two bands. The first of these was at 36 300 cm-1 and the 

second at 31 800 cm-1 with a shoulder at 30 600 cm-1. On mono-reduction of this 

ligand, the original bands increased in intensity giving a band at 35 500 cm' (6 = 51 

200 M'cm') with the further band and shoulder remaining at the same frequency. A 

low intensity band grew in at 20 700 cm-' (c = 3 600 M'cm'). The isosbestic point at 
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37 100 cm-1  indicates clean conversion of the neutral to mono-reduced species (Figure 

7.7) 
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Figure 7.7 UV/Vis/NIR absorption spectra of 4-;n-NO2-ph-tpy (blue) and [4 -m-

NO2-ph-tpyJ' (red) in 0.1 M [TBAJ[BF4J/DMF, T = 233 K showing partially 

reduced curves. Potential held at -1.5 V vs. Ag/A gCl. 

A irit  absorption band around 35 000 cm-1  in all tpy derivatised ligands is 

characteristic of the pyridine moiety. Thus observation of a band around this energy 

in both the neutral and mono-reduced 4-p-NO2-ph-tpy suggests that the reduction 

electron enters a molecular orbital which has only a small contribution at most from 

some or all of the pyridine rings i.e. the reduction electron is not delocalised over all 

the aromatic rings. There are obvious similarities in the spectra of [tpy]' and [4'-p-

NO2-ph-tpy]' with bands around 14 000 cm-1  and 25 000 cm-1 . However, there are 

also marked differences in that [4'-p-NO2-ph-tpy] 1  has no absorption band in the NIR 

region of the spectrum. This implies that there is a larger energy difference between 

the LUMO and the LUMO+1 orbitals in 4-p-NO2-ph-tpy compared to tpy i.e. the NO2  

substituent has a marked electronic effect on the LUMO orbital. Thus the unpaired 
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electron is suggested to enter a molecular orbital which contains a significant 

contribution from the 4'-p-NO2-ph moiety in [4'-p-NO2-ph-tpy]' 

In stark contrast, no bands characteristic of [tpy]' were observed in the IJV/Vis/NIR 

spectrum of [4'-m-NO2-ph-tpy]'. Thus, it is implied that the LUMO of the meta 

derivative contains less delocalisation onto the tpy than for the para derivative. 

7.2.1.3. In-situ EPR Spectroelectrochemistry 

The ligands and their reduced analogs were studied using in-situ, variable temperature 

EPR spectroelectrochemistry. Initially, tpy, 4'-p-NO2-ph-tpy and 4'-m-NO2-ph-tpy 

were diamagnetic in DMF solution but the mono-reduced ligands were EPR active. 

[Tpy]' has an isotropic EPR spectrum at 233 K with g = 2.00255. Some fine 

structure is present on setting the modulation at 0.04 0 but it has not been possible to 

simulate the experimental spectrum. The species was found to be highly temperature-

unstable as indicated by the collapse of the peak on increasing the temperature to 253 

K and higher temperatures. Attempts to produce a spectrum in MeCN and THF were 

unsuccessful. 

Both [4'-p-NO2-ph-tpy]1  and [4'-m-NO2-ph-tpyj' gave symmetric EPR spectra as 

shown in Figure 7.8 and Figure 7.9. These were simulated successfully using the 

values shown in the figures. 
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Experim 
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Figure 7.8 Experimental and simulated EPR spectra of[4 '-p-NO2-ph-tpyt 

generated in situ at -1.3 V vs. Ag/AgCI at 233 K, recorded at 293 K in 0.1 M 

[TBAJ[BF4JIDMF. 
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Experi mE 
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Figure 7.9 Experimental and simulated EPR spectra of[4 '-m-NO2-ph-tpyJ' 

generated in situ at -1.3 V vs. Ag/A gCI at 233 K, recorded at 293 K in 0.1 M 

ITBAJ[BF4J/DMF. 
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The EPR spectrum of [4'-p-NO2-ph-tpy]1  shows two '4N couplings, one much larger 

than the other. EHMO calculations indicate that the NO2  group and the ring nitrogen 

of the central py ring are responsible for these. The UV/VisINIR absorption results 

indicate that the NO2-ph moiety has a significant influence on the electronic structure 

of the molecular orbital occupied by the reduction electron. The large 14N coupling is 

therefore assigned to the nitrogen of the NO2  group and the smaller coupling to the 

central pyridine nitrogen. There appears to be little delocalisation of the reduction 

electron onto the terminal py rings in agreement with the absorption spectrum of [4'-

p-NO2-ph-tpyll'. EHMO calculations on 4'-p-NO2-ph-tpy suggest that the largest of 

the 1H couplings is to the hydrogen atoms meta to the C(4')-C(Ph) bond. The other 4 

identical 1H couplings are to the remaining two sets of protons on the phenyl ring 

meta to the C(4')-C(Ph) bond) along with the two protons 3' and 5' on the central py 

ring (see Figure 7.2 for atom numberings). 

The EPR spectrum of [4'-m-NO2-ph-tpy]1  can be interpreted by coupling of the 

unpaired electron to one 14N only. This is postulated to be from the NO2  group. 

EHMO calculations on 4'-m-NO2-ph-tpy indicate that the three largest 'H couplings 

are to the hydrogens ortho and para to C(4')-C(Ph) bond with the smallest coupling to 

the meta hydrogen on the phenyl ring. The fact that no coupling is observed to the 

pyridine '4N indicates less delocalisation onto the tpy component of the ligand than 

for [4'-p-NO2-ph-tpy]' which is consistent with the UV/Vis/NIR results. The larger 

coupling to the NO2  14N in the meta derivative compared to the para derivative is also 

in agreement with this as it shows a greater electron density on the NO2-ph moiety 

than for [4'-p-NO2-ph-tpy]' (see Figure 7.2 for atom numberings). 

162 



Electrochemical and Spectroelectrochemical Properties of the 4-p-N0rplI-tpy and 4 .rn-NOrph-ipy ligands and their complexes with iron 

It is thus clear for both ligands that the effect of the NO2  group is to localise the 

reduction electron in the ph ring as opposed to the tpy moiety. These results suggest 

that there is some delocalisation of the reduction electron onto the central py ring of 

4'-p-NO2-ph-tpy but the electron is localised entirely on the 4'-m-NO2-ph moiety of 

4 '-m-NO2-ph-tpy. 

7.2.2. Octahedral Fe(H) complexes of tpy, 4'-ph-tpy, 4'-p-NO2-

ph-tpy and 4'-m-NO2-ph-tpy 

7.2.2.1. Crystal Structures 

Crystal structures of [Fe(4'-ph-tpy)2][BF4]2  and [Fe(4'-p-NO2-ph-tpy)211[BF4]2  were 

obtained by dissolving the purple complexes in DMF and allowing DEE to diffuse in 

slowly. The crystal structures are shown in Figure 7.10 and Figure 7.11 and 

Crystallographic data are given in Table 7.1 to Table 7.4. 

Figure 7.10 Crystal Structure of [Fe(4 '-ph-tpy)/ 
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Chemical formula [Fe(Ph Data collection method co + phi 
tpy)2][BF4]2.2DMF 

Al, 994.38 Absorption correction Multiscan 

Cell setting, space Triclinic, P-I Tmjn 0.260 
group 

a, b, c (A) 10.0557 (5), 21.3097 1.000 
(10), 21.4116(9) 

a, 3, y(°) 89.531 (3), 76.449 (3), No. of measured, independent and 12587, 12588, 9240 
88.160(3) observed parameters 

v(A) 4458.1(4) Criterion for observed reflections I> 2a(1) 

Z 4 

D (Mg m 3) 1.482 

Radiation type Mo Kce Rrnt 0.000 

No. of reflections for 7100 0,, 	(°) 22.5 
cell parameters 

0 range (°) 2-30 Range of h, k, 1 -10 —* h --> 10 
-22 —> k —* 22 
0-+1-* 23 

m (mm') 0.42 Refinement on F2  

Temperature (K) 150(2) R[P > 2cy(F2)], wR(F2), S 0.081, 0.214, 1.14 
No. of relections 12588 reflections 
No. of parameters 1267 

Crystal form, colour Plate, purple 

H-atom treatment No H atoms present 
Weighting scheme Calculated 	w = 

1/[&(F 2) + (0.0579P)2  
+ 32.8415P] where P = 
(F 2  + 2F 2)/3 

Crystal size (mm) 0.80 x  0.74 x  0.12 (Vcr),. <0.0001 

Diffractometer Bruker Smart APEX Ap,, Ap 	(e k 3) 0.97,-1.10 
CCD 

Table 7.1 Crystal, Data collection and refinement data for X-ray structure of 

[Fe(4 '-ph-tpy)2J[BF4J2.2DMF 
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Atoms Distance Atoms Distance IA Atoms Angle !° 

Fe( 1)-N(1 1) 1.875(6) N(1 1)-Fe( I )-N(12) 177.3(3) C(24)-N(14)-C(64) 120.6(5) 
Fe( I )-N(12) 1.879(6) NU 1 )-Fe(1)-N(2 1) 80.6(2) C(24)-N(14)-Fe(2) 119.1(4) 
Fe(l)-N(21) 1.969(6) N( I 2)-Fe( I )-N(2 1) 99.3(3) C(64)-N(14)-Fe(2) 120.3(4) 
Fe(l)-N(22) 1.971(6) N(1 1)-Fe( 1)-N(22) 96.1(3) CU 14)-N(24)-C(74) 117.5(6) 
Fe(l )-N(3 1) 1.974(6) N(12)-Fe( 1)-N(22) 81.1(2) CU 14)-N(24)-Fe(2) 128.0(5) 
Fe(1)-N(32) 1.977(6) N(21)-Fe(l)-N(22) 93.0(3) C(74)-N(24)-Fe(2) 114.3(4) 
N(1 1)-C(21) 1.346(7) N(I 1)-Fe(l)-N(31) 81.3(2) N(14)-C(24)-C(34) 120.5(6) 
N(I I )-C(61) 1.348(7) N(12)-Fe( 1 )-N(3 1) 98.9(3) N(14)-C(24)-C(74) 112.0(5) 
N(2 I)-C(1 11) 1.347(7) N(21 )-Fe( I )-N(3 1) 161.9(2) C(34)-C(24)-C(74) 127.5(6) 
N(21 )-C(7 1) 1.371(7) N(22)-Fe(l )-N(3 1) 90.4(3) C(164)-N(34)-C(124) 118.1(6) 
C(21 )-C(3 1) 1.392(7) NU I )-Fe(l )-N(32) 101.8(3) C(164)-N(34)-Fe(2) 126.1(5) 
C(2 I)-C(7 1)  1.472(7) N(12)-Fe(l)-N(32) 81.0(2) C( 124)-N(34)-Fe(2) 115.8(4) 
N(3 I )-C(161) 1.347(7) N(2 1 )-Fe( I )-N(32) 90.0(3) C(44)-C(34)-C(24) 120.5(6) 
N(3 I )-C(121) 1.362(7) N(22)-Fe(l)-N(32) 162.1(2) C(34)-C(44)-C(54) 117.7(5) 
C(3 I )-C(41) 1.392(8) N(3 I )-Fe( I )-N(32) 92.2(3) C(34)-C(44)-C( 174) 120.7(6) 
C(41 )-C(5 1) 1.404(8) C(21 )-N(1 I)-C(6 1) 120.1(5) C(54)-C(44)-C( 174) 121.5(6) 
C(41 )-C(1 71) 1.485(7) C(21 )-N( 11 )-Fe(l) 120.5(4) C(64)-C(54)-C(44) 119.5(6) 
C(5 I )-C(61) 1.382(7) C(61 )-N( 1I)-Fe(l) 119.3(4) N(14)-C(64)-C(54) 121.0(6) 
C(61)-C(121) 1.477(7) CU I I)-N(21)-C(71) 117.9(6) N(14)-C(64)-C(I 24) 111.1(5) 
C(7 I )-C(81) 1.378(8) C(Ill )-N(2 I)-Fe(l) 126.9(5) C(54)-C(64)-C( 124) 127.9(6) 
C(8 I )-C(91) 1.377(8) C(7 I )-N(2 1)-Fe(1) 114.9(4) N(24)-C(74)-C(84) 121.8(6) 
C(91)-C(101) 1.375(8) N(1 I)-C(2 I)-C(3 I) 121.3(6) N(24)-C(74)-C(24) 113.0(5) 
C(l01)-C(l 11) 1.379(8) N(I 1)-C(21)-C(71) 110.8(5) C(84)-C(74)-C(24) 125.0(6) 
C(121)-C(131) 1.366(7) C(3 I )-C(21)-C(7 I) 127.9(6) C(94)-C(84)-C(74) 119.3(6) 
C(131)-C(141) 1.385(8) C(161)-N(31)-C(121) 117.7(6) C(84)-C(94)-C(104) 119.4(7) 
C(141)-C(151) 1.370(8) C(161)-N(31)-Fe(1) 127.5(5) C(114)-C(104)-C(94) 119.1(7) 
C(151)-C(161) 1.369(8) C(121)-N(31)-Fe(1) 114.3(4) N(24)-C(1 14)-C(104) 122.8(6) 
C(171)-C(221) 1.384(8) C(2 1)-C(3 I )-C(41) 119.6(6) N(34)-C(124)-C(134) 122.3(6) 
C(171)-C(181) 1.389(8) C(31)-C(41)-C(51) 117.8(5) N(34)-C(124)-C(64) 112.4(5) 
C(181)-C(191) 1.388(8) C(31)-C(41)-C(I 71) 122.3(6) C(134)-C(124)-C(64) 125.2(6) 
C(191)-C(201) 1.371(8) C(51 )-C(41)-C(1 71) 119.8(6) C(124)-C(134)-C(144) 118.6(6) 
C(201)-C(21 1) 1.372(8) C(61 )-C(5 l)-C(4 1) 120.0(6) C(154)-C(144)-C(134) 119.2(7) 
C(21 1)-C(22 I) 1.379(8) NU I)-C(61)-C(5 1) 121.1(6) C(164)-C(154)-C(144) 119.6(7) 
N(12)-C(62) 1.348(7) N(1 I )-C(61)-C(12 1) 111.6(5) N(34)-C(164)-C(154) 122.1(6) 
N(12)-C(22) 1.349(7) C(5 I )-C(61)-C(121) 127.3(6) C(224)-C(l 74)-C(1 84) 117.8(6) 
N(22)-C(1 12) 1.344(7) N(21)-C(71)-C(81) 122.3(6) C(224)-C(174)-C(44) 122.1(6) 
N(22)-C(72) 1.374(7) N(2 1)-C(71)-C(2 1) 113.0(5) C(184)-C(174)-C(44) 120.0(6) 
C(22)-C(32) 1.386(7) C(8 I )-C(7 1)-C(21) 124.7(6) C(194)-C(184)-C(174) 120.4(7) 
C(22)-C(72) 1.467(7) C(91)-C(81)-C(71) 118.8(6) C(204)-C(194)-C(184) 120.9(7) 
N(32)-C(162) 1.345(7) C(101)-C(91)-C(81) 119.2(7) C(194)-C(204)-C(214) 119.7(6) 
N(32)-C(122) 1.363(7) C(91)-C(101)-C(1 11) 120.1(7) C(204)-C(214)-C(224) 119.9(7) 
C(32)-C(42) 1.388(7) N(2 I )-.C(1 11 )-C(101) 121.6(7) C(174)-C(224)-C(214) 121.4(7) 
C(42)-C(52) 1.404(7) N(3 1 )-C(121 )-C( 131) 121.3(6) F(45)-B(15)-F(15) 112.1(8) 
C(42)-C(172) 1.484(7) N(3 1 )-C(121 )-C(61) 113.1(5) F(45)-B( I 5)-F(25) 106.6(7) 
C(52)-C(62) 1.389(7) C(131)-C(121)-C(61) 125.6(6) F(1 5)-B(1 5)-F(25) 109.3(7) 
C(62)-C(122) 1.479(7) C(121)-C(131)-C(141) 120.0(7) F(45)-B(15)-F(35) 109.7(7) 
C(72)-C(82) 1.379(7) C(151)-C(141)-C(131) 118.8(7) F(15)-B(15)-F(35) 110.2(7) 
C(82)-C(92) 1.375(8) C(161)-C(151)-C(141) 118.8(7) F(25)-B(15)-F(35) 108.8(7) 
C(92)-C(102) 1.379(8) N(3 1)-C(161)-C(l 51) 123.2(7) F(46)-B(l 6)-F(I 6) 110.8(7) 
C(102)-C(1 12) 1.381(8) C(221)-C(171)-C(181) 116.7(6) F(46)-B(16)-F(36) 109.8(7) 
C(122)-C(132) 1.367(7) C(221)-C(171)-C(41) 121.6(6) F( 16)-B(16)-F(36) 109.7(7) 
C(132)-C(142) 1.387(7) C(181)-C(171)-C(41) 121.7(6) F(46)-B(16)-F(26) 110.4(7) 
C(142)-C(152) 1.372(8) C(191)-C(181)-C(171) 121.1(7) F(16)-B(16)-F(26) 107.9(7) 
C(152)-C(162) 1.371(7) C(201)-C(191)-C(181) 120.7(7) F(36)-B(16)-F(26) 108.1(6) 
C(172)-C(222) 1.384(7) C(191)-C(201)-C(21 1) 118.9(6) F(47)-B(17)-F(I 7) 111.6(7) 
C(172)-C(182) 1.391(8) C(201)-C(21 l)-C(221) 120.3(7) F(47)-B(17)-F(37) 110.2(7) 
C(182)-C( 192) 1.387(7) C(21 1)-C(221)-C(1 71) 122.1(7) FU 7)-B( 1 7)-F(37) 109.1(7) 
C(192)-C(202) 1.365(8) C(62)-N(12)-C(22) 121.1(5) F(47)-B(17)-F(27) 109.5(7) 
C(202)-C(212) 1.377(8) C(62)-N(12)-Fe(l) 119.5(4) F(17)-B(17)-F(27) 109.0(7) 
C(212)-C(222) 1.384(8) C(22)-N(12)-Fe(l) 119.3(4) F(37)-B(17)-F(27) 107.3(6) 
Fe(2)-N( 14) 1.878(6) C(l 12)-N(22)-C(72) 117.7(6) F(18)-B(18)-F(38) 109.5 
Fe(2)-N( 13) 1.878(6) C( 1 12)-N(22)-Fe(l) 127.2(5) F(18)-B(18)-F(48) 109.5 
Fe(2)-N(23) 1.963(6) C(72)-N(22)-Fe(1) 114.7(4) F(38)-B(18)-F(48) 109.5 
Fe(2)-N(34) 1.968(6) N(12)-C(22)-C(32) 119.9(5) F(18)-I3(18)-F(28) 109.5 
Fe(2)-N(24) 1.970(6) N(12)-C(22)-C(72) 112.0(5) F(38)-B(18)-F(28) 109.5 
Fe(2)-N(33) 1.975(6) C(32)-C(22)-C(72) 128.0(6) F(48)-B(18)-F(28) 109.5 
N(13)-C(23) 1.344(7) C(162)-N(32)-C(122) 117.5(5) F(78)-B(28)-F(68) 109.5 
N(13)-C(63) 1.345(7) C(162)-N(32)-Fe(1) 127.4(5) F(78)-B(28)-F(58) 109.5 
N(23)-C(l 13) 1.346(7) C(I22)-N(32)-Fe(I) 115.1(4) F(68)-B(28)-F(58) 109.5 
N(23)-C(73) 1.372(7) C(22)-C(32)-C(42) 120.7(6) F(78)-B(28)-F(88) 109.5 
C(23)-C(33) 1.387(7) C(32)-C(42)-C(52) 118.0(5) F(68)-B(28)-F(88) 109.5 
C(23)-C(73) 1.468(7) C(32)-C(42)-C(I72) 120.6(6) F(58)-B(28)-F(88) 109.5 
N(33)-C( 163) 1.343(7) C(52)-C(42)-C(172) 121.4(5) 0(1 S)-C(2S)-N(3S) 124.9(9) 
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N(33)-C(123) 1.361(7) C(62)-C(52)-C(42) 119.4(6) C(2S)-N(3S)-C(4S) 122.4(9) 
C(33)-C(43) 1.385(7) N(12)-C(62)-C(52) 120.8(5) C(2S)-N(3S)-C(5S) 120.0(8) 
C(43)-C(53) 1.404(7) N(12)-C(62)-C(122) 111.9(5) C(4S)-N(3S)-C(5S) 117.5(9) 
C(43)-C(173) 1.483(6) C(52)-C(62)-C(122) 127.4(5) 0(IT)-C(2T)-N(3T) 124.4(10) 
C(53)-C(63) 1.390(7) N(22)-C(72)-C(82) 121.8(5) C(2T)-N(3T)-C(4T) 122.6(9) 
C(63)-C(123) 1.478(7) N(22)-C(72)-C(22) 112.7(5) C(2T)-N(3T)-C(5T) 120.3(9) 
C(73)-C(83) 1.377(7) C(82)-C(72)-C(22) 125.5(6) C(4T)-N(3T)-C(5T) 116.4(9) 
C(83)-C(93) 1.372(8) C(92)-C(82)-C(72) 119.4(6) 0(1U)-C(2U)-N(3U) 127.0(10) 
C(93)-C(103) 1.375(8) C(82)-C(92)-C(102) 119.2(7) C(2U)-N(3U)-C(4U) 12 1.5(9) 
C( I 03)-C( 113) 1.374(8) C(92)-C(102)-C(112) 119.3(6) C(2U)-N(31J)-C(5U) 118.9(8) 
C(123)-C(133) 1.365(7) N(22)-C(1 12)-C(102) 122.5(6) C(4U)-N(3U)-C(5U) 119.6(9) 
C(133)-C(143) 1.385(7) N(32)-C(122)-C(132) 121.9(6) 0(1 V)-C(2V)-N(3V) 127.3(10) 
C(143)-C(153) 1.370(8) N(32)-C(122)-C(62) 112.6(5) C(2V)-N(3V)-C(4V) 119.3(8) 
C(153)-C(163) 1.367(7) C( 132)-C(122)-C(62) 125.5(6) C(2V)-N(3V)-C(5V) 121.5(8) 
C(173)-C(223) 1.383(8) C(122)-C(132)-C(142) 119.5(6) C(4V)-N(3V)-C(5V) 119.2(8) 
C( I 73)-C(1 83) 1.395(8) C(152)-C(142)-C(132) 118.9(6) C(24)-N(14)-C(64) 120.6(5) 
C( 183)-C( 193) 1.387(8) C(162)-C(152)-C(142) 119.0(6) C(24)-N(14)-Fe(2) 119.1(4) 
C( 193)-C(203) 1.363(8) N(32)-C(162)-C(152) 123.1(6) C(64)-N(14)-Fe(2) 120.3(4) 
C(203)-C(213) 1.379(8) C(222)-C(172)-C(182) 118.0(6) C(114)-N(24)-C(74) 117.5(6) 
C(213)-C(223) 1.380(8) C(222)-C( I 72)-C(42) 121.4(6) C(1 14)-N(24)-Fe(2) 128.0(5) 
N(14)-C(24) 1.346(7) C(182)-C(172)-C(42) 120.6(6) C(74)-N(24)-Fe(2) 114.3(4) 
N(14)-C(64) 1.348(7) C(192)-C(182)-C(172) 120.5(7) N(14)-C(24)-C(34) 120.5(6) 
N(24)-C(I 14) 1.345(7) C(202)-C(192)-C(182) 120.9(7) N(14)-C(24)-C(74) 112.0(5) 
N(24)-C(74) 1.370(7) C(192)-C(202)-C(212) 119.1(7) C(34)-C(24)-C(74) 127.5(6) 
C(24)-C(34) 1.389(7) C(202)-C(212)-C(222) 120.6(7) C( 164)-N(34)-C(124) 118.1(6) 
C(24)-C(74) 1.470(7) C(172)-C(222)-C(212) 120.9(7) C(164)-N(34)-Fe(2) 126.1(5) 
N(34)-C(1 64) 1.343(7) N(14)-Fe(2)-N(13) 177.6(3) C( 124)-N(34)-Fe(2) 115.8(4) 
N(34)-C(1 24) 1.360(7) N( 14)-Fe(2)-N(23) 97.9(3) C(44)-C(34)-C(24) 120.5(6) 
C(34)-C(44) 1.385(7) N(13)-Fe(2)-N(23) 81.3(2) C(34)-C(44)-C(54) 117.7(5) 
C(44)-C(54) 1.408(7) N(14)-Fe(2)-N(34) 80.4(2) C(34)-C(44)-C(174) 120.7(6) 
C(44)-C( 174) 1.480(7) N(13)-Fe(2)-N(34) 101.8(3) C(54)-C(44)-C( 174) 121.5(6) 
C(54)-C(64) 1.387(7) N(23)-Fc(2)-N(34) 92.2(3) C(64)-C(54)-C(44) 119.5(6) 
C(64)-C(124) 1.479(7) N(14)-Fe(2)-N(24) 81.5(2) N(14)-C(64)-C(54) 121.0(6) 
C(74)-C(84) 1.383(7) N(13)-Fe(2)-N(24) 96.3(3) N(14)-C(64)-C(124) 111.1(5) 
C(84)-C(94) 1.371(8) N(23)-Fe(2)-N(24) 89.6(3) C(54)-C(64)-C(124) 127.9(6) 
C(94)-C( 104) 1.378(8) N(34)-Fe(2)-N(24) 161.8(2) N(24)-C(74)-C(84) 121.8(6) 
C(104)-C(1 14) 1.376(8) N(14)-Fe(2)-N(33) 100.1(3) N(24)-C(74)-C(24) 113.0(5) 
C(124)-C(134) 1.368(7) N(13)-Fe(2)-N(33) 80.7(2) C(84)-C(74)-C(24) 125.0(6) 
C(134)-C(144) 1.386(8) N(23)-Fe(2)-N(33) 161.9(2) C(94)-C(84)-C(74) 119.3(6) 
C(144)-C(154) 1.372(8) N(34)-Fe(2)-N(33) 90.4(3) C(84)-C(94)-C(104) 119.4(7) 
C(154)-C(164) 1.370(8) N(24)-Fe(2)-N(33) 93.5(3) C( II 4)-C(104)-C(94) 119.1(7) 
C(174)-C(224) 1.382(8) C(23)-N( I 3)-C(63) 120.7(5) N(24)-C(114)-C(104) 122.8(6) 
C(174)-C(184) 1.392(8) C(23)-N(13)-Fe(2) 119.4(4) N(34)-C(124)-C(134) 122.3(6) 
C(184)-C(194) 1.386(8) C(63)-N(1 3)-Fe(2) 119.8(4) N(34)-C(124)-C(64) 112.4(5) 
C(194)-C(204) 1.361(8) C(1 13)-N(23)-C(73) 118.0(5) C(134)-C(124)-C(64) 125.2(6) 
C(204)-C(214) 1.374(8) C(1 13)-N(23)-Fe(2) 127.3(5) C(124)-C(134)-C(144) 118.6(6) 
C(214)-C(224) 1.385(8) C(73)-N(23)-Fe(2) 114.5(4) C(154)-C(144)-C(134) 119.2(7) 
B(15)-F(45) 1.357(8) N(13)-C(23)-C(33) 120.2(6) C(164)-C(154)-C(144) 119.6(7) 
B(15)-F(15) 1.359(9) N(1 3)-C(23)-C(73) 111.8(5) N(34)-C(1 64)-C(1 54) 122.1(6) 
B(15)-F(25) 1.403(9) C(33)-C(23)-C(73) 128.0(6) C(224)-C(174)-C(184) 117.8(6) 
B(15)-F(35) 1.403(9) C(163)-N(33)-C(123) 116.7(5) C(224)-C(174)-C(44) 122.1(6) 
B(16)-F(46) 1.345(8) C(1 63)-N(33)-Fe(2) 127.6(5) C(184)-C(174)-C(44) 120.0(6) 
B(16)-F(16) 1.371(8) C(123)-N(33)-Fe(2) 115.3(4) C(194)-C(184)-C(174) 120.4(7) 
B(16)-F(36) 1.402(9) C(43)-C(33)-C(23) 120.5(6) C(204)-C(194)-C(184) 120.9(7) 
B(16)-F(26) 1.404(9) C(33)-C(43)-C(53) 118.4(5) C(194)-C(204)-C(214) 119.7(6) 
B(17)-F(47) 1.351(8) C(33)-C(43)-C(173) 120.5(6) C(204)-C(214)-C(224) 119.9(7) 
B(17)-F(17) 1.368(8) C(53)-C(43)-C(173) 121.1(6) C(174)-C(224)-C(214) 121.4(7) 
B(17)-F(37) 1.400(9) C(63)-C(53)-C(43) 118.7(6) F(45)-B(15)-F(15) 112.1(8) 
B(17)-F(27) 1.416(9) N(13)-C(63)-C(53) 121.4(5) F(45)-B(15)-F(25) 106.6(7) 
B(18)-F(18) 1.371(6) N(13)-C(63)-C(123) 111.7(5) F(15)-B(15)-F(25) 109.3(7) 
B(18)-F(38) 1.371(6) C(53)-C(63)-C(123) 126.8(6) F(45)-B(15)-F(35) 109.7(7) 
B( I 8)-F(48) 1.371(6) N(23)-C(73)-C(83) 121.4(6) F(15)-B(15)-F(35) 110.2(7) 
B(18)-F(28) 1.371(6) N(23)-C(73)-C(23) 112.9(5) F(25)-B(15)-F(35) 108.8(7) 
B(28)-F(78) 1.356(12) C(83)-C(73)-C(23) 125.6(6) F(46)-B(16)-F(16) 110.8(7) 
B(28)-F(68) 1.356(12) C(93)-C(83)-C(73) 119.7(6) F(46)-B(16)-F(36) 109.8(7) 
B(28)-F(58) 1.356(12) C(83)-C(93)-C(103) 119.0(7) F(16)-B(16)-F(36) 109.7(7) 
B(28)-F(88) 1.356(12) CU 13)-C(103)-C(93) 119.7(7) F(46)-B(16)-F(26) 110.4(7) 
0(1 S)-C(2S) 1.207(8) N(23)-C(1 13)-C(103) 122.2(6) F(16)-B(16)-F(26) 107.9(7) 
C(2S)-N(3S) 1.339(8) N(33)-C(123)-C(133) 122.5(5) F(36)-B(16)-F(26) 108.1(6) 
N(3S)-C(4S) 1.415(9) N(33)-C(123)-C(63) 112.4(5) F(47)-B(17)-F(17) 111.6(7) 
N(3S)-C(5S) 1.447(9) C( 133)-C(123)-C(63) 125.0(6) F(47)-B(17)-F(37) 110.2(7) 
0(1 T)-C(2T) 1.223(9) C(123)-C(133)-C(143) 119.2(6) F(17)-B(17)-F(37) 109.1(7) 
C(2T)-N(3T) 1.343(9) C(I53)-C(I43)-C(133) 118.8(6) F(47)-B(17)-F(27) 109.5(7) 
N(3T)-C(4T) 1.415(9) C(163)-C(153)-C(143) 119.0(6) F(17)-B(17)-F(27) 109.0(7) 
N(3T)-C(5T) 1.449(9) N(33)-C(163)-C(153) 123.5(6) F(37)-B(17)-F(27) 107.3(6) 
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0(1 1J)-C(2U) 1.203(9) Q223)-Q1 73)-C(1 83) 117.9(6) F(18)-B(18)-F(38) 109.5 
C(2U)-N(3U) 1.331(9) Q223)-Q1 73)-C(43) 121.9(6) F(18)-B(18)-F(48) 109.5 
N(3U)-C(4U) 1.408(9) C(183)-C(1 73)-C(43) 120.2(6) F(38)-B(18)-F(48) 109.5 
N(3U)-C(51J) 1.439(9) C( 193)-C(1 83)-C(1 73) 120.3(7) F(18)-B(18)-F(28) 109.5 
0(1 V)-C(2V) 1.198(8) C(203)-C(193)-C(183) 120.8(7) F(38)-B(18)-F(28) 109.5 
C(2V)-N(3V) 1.339(9) C(193)-C(203)-C(213) 119.6(7) F(48)-B(18)-F(28) 109.5 
N(3V)-C(4V) 1.414(8) C(203)-C(213)-C(223) 120.1(7) F(78)-B(28)-F(68) 109.5 
N(3V)-C(5V) 1.437(9) C(213)-C(223)-C(173) 121.3(7) F(78)-B(28)-F(58) 109.5 

F(68)-B(28)-F(58) 109.5 
F(78)-B(28)-F(88) 109.5 
F(68)-B(28)-F(88) 109.5 
F(58)-B(28)-F(88) 109.5 
0(1S).-C(2S)-N(3S) 124.9(9) 
C(2S)-N(3S)-C(4S) 122.4(9) 
C(2S)-N(3S)-C(5S) 120.0(8) 
C(4S)-N(3S)-C(5S) 117.5(9) 
0(1T)-C(2T)-N(3T) 124.4(10) 
C(2T)-N(3T)-C(4T) 122.6(9) 
C(2T)-N(3T)-C(5T) 120.3(9) 
C(4T)-N(3T)-C(5T) 116.4(9) 
0(1U)-C(2U)-N(3U) 127.0(10) 
C(2U)-N(3U)-C(4U) 121.5(9) 
C(2U)-N(3U)-C(5U) 118.9(8) 
C(4U)-N(3U)-C(5U) 119.6(9) 
0(1 V)-C(2V)-N(3V) 127.3(10) 
C(2V)-N(3V)-C(4V) 119.3(8) 
C(2V)-N(3V)-C(5V) 121.5(8) 
C(4V)-N(3V)-C(5V) 119.2(8) 

Table 7.2 Bond lengths (A) and angles ()for [Fe(4 '-ph-tpy)21fBF4J2.2DMF 

characterised by X-ray crystallography 

C1O2C92 

C112 

C81 C91 	 C22 	 C182 
C192 	0242 0241 	C211 C221C17 	

C31 C21 	 Clii 	C32 
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N11 	el C161 N12 	C42 	 C202 N232 0251 N231 C201 C191 CiBi C51C13 

61 	C62 C52 
	C222 C212 	0252 

C152 C142 

N32 C122 

	

C162 	

C132 

Figure 7.11 Crystal Structure of [Fe(4 -p-NO2-ph-tpy)2  
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Chemical (FeC42H28N8O4)(BF4)2(C3H7NO)2.5  

formula 

M, 1120.93 

Cell setting, Triclinic, twinned about (01 1)*,  P-I 
space group 

a, b, c (A) 9.8006 (4), 13.5152 (6), 20.1396(9) 

c, 3, y (°) 85.068 (3), 79.434 (3), 69.561 (2) 

V(A3) 2456.61 (18) 

Z 2 

D(Mgm 3) 1.515 

Radiation type Mo Ka 
No. of reflections 7239 
for cell 
parameters 

0 range (°) 2-26.5 

j.t (mm') 0.40 

Temperature (K) 150 (2) 

Crystal form, Block, purple 
colour 

Crystal size (mm) 0.42 x  0.22 x  0.12 

Diffractometer Bruker SMART Apex CCD 

Data collection co 
method 

Absorption correction Muttiscan 

T,,,,, 0.810 

0.950 

No. of measured, independent 20739, 20739, 
and observed parameters 12251 

Criterion for observed I> 2o(1) 
reflections 

0.044 
29.0 

Range ofh,k,l -12-*h--*13 
-17--*k---* 18 
0-+/ -+27 

Refinement on F2  

REF2  > 2a(F)J, wR(F5), S 0.053, 0.127, 
0.91 

No. of relections 20739 reflections 

No. of parameters 699 

H-atom treatment Riding 

Table 7.3 Crystal, Data collection and refinement data for X-ray structure of 

[Fe(4 '-p-NO2-ph-tpy) 2J[BF4]2.2'/2 DMF 
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Electrochemical and Spectroelectrochernical Properties of the 4 .p-NOr-ph-tpy and 4 -m-NO2-ph-tpy ligands and their complexes with iron 

Atoms Distance Atoms Distance IA Atoms Angle /0 

Fe(1)-N(12) 1.8749(15) N(12)-Fe(l)-N(1 1) 176.89(8) C(162)-C(152)-H(152) 120.4 
Fe(1)-N(1 1) 1.8771(15) N(12)-Fe(1)-N(21) 95.68(7) C(142)-C(152)-H(152) 120.4 
Fe( 1)-N(2 1) 1.9699(17) N(1 1)-Fe( I )-N(2 1) 81.21(7) N(32)-C(1 62)-C(1 52) 122.78(18) 
Fe( I )-N(32) 1.9705(16) N(12)-Fe( 1 )-N(32) 81.28(7) N(32)-C(162)-H(162) 118.6 
Fe(l)-N(3 1) 1.9767(17) N(1 1 )-Fe( I )-N(32) 98.46(7) C(152)-C(162)-H(162) 118.6 
Fe( 1)-N(22) 1.9771(16) N(21)-Fe( I )-N(32) 89.19(6) C(222)-C(172)-C(182) 118.91(18) 
N(1 1)-C(2 1) 1.345(2) N(12)-Fe( I )-N(3 1) 101.97(7) C(222)-C(1 72)-C(42) 120.83(18) 
N( I I)-C(61) 1.362(2) N(1 1)-Fe( I )-N(3 1) 81.14(7) C(182)-C(172)-C(42) 120.26(18) 
N(21)-C(1 11) 1.352(2) N(2 1)-Fe( I )-N(3 1) 162.34(6) C(192)-C(182)-C(172) 120.8(2) 
N(21)-C(71) 1.369(2) N(32)-Fe(1)-N(31) 92.79(7) C(192)-C(182)-H(182) 119.6 
C(21)-C(3 1) 1.378(2) N( 12)-Fe( I )-N(22) 81.08(7) C(172)-C(182)-H(182) 119.6 
C(21)-C(71) 1.477(3) N(l 1)-Fe(I)-N(22) 99.15(7) C(202)-C(192)-C(182) 118.2(2) 
N(3 1)-C( 161) 1.341(2) N(2 1)-Fe( I )-N(22) 92.55(7) C(202)-C(192)-H(192) 120.9 
N(3 1)-C(12 1) 1.375(2) N(32)-Fe( 1 )-N(22) 162.36(6) C(182)-C(192)-H(192) 120.9 
C(3 1)-C(4 1) 1.397(3) N(3 I )-Fe(1 )-N(22) 90.85(7) C(212)-C(202)-C(192) 122.54(19) 
C(3 I)-H(3 1) 0.9500 C(2 I )-N(1 I)-C(61)  120.38(16) C(212)-C(202)-N(232) 119.43(19) 
C(41)-C(51) 1.402(3) C(21)-N(I 1)-Fe(1) 119.70(13) C(192)-C(202)-N(232) 118.03(19) 
C(41)-C(171) 1.487(3) C(61)-N(I I)-Fe(1) 119.75(13) C(202)-C(212)-C(222) 118.5(2) 
C(51)-C(61) 1.382(3) C(1 I I)-N(21)-C(71) 117.68(17) C(202)-C(212)-I-I(212) 120.8 
C(5 I)-H(5 1) 0.9500 C(1 11 )-N(2 1)-Fe(1) 127.70(13) C(222)-C(212)-H(212) 120.8 
C(61)-C(121) 1.471(3) C(71)-N(21)-Fe(I) 114.53(13) C(172)-C(222)-C(212) 121.0(2) 
C(71 )-C(8 1) 1.376(3) N(I I)-C(2 I)-C(3 1) 121.24(18) C( I 72)-C(222)-H(222) 119.5 
C(81)-C(91) 1.384(3) N(1 1)-C(21)-C(71) 111.42(16) C(212)-C(222)-H(222) 119.5 
C(8 1)-H(8 1) 0.9500 C(3 1 )-C(21)-C(7 1) 127.33(18) 0(242)N(232)-0(252) 123.89(19) 
C(91)-C(101) 1.374(3) C(161 )-N(3 1)-C( 121) 118.26(18) 0(242)-N(232)-C(202) 118.49(19) 
C(91 )-l-1(9 1) 0.9500 C( 161 )-N(3 1)-Fe(I) 127.19(14) 0(252)-N(232)-C(202) 117.61(19) 
C(101 )-C(1 11) 1.377(3) C(121 )-N(31)-Fe(I) 114.48(13) F(33)B(3)-F(13) 109.5 
C(101)-1-I(101) 0.9500 C(21)-C(3 1)-C(41) 119.80(19) F(33)-B(3)-F(23) 109.5 
C(1 11 )-H( 111) 0.9500 C(21 )-C(3 I )-H(3 1) 120.1 F(13)-B(3)-F(23) 109.5 
C(121)-C(131) 1.377(3) C(41)-C(31)-H(3 1) 120.1 F(33)-B(3)-F(43) 109.5 
C(131)-C(141) 1.382(3) C(3 I)-C(41)-C(51) 118.24(18) F(1 3)-B(3)-F(43) 109.5 
C(131)-H(131) 0.9500 C(3 I )-C(41 )-C(1 71) 120.02(19) F(23)-B(3)-F(43) 109.5 
C(141)-C(151) 1.377(3) C(51 )-C(41)-C(1 71) 121.73(18) F(24)-B(4)-F(44) 109.5 
C(141)-H(141) 0.9500 C(61 )-C(5 1)-C(41) 119.72(18) F(24)-B(4)-F(34) 109.5 
C(151)-C(161) 1.387(3) C(61 )-C(5 1)-H(5 1) 120.1 F(44)-B(4)-F(34) 109.5 
C(151)-H(151) 0.9500 C(41)-C(5 1)-H(5 1) 120.1 F(24)-B(4)-F(14) 109.5 
C(161)-H(161) 0.9500 N(1 I)-C(61)-C(5 1) 120.62(18) F(44)-B(4)-F(14) 109.5 
C(171)-C(181) 1.387(3) N(1 1)-C(61)-C(121) 111.13(16) F(34)-B(4)-F(14) 109.5 
C(17 I)-C(22 1) 1.400(3) C(5 I )-C(61 )-C( 121) 128.25(18) F( 14')-B(4)-F(44) 109.5 
C(181)-C(191) 1.381(3) N(21)-C(71)-C(81) 122.12(18) F(14)-B(4)-F(24) 109.5 
C(1 81 )-H(1 81) 0.9500 N(2 I )-C(71)-C(2 1) 113.03(17) F(44')-B(4)-F(24) 109.5 
C(191)-C(201) 1.375(3) C(8 1)-C(71)-C(21) 124.80(18) F( 14)-B(4')-F(34) 109.5 
C(191)-H(191) 0.9500 C(7 1 )-C(81)-C(91) 119.00(19) F(44')-B(4')-F(34) 109.5 
C(201)-C(211) 1.376(3) C(71 )-C(81)-H(8 1) 120.5 F(24)-B(4')-F(34) 109.5 
C(201)-N(231) 1.473(3) C(9I)-C(8 I)-H(8  1) 120.5 0(15)-C(25)-N(35) 126.2(2) 
C(21 I )-C(221) 1.384(3) C( 101)-C(91)-C(81) 119.3(2) 0(1 5)-C(25)-H(25) 116.9 
C(21 1)-H(21 1) 0.9500 C(101 )-C(91)-H(91) 120.3 N(35)-C(25)-H(25) 116.9 
C(22 1)41(221) 0.9500 C(8 1)-C(91 )-H(9 1) 120.3 C(25)-N(35)-C(55) 121.0(2) 
N(231)-0(251) 1.221(2) C(91 )-C(101)-C( 111) 119.50(19) C(25)-N(35)-C(45) 120.7(2) 
N(231)-0(241) 1.230(2) C(91)-C(101 )-H(l 01) 120.3 C(55)-N(35)-C(45) 117.5(2) 
N(12)-C(22) 1.351(2) C(1 1 l)-C(l0I)-H(101) 120.3 N(35)-C(45)-H(45A) 109.5 
N(12)-C(62) 1.355(2) N(2 l)-C(l 1 1)-C(101) 122.30(18) N(35)-C(45)-H(45B) 109.5 
N(22)-C(1 12) 1.344(2) N(2 I )-C(l 1 I)-H(l 11) 118.9 H(45A)-C(45)-H(45B) 109.5 
N(22)-C(72) 1.371(2) C( l01)-C(1 I I)-H(1 11) 118.9 N(35)-C(45)-H(45C) 109.5 
C(22)-C(32) 1.390(3) N(3 1)-C(121)-C(13 1) 121.35(19) H(45A)-C(45)-H(45C) 109.5 
C(22)-C(72) 1.465(3) N(3 l)-C(121)-C(61) 113.25(17) H(45B)-C(45)-H(45C) 109.5 
N(32)-C(162) 1.340(2) C(131)-C(121)-C(61) 125.38(18) N(35)-C(55)-H(55A) 109.5 
N(32)-C(122) 1.369(2) C(121)-C(131)-C(141) 119.5(2) N(35)-C(55)-H(55B) 109.5 
C(32)-C(42) 1.401(3) C(121)-C(131)-H(131) 120.2 H(55A)-C(55)-H(55B) 109.5 
C(32)-H(32) 0.9500 C(141)-C(131)-H(131) 120.2 N(35)-C(55)-H(55C) 109.5 
C(42)-C(52) 1.402(3) C(151)-C(141)-C(131) 119.3(2) H(55A)-C(55)-1-1(55C) 109.5 
C(42)-C(l 72) 1.487(3) C(151)-C(141)-H(141) 120.3 H(55B)-C(55)-H(55C) 109.5 
C(52)-C(62) 1.380(2) C(131)-C(141)-H(141) 120.3 0( 16)-C(26)-N(36) 126.1(2) 
C(52)-H(52) 0.9500 C(141)-C(151)-C(161) 119.0(2) 0( 16)-C(26)-H(26) 116.9 
C(62)-C(122) 1.472(3) C(141)-C(151)-H(151) 120.5 N(36)-C(26)-H(26) 116.9 
C(72)-C(82) 1.372(3) C(161)-C(151)-H(151) 120.5 C(26)-N(36)-C(46) 119.76(19) 
C(82)-C(92) 1.394(3) N(3 1)-C(1 61 )-C(l 51) 122.40(19) C(26)-N(36)-C(56) 122.8(2) 
C(82)-H(82) 0.9500 N(31)-C(16I)-H(I6I) 118.8 C(46)-N(36)-C(56) 117.4(2) 
C(92)-C(102) 1.378(3) C(151)-C(161)-H(161) 118.8 N(36)-C(46)-H(46A) 109.5 
C(92)-H(92) 0.9500 C(1 8 l)-C( 171 )-C(22 I) 118.87(19) N(36)-C(46)-1-1(46B) 109.5 
C(IO2)-C(l 12) 1.381(3) C(181)-C(171)-C(41)    120.10(19) H(46A)-C(46)-H(46B) 109.5 
C(102)-H(102) 0.9500 C(221)-C(171)-C(41) 121.00(19) N(36)-C(46)-1-1(46C) 109.5 
C( I 12)-H( 112) 0.9500 C(191)-C(181)-C(171) 121.2(2) 14(46A)-C(46)-H(46C) 109.5 
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H(46B)-C(46)-H(46U) 

N(36)-C(56)-H(56A) 
N(36)-C(56)-H(56B) 
H(56A)-C(56)-H(56B) 
N(36)-C(56)-H(56C) 
H(56A)-C(56)-H(56C) 
1-1(56B)-C(56)-H(56C) 
0(17)-C(27)-N(37) 
0(1 7)-C(27)-H(27) 
N(37)-C(27)-H(27) 
C(27)-N(37)-C(47) 
C(27)-N(37)-C(57) 
C(47)-N(37)-C(57) 

109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
109.5 
127.2(6) 
116.4 
116.4 
122.6(5) 
120.0(5) 
117.3(5) 

Electrochemical and Spectroelectrochemical Properties of the 4 -p-NO2.-ph4py and 4 -m-NOrpIs-tpv ligands and their complexes will, iron 

C(122)-C(132) 1.378(3) C(191)-C(181)-H(181) 119.4 

C(132)-C(142) 1.386(3) C(171)-C(181)-H(181) 119.4 
C(132)-H(132) 0.9500 C(201)-C(191)-C(181) 118.4(2) 
C(142)-C(152) 1.378(3) C(201)-C(191)-H(191) 120.8 
C(142)-H(142) 0.9500 C(181)-C(191)-H(191) 120.8 
C(152)-C(162) 1.376(3) C(191)-C(201)-C(21 1) 122.40(19) 
C(152)-H(152) 0.9500 C(191)-C(201)-N(231) 118.9(2) 
C(162)-H(162) 0.9500 C(21 1)-C(201)-N(231) 118.7(2) 
C(1 72)-C(222) 1.383(3) C(20 I)-C(21 I )-C(22 1) 118.7(2) 
C(172)-C(182) 1.396(3) C(201)-C(21 1)-H(21 1) 120.6 
C(182)-C(192) 1.383(3) C(221)-C(21 I )-1-I(2 II) 120.6 
C(182)-H(182) 0.9500 C(21 I)-C(22 I )-C( 171) 120.4(2) 
C(192)-C(202) 1.379(3) C(21 1)-C(221)-H(221) 119.8 
C(192)-H(192) 0.9500 C(171)-C(221)-H(221) 119.8 
C(202)-C(212) 1.372(3) 0(251)-N(231)-0(241) 124.22(19) 
C(202)-N(232) 1.472(2) 0(251)-N(231)-C(201) 118.2(2) 
C(212)-C(222) 1.384(3) 0(241)-N(231)-C(201) 117.6(2) 
C(212)-H(212) 0.9500 C(22)-N( 12)-C(62) 120.54(16) 
C(222)-H(222) 0.9500 C(22)-N(12)-Fe(1) 119.55(13) 
N(232)-0(242) 1.218(2) C(62)-N(12)-Fe(1) 119.42(13) 
N(232)-0(252) 1.227(2) C( 11 2)-N(22)-C(72) 118.06(18) 
B(3)-F(33) 1.3751 C(1 12)-N(22)-Fe(l) 127.64(14) 
B(3)-F(13) 1.3751 C(72)-N(22)-Fe(1) 114.26(12) 
B(3)-F(23) 1.3751 N(12)-C(22)-C(32) 121.14(17) 
B(3)-F(43) 1.3751 N(12)-C(22)-C(72) 111.52(16) 
B(4)-F(24) 1.3763(12) C(32)-C(22)-C(72) 127.28(19) 
B(4)-F(44) 1.3763(12) C(162)-N(32)-C(122) 118.00(17) 
B(4)-F(34) 1.3763(12) C(162)-N(32)-Fe(l) 127.34(13) 
B(4)-F(14) 1.3763(12) C(122)-N(32)-Fe(1) 114.57(13) 
B(4')-F(14) 1.355(5) C(22)-C(32)-C(42) 119.14(18) 
B(4')-F(44) 1.355(5) C(22)-C(32)-H(32) 120.4 
B(4)-F(24) 1.355(5) C(42)-C(32)-H(32) 120.4 
B(4)-F(34') 1.355(5) C(32)-C(42)-C(52) 118.53(18) 
0(15)-C(25) 1.230(3) C(32)-C(42)-C(1 72) 120.35(18) 
C(25)N(35) 1.325(3) C(52)-C(42)-C( 172) 121.11(18) 
C(25)-I-1(25) 0.9500 C(62)-C(52)-C(42) 119.89(18) 
N(35)-C(55) 1.447(3) C(62)-C(52)-H(52) 120.1 
N(35)-C(45) 1.449(3) C(42)-C(52)-H(52) 120.1 
C(45)-F1(45A) 0.9800 N(12)-C(62)-C(52) 120.76(18) 
C(45)-H(45B) 0.9800 N(12)-C(62)-C(122) 111.40(16) 
C(45)-1-l(45C) 0.9800 C(52)-C(62)-C(122) 127.73(18) 
C(55)-H(55A) 0.9800 N(22)-C(72)-C(82) 121.92(18) 
C(55)-H(55B) 0.9800 N(22)-C(72)-C(22) 113.24(17) 
C(55)-H(55C) 0.9800 C(82)-C(72)-C(22) 124.81(18) 
0(1 6)-C(26) 1.228(2) C(72)-C(82)-C(92) 119.4(2) 
C(26)-N(36) 1.317(3) C(72)-C(82)-H(82) 120.3 
C(26)-H(26) 0.9500 C(92)-C(82)-H(82) 120.3 
N(36)-C(46) 1.448(3) C(102)-C(92)-C(82) 118.6(2) 
N(36)-C(56) 1.45 1(3) C(102)-C(92)H(92) 120.7 
C(46)-H(46A) 0.9800 C(82)-C(92)-H(92) 120.7 
C(46)-H(46B) 0.9800 C(92)-C(102)-C(1 12) 119.7(2) 
C(46)-H(46C) 0.9800 C(92)-C(102)-H( 102) 120.1 
C(56)-H(56A) 0.9800 C(112)-C(102)-H(102) 120.1 
C(56)-H(56B) 0.9800 N(22)-C(1 12)-C(102) 122.27(19) 
C(56)-H(56C) 0.9800 N(22)-C(1 12)-H(1 12) 118.9 
0(17)-C(27) 1.236(5) C(102)-C(1 12)-H(1 12) 118.9 
C(27)-N(37) 1.315(6) N(32)-C(122)-C(132) 121.70(18) 
C(27)-H(27) 0.9500 N(32)-C(122)-C(62) 113.15(17) 
N(37)-C(47) 1.420(7) C(132)-C(122)-C(62) 125.09(17) 
N(37)-C(57) 1.462(6) C(122)-C(132)-C(142) 119.26(18) 
C(47)-H(47A) 0.9800 C(122)-C(132)-H(132) 120.4 
C(47)-H(47B) 0.9800 C( 142)-C(132)-H(132) 120.4 
C(47)-H(47C) 0.9800 C(152)-C(142)-C(132) 119.0(2) 
C(57)-H(57A) 0.9800 C(152)-C(142)-H(142) 120.5 
C(57)-H(57B) 0.9800 C(132)-C(142)-H(142) 120.5 
C(57)-H(57C) 0.9800 C(162)-C(152)-C(142) 119.20(19) 

Table 7.4 Bond lengths (A) and angles ()for [Fe(4 '-p-NO2-ph- 

tpy)2J[BF4]2.2'/2DMF characterised by X-ray crystallography 
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Electrochemical and Spectroelectrochemical Properties of the 4-NOz-ph-tp' and 4 -m..NO2-pIt-tpy ligands and their complexes with iron 

Both structures exhibited the same tetragonal distortion and bowed ligand effects as 

[Fe(tpy)2]2 .
112  The ph groups are distorted from the plane of the ligand with C(52)-

C(42)-C(172)-C(222) and C(181)-C(171)-C(41)-C(31) torsion angles of 28.2 (3) 

and 24.8 (3) 0  respectively for [Fe(4'-p-NO2-ph-tpy)2]2  and C(221)-C(171)-C(41)-

C(51) and C(32)-C(42)-C(172)-C(182) torsion angles of 5.0 (12) 0  and 27.3 (11) 

respectively for [Fe(ph-tpy)2]2 . The NO2  groups on [Fe(4'-p-NO2-ph-tpy)2]2  were 

distorted from the planes of the ph rings with 0(242)-N(232)-C(202)-C(192) and 

O(241)-N(231)-C(201)-C(191) of 11.8(3)0  and 12.5(3)0  respectively. 

7.2.2.2. Electrochemistry 

[Fe(tpy)2]2  and [Fe(4 '-ph-tpy)2]2  both exhibit two, one-electron reductions between 

-1 V and -1.5 V in agreement with previous studies.'9"03  The NO2-ph derivatives 

exhibited a two-electron reduction followed by two, one-electron reductions (e.g. 

Figure 7.12). The first two reductions are tentatively assigned as reduction of the two 

NO2-ph moieties with the third and fourth reductions based on the tpy ring. The 

indistinguishable nature of the first two reductions is indicative of the large distance 

between the two reduction sites. E. values are given in Table 7.5. 
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Electrochemical and Spectroelectrochemical Properties of the 4 -NO2-ph.-tpy and 4 -m-NO2-ph-tpy ligands and their complexes with iron 

Ey2,i rt  E'/2,2nd Ey2,3rd 

reduction reduction reduction 
IVa 

N N N I  

-1.10 -1.23 
[Fe(tpy)2]2 - 1.18 

 (005)b (0.06) 

-1.15 -1.24 
[Fe(4'-ph-tpy)2]2+ - 1.08 

(0.06) (0.06) 

-0.89 -1.13 -1.23 
[Fe(4 '-p-NO2-ph-tpy)2]2+ 1.23 

(0.06) (0.05) (0.05) 

-0.78 -1.02 -1.10 
[Fe(4'-m-NO2-ph-tpy)2]2+ 1.25 

(0.06) (0.04) (0.04) 

Table 7.5 Cyclic voltammetry results for all tpy ligands and complexes vs. Ag/A gCl 

in 0.1 M[TBAJ[BF4J/DMF at 293 K. (a) Irreversible, anodic peak quoted, (b)E- 

Epc  

-2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 

E/V 

Figure 7.12 Cyclic voltammogram of [Fe (4 '-p-NO2-ph-tpy)2r vs. Ag/A gCl in 0.1 

M [TBAJ[BF4J/DMF at 293 K 
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Electrochemical and Speclroelectrochemical Properties of the 4---NO2--ph-py and 4 rn-NO2-ph-1py ligands and their complexes with iron 

7.2.2.3. In-situ UVNis/NIR Spectroelectrochemistry 

Before reduction, all complexes exhibited high energy ir—ir bands along with an 

intense MLCT band (Table 7.6, assignments from Braterman et al' 03). 

t—it 	/cm-1  

(ci M'cm') 

rc_ir*  /cm1  

(ci M 1cm5 

rt_ir*  lcm' 

(ci M'cm') 

mit lcm' 

(ci M4cm 1 ) 
MLCT 

36200 35300 31000 18000 
[Fe(tpy)2]2+  - 

(42 100) (37 400) (55 000) (13 900) 

[Fe(4'-ph- 35600 34600 30700 29800 17400 

tpy)2]2  (71 500) (89 200) (56 800) (51 400) (32 700) 

[Fe(4'-p- 
35400 34500 31200 30500 17100 

NO2-ph- 
(35 200) (38 500) (28 100) (28 800) (20 400) 

tpy)2]2+  

[Fe(4'-m- 
35500 34600 30600 29700 17400 

NO2-ph- 
(56600) (63 400) (33 000) (29 900) (18 600) 

tpy)2]2+  

Table 7.6 UV/Vis/NIR absorptions of neutral tpy complexes in 0.1 M 

[TBAJ[BF4J/DMF at 233 K 

On mono-reduction of [Fe(tpy)2]2 , the band at 30 700 cm-1  collapsed to half the 

original intensity while new bands at 27 500 cm-1  and 25 600 cm' and 15 400 cm' 

grew in (Figure 7.13). Di-reduction collapsed the original ir—ir bands completely 

while intensifying the band at 27 000 cm-1. A broad, low energy band grew in at 

about 14 000 cm 1  (11 000 M4cm 1) (Figure 7.14). On oxidation to [Fe(tpy)2]3 , the 

MLCT band collapsed completely and new bands at 38 600, 29 850 and 28 700 cm-1  

grew in (c = 35 100, 32 200 and 27 400 M'cm' respectively). 
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Figure 7.13 UV/Vis/NIR absorption spectra of[Fe(tpy)2 	 1+ (blue) and fFe(tpy)2J 

(red) in 0.1 M [TBAJ[BF4J/DMF, T = 233 K showing partially reduced curves. 

Potential held at -1.2 Vvs. Ag/A gd. 
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Figure 7.14 UV/Vis/NIR absorption spectra of[Fe(tpy)2J 1+  (red) and[Fe(tpy)21 

(greet,) in 0.1 MITBAJfBF4J/DMF, T = 233 K showing partially reduced curves. 

Potential held at -1.2 Vvs. Ag/AgCL 
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On mono-reduction of [Fe(4'-ph-tpy)2]2  both t—ir' bands collapsed to half their 

original value (Figure 7.15). The MLCT band red-shifted to 15 400 cm-' (c = 22 300 

M'cm'). A band at 27 500 cm-1  grew in which intensified on di-reduction while the 

t— t bands collapsed completely. A low energy band grew in at 14 100 cm (c = 36 

700 M'cm', Figure 7.16). Oxidation to [Fe(4'-ph-tpy)2]3  collapsed the 	and 

MLCT bands of the complex leaving a wide, high energy band centred around 34 000 

cm- 
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Figure 7.15 UV/Vis/NIR absorption spectra of fFe(4 '-ph-tpy)2f 4  (blue) and [Fe(4 

ph-tpy)2J' (red) in 0.1 MITBAJIBF4J/DMF, T = 233 K showing partially reduced 

curves. Potential held at -1.25 Vvs. Ag/AgCL 
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Figure 7.16 UV/Vis/NIR absorption spectra of [Fe (4 '-ph-tpy)2J' (red) and [Fe(4 

ph-tpy)2 f (green) in 0.1 M [TBAJ[BF4J/DMF, T = 233 K showing partially reduced 

curves. Potential held at -1.7 V vs. Ag/A gCL 

The spectra of singly reduced species [Fe(4'-p-NO2-ph-tpy)2]' and [Fe(4'-m-NO2-ph-

tpy)2] 1+  could not be resolved as the first reduction is a two-electron step. It was 

possible to obtain the double, triple and quadruple reduced species along with the 

oxidised complex. 

The MLCT band collapsed on di-reduction of [Fe(4 '-p-NO2-ph-tpy)2]2  while the 

irt bands collapsed to less than their original intensities but did not disappear 

altogether (Figure 7.17). New bands grew in at 24 000 cm' and 14 000 cm' ( = 28 

400 and 23 500 M'cm'). The spectrum of the triple reduced species still contained 

evidence of the itirK  bands at 35 800, 34 800, 31 900 and 30 600 cm 1, while the 

MLCT band collapsed (Figure 7.18). A broad absorption with a number of shoulders 

was centred at 22 000 cm' and low energy bands at 13 000, 11 800 and 10 000 cm-1  

(c = 22 300, 20 400 and 18 500 M'cm') were observed. The fourth reduction 
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intensified the band at 11 900 cm' (s = 33 500 M'cm) and the broad band resolved 

into two peaks at 23 900 cm' and 20 200 cm-' (c = 16 600 and 26 600 M'cm). 

Oxidation to [Fe(4'-p-NO2-ph-tpy)2]3  collapsed all peaks leaving a single, broad 

absorption centred at 33 300 cm' ( = 40 500 M 1cm'). 

Figure 7.17 UV/Vis/NIR absorption spectra offFe(4-p -NO2-ph-tpy)2/ (blue) and 

fFe(4 '-p-NO2--ph-tpy)2f (Green) in 0.1M[TBAJ[BF4J/DMF, T = 233 K. Potential 

held at -1.0 Vvs. Ag/A gCL 
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Figure 7.18 UV/Vis/NIR absorption spectra of [Fe(4 -p-NOrph-tpy)2J' (Ci'aii) 

[Fe(4 '-p-NO2-ph-tpy)2t (Brown) in 0. 1M f1BAJIBF4J/DMF showing partially 

reduced curves, T = 233 K. Potential held at -1.5 V vs. Ag/AgCl. 

In contrast to all other complexes studied, the MCLT band of [Fe(4'-m-NO2-ph-

tpy)2]2  was not affected by di-reduction of the complex. However, the highest 

energy bands did collapse while a new band at 30 900 cm-1  (c = 61 600 M 1cm') 

grew in (Figure 7.19). A small shoulder on the MLCT band was observed at 20 200 

cm-' (s = 20 900 M'cm). The quadruple reduced species contained two main bands 

at 32 100 and 14 300 cm' (c = 32 100 and 14 300 M'cm) with a number of 

shoulders (Figure 7.20). Oxidation to [Fe(4'-m-NO2-ph-tpy)2]3  produced a single 

band at 34 200 cm -'(E = 34 200 M'cm) with shoulders at 29 600, 28 100 and 25 300 

cm 
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Figure 7.19 UV/Vis/NIR absorption spectra of [Fe(4 '-m-NO2-ph-tpy)2  (blue) and 

[Fe(4 '-m-NO2-ph-tpy)21°  (green) in 0.1 M JTBAJJBF4J/DMF, T = 233 K showing 

partially reduced curves. Potential held at -1.1 V vs. Ag/A gCl. 

CM ,  

Figure 7.20 UV/Vis/NIR absorption spectra of [Fe (4 '-m-NOr.ph-tpy)2]°  (green) 

and [Fe(4 '-m-NO2--ph-tpy)2t (brown) in 0.1 M JTBAJJBF4J/DMF, T = 233 K 

showing partially reduced curves. Potential held at -1.6 V vs. Ag/A gCL 
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All electrochemical processes were found to be reversible by quantitative regeneration 

of the original spectra by setting the potential back to 0 V. Isosbestic points indicated 

clean conversion of one species to another. 

Although the spectra of the complexes before reduction are similar, there are marked 

differences once reduction occurs. The existence of a similar MLCT band in both 

derivatised and non-derivatised tpy complexes indicates that this is a transition to a 

orbital based on the tpy moiety, most likely on the central tpy ring'09. Thus, the 

collapse of this band on di-reduction indicates that the t*(tpy) orbital must be 

partially occupied and the LUMO of this complex must therefore contain extensive 

delocalisation onto the tpy. This occurs for di-reduction of [Fe(tpy)2]2 , [Fe(4 -ph-

tpy)2]2  and [Fe(4'-p-NO2-ph-tpy)2]2  but not for di-reduction of [Fe(4'-m-NO2-ph-

tpy)2]2 . This is further evidence that the LUMO of 4'-m-NO2-ph-tpy is based away 

from the tpy moiety and thus the meta position is more important electrochemically. 

The similarity between the electrochemical reductions of the complexes and their 

corresponding ligands can be found in the existence of t—ir' charge transfer bands 

characteristic of the reduced ligand. These occur at 24 000 cm-1  and 14 000 cm-' for 

[Fe(4'-p-NO2-ph-tpy)2]0  (c.f 27 000 and 13 900 cm' for [4'-p-NO2-ph-tpy]') and 30 

900 and 20 200 cm' for [Fe(4'-m-NO2-ph-tpy)2]0  (c.f 25 530 and 20 650 cm-1  for [4'-

m-NO2-ph-tpy]'). It is interesting to note that a band around 14 000 cm' is present 

for [Fe(tpy)2]', [Fe(4'-ph-tpy)2]°  and  [Fe(4'-p-NO2-ph-tpy)2]0  and has previously been 

assigned as characteristic of [tpy]'-.'O' It is therefore encouraging that this band does 

not appear in the spectrum of [Fe(4'-m-NO2-ph-tpy)2]0  but does grow in upon 

reduction to [Fe(4'-m-NO2-ph-tpy)2]2 . This indicates again that the LUMO of 4'-m- 
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NO2-ph-tpy is not tpy based but also suggests that the LUMO+1 is localised on the 

tpy moiety. 

7.3. 	Conclusions 

The ligands 4'-p-NO2-ph-tpy and 4'-m-NO2-ph-tpy were each found to have a low-

lying LUMO. For the free ligands, a large electron density was found on the nitro 

group and the rest of the ph-moiety. Delocalisation onto the tpy moiety was only 

observed for [4'-p-NO2-ph-tpy]'. UV/Vis/NIR bands indicative of the reduced 

ligands were present in the spectra of the di-reduced complexes. The MLCT band 

was found to be a useful probe of whether the reduction of an Fe(II) 4-ph-tpy complex 

is based on the ph or tpy moieties. The results suggest that first two reduction 

electrons of [Fe(4'-p-NO2-ph-tpy)2]2  are much more tpy based than those of [Fe(4'-

m-NO2-ph-tpy)2]2 . It is therefore postulated that meta is electronically the more 

important position. 
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8. Overall Conclusions 

. 	The electronic behaviour of a NO2  substituted bpy ligand is highly dependent 

on the position of the substituent. 

. 	Reduced bpy ligands with NO2  substituents in the 3 and 5 positions can from a 

structure with a double bond between the two NO2-py rings. In the case of 

NO2  substitution in the 5,5' positions, this leads to unusual behaviour. 

. The nature of the solvent used is important in an electrochemical study, 

particularly when the site of the redox process is exposed and the charge is 

localised. 

The largest nitrogen hyperfine coupling constant in the EPR spectrum of [4-

NO2-bpy]' is the N of the NO2  group. 

The second largest nitrogen hyperfine coupling constant in the EPR spectrum 

of[Pt(4-NO2-bpy)C12]' is the N of the NO2  group. 

The m-ph position is electronically more important than the p-ph position in 

ph-tpy ligands and complexes. 
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9. Further Work 

The only unstudied sites of NO2  substitution on bpy ligands are the 6,6' 

positions. Therefore the synthesis and electrochemical study of 6-NO2-bpy 

and 6,6'-(NO2)2-bpy ligands and complexes should be a future target. 

. 

	

	The behaviour of other highly electron withdrawing substituents such as CF3  

or CN should be examined. 

The study of solvent effects on electrochemical results is of paramount 

importance. 

. The effect of the nature and concentration of electrolyte on electrochemical 

results should be studied. 

. Other 3,3', 4,4' and 5,5' ' 5NO2  mono- and di-substituted ligands should be 

synthesised in order to confirm that the largest EPR coupling constant in the 

EPR spectrum of reduced ligands and complexes is to the N of the NO2  group. 

The synthesis of multiply substituted ligands (e.g. 4,4',5,5 '-(NO2)4-bpy) 

should be a target. 

. Electron withdrawing substituents coupled to electron donating substituents 

would give an interesting "electron flow" and results would therefore be 

unpredictable. Therefore, an aim should be the synthesis of ligands such as 5-

NO2-5 '-NH2-bpy. 
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