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Abstract 

 

 

Dipyrrin ligands can be considered as ‘half-porphyrins’.  They absorb light in the 

visible region due to a strongly allowed * transition.  With the energy crisis being 

one of the most important issues of our time, the strong absorption in the visible region 

endows dipyrrinato complexes with promise in solar energy conversion applications.  

The focus of this project was to undertake some fundamental synthesis and 

spectroscopy of dipyrrin ligands and dipyrrinato complexes for their applications in 

photochemical devices.   

The well-known characteristics of Ru(II)-bipyridine chemistry were combined with the 

light absorbing properties and synthetic versatility of dipyrrin ligands to prepare and test 

a range of Ru(II)-dipyrrinato-bipyridine complexes as dyes for applications in dye-

sensitised solar cells.  The preliminary results of the solar cell measurements show 

evidence that the Ru(II)-dipyrrinato-bipyridine complexes show promise as light 

harvesters in solar energy conversion applications.  A series of Re(I)-dipyrrinato 

complexes has also been designed and prepared for potential applications as catalysts in 

carbon dioxide reduction. 

Metallodipyrrin complexes also exhibit strong exciton coupling.  A library of transition 

metal dipyrrinato complexes has been prepared to investigate the exciton interactions in 

dipyrrin systems.  Understanding the exciton interactions in dipyrrin systems and the 

ability to control the exciton interactions are desirable for improving the solar energy 

conversion efficiency of dye-sensitised solar cells containing Ru(II)-dipyrrinato-

bipyridine complexes as the dye. 

Raman spectroscopy and more specifically resonance Raman, as a technique for probing 

the excited state of dipyrrinato complexes, has largely been overlooked in the literature.  

Therefore the spectroscopy aspect of this thesis has a central focus on the Raman 

spectroscopy of dipyrrins, including the first full characterisation of dipyrrin ligands by 

Raman spectroscopy at a variety of wavelengths (visible and near infrared).  Strong 

resonance enhancement was observed for the dipyrrin ligands, which lays the 

foundation for fundamental single-molecule SERS studies but also for a broad range of 

bioanalytical applications. 
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Chapter 1 

 

 

Introduction 

 

1.1 Perspective 

Approximately 85% of the world’s energy needs is met by fossil fuels.  In addition to 

the progressive decline in fossil fuel reserves, the burning of fossil fuels results in 

pollution and production of greenhouse gases associated with global warming.  Global 

energy consumption is expected to double by mid-century and triple by the turn of the 

century.  Therefore the energy crisis has become the most important issue of this 

century.
1-5

   

The sun, which provides 120,000 terawatts (TW) of power, could provide the solution 

to the global energy crisis.
4
  Just one hour of sunlight striking Earth provides more 

energy than is consumed by humans in one year.
5
  Nonetheless, sunlight is both diffuse 

and intermittent and therefore conversion to useful energy forms requires capture, 

concentration and storage of the energy.
3, 4

  None of these requirements can be met by 

current technologies.  Addressing these challenges has become one of the most urgent 

and important areas of modern day science.
6, 7

    

Photosynthetic organisms have evolved to capture sunlight very efficiently to drive one 

of the key reactions to sustain life (equation 1.1).  In plants, photosynthesis provides an 

energy source for the survival of the plant by converting and storing the energy in 

chemical bonds as carbohydrates.  Indirectly, photosynthesis provides a food source for 

humans as we consume plant biomass.
2, 3, 8

 The oxygen produced during photosynthesis 

is released to the atmosphere.
8
 

 

                                      (1.1) 

 

At the centre of photosynthesis is the splitting of water by sunlight into oxygen and 

hydrogen (equation 1.2).
9
  This process must be sensitised because water cannot be 



2 

electronically excited by solar energy.
4, 10

  The overall transformation involves multiple 

proton and electron transfers and thus a considerable thermodynamic barrier to 

overcome.
11

 

 

                                          (1.2) 

It should be noted that the redox couples expressed in equation 1.2 are pH dependent 

(pH = 0) which is not a desirable condition for photocatalytic water splitting. 

Hydrogen is often considered to be the ideal fuel to power the future since its 

combustion generates heat and water.
3, 4, 12, 13

 However, the problems associated with 

generation, storage, and transport of H2 are significant.
13

   

The chemist’s challenge is to design a system that mimics the photosynthetic machinery 

of plants to split water to produce hydrogen and oxygen.
2
  Such a system needs to 

operate at room temperature and use earth abundant materials.
3
  This is a very 

challenging goal.
3, 14

  A number of strategies for light driven water splitting is currently 

being investigated.
2, 3, 9, 15, 16

   

Photovoltaic technology is an alternative solar energy conversion strategy that involves 

the direct conversion of light into electrical energy.
9
  Traditional photovoltaic devices 

are silicon based semiconductors (p-n type semiconductors). This requires high purity 

crystalline silicon.
4, 5, 7

  Efforts into new photovoltaic devices are continuing with thin 

film designs using cheaper materials for large scale production.
9
  

Dye-sensitised solar cells, or Grätzel cells
17

, are a more recent class of photovoltaic 

technology.  These cells are based on the sensitisation of wide bandgap semiconductors 

by dyes which absorb significant fractions of sunlight.  The maximum conversion 

efficiency is currently ~10-11%.
18, 19

 However, the efficiency is limited by the long term 

stability of each of the components of the solar cell.
20, 21

  Extensive research into 

improved efficiencies and long term stability are on-going.
21, 22

  With improved 

conversion efficiencies and long term stability these devices have the potential to be 

viable cost effective alternatives to silicon based semiconductors.
20
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1.2 Dipyrrins and their complexes  

1.2.1 General background and structure of dipyrrins 

Dipyrromethene ligands were first reported by Hans Fischer in 1937.
23

  In recent 

literature they are most commonly referred to as dipyrrin ligands and this name is used 

hereafter.  Dipyrrin ligands can be roughly considered as bispyrrolic “half porphyrins” 

and historically were employed as the synthetic precursors to porphyrins.
24

  The basic 

dipyrrin unit with IUPAC numbering and the historical porphyrin nomenclature (1), the 

core porphyrin structure (2) are depicted in Figure 1.1.  More recently, dipyrrin 

chemistry has focussed on the coordination chemistry of dipyrrinato ligands
24

 (3)  and 

the BF2-dipyrrinato compounds (BODIPY) (4) given their useful photophysical 

properties.
25

  

  

 

Figure 1.1.  Structure and IUPAC numbering system of the basic dipyrrin unit with 

historical porphyrin nomenclature (1), structure of a free base porphyrin (2), dipyrrin 

chelate (3), and BODIPY complex (4). 

 

Following historic pyrrole nomenclature and the naming of porphyrins, positions 1 and 

9 of the dipyrrin framework are sometimes referred to as the α-positions and positions 2, 

3, 7, and 8 are referred to as the β-positions, while position 5 is often termed the meso 

position (Figure 1.1).  The nature and number of substituents on the dipyrrin 

significantly affect the stability and reactivity.  For example, fully unsubstituted dipyrrin 

1 is reported to be unstable due to the susceptibility of electrophilic and nucleophilic 

attack.
24

  Incorporating alkyl substituents at positions 1-3,7-9 prevents electrophilic and 

nucleophilic attack.  By incorporating an aryl substituent at the 5-position, dipyrrins can 

be isolated with only hydrogen substituents in positions 1-3,7-9.
24
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1.2.2 Synthesis of dipyrrins 

The four major synthetic pathways to dipyrrins have been summarised by Brückner et 

al.
26

  Of these synthetic pathways the acid-catalysed condensation of 2-formyl pyrrole 

(5) with pyrrole 6 is the most common.  This reaction yields a 5-unsubstituted dipyrrin 

(7) isolated as the HBr salt (Figure 1.2).  These reactions are generally high yielding but 

can be limited by purification.
24

  Alternatively, 5-substituted dipyrrins (7) can be 

prepared by the acid-catalysed condensation of two equivalents of an unsubstituted 

pyrrole 6 and a carboxylic acid or an acid halide (Figure 1.2). 

 

Figure 1.2.  The general procedure for the acid-catalysed condensation reactions in the 

synthesis of asymmetric dipyrrins or dipyrrins bearing hydrogen at meso position. 

 

The preparation of 5-aryl substituted dipyrrins is well documented.
26-31

  5-aryl 

substituted dipyrromethanes, the precursors to 5-aryl substituted dipyrrins, have 

enhanced the accessibility to 5-aryl substituted dipyrrins. In the traditional synthesis of 

5-aryl substituted dipyrromethanes, an aromatic aldehyde (8) is reacted with excess of a 

pyrrole, where it acts as a solvent, in the presence of a mild Lewis acid catalyst (e.g. 

InCl3) (Figure 1.3).
27

  The 5-aryl dipyrromethane product (9) can usually be purified by 

crystallisation.  Reaction yields are usually greater than 50%, and the reactions are 

scalable.   

 

 

Figure 1.3. The general procedure for the synthesis of 5-aryl substituted 

dipyrromethanes. 
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Recently, the synthesis of 5-aryl substituted dipyrromethanes has been improved.  By 

using aqueous HCl as the reaction medium, the condensation of an aromatic aldehyde 

requires only three equivalents of pyrrole at room temperature.
 28

  Products are obtained 

in high yields and usually by simple filtration.  This method is appropriate for a wide 

variety of aromatic aldehydes. 

Oxidation of 5-aryl substituted dipyrromethane (9) yields the corresponding 5-aryl 

substituted dipyrrin (10) (Figure 1.4).  Such compounds are usually stable in their free 

base form.  Oxidation of the dipyrromethane is typically achieved by using DDQ (2,3-

dichloro-5,6-dicyano-1,4-benzoquinone).
24, 26, 28

 A milder alternative to DDQ is 

p-chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone).
24

   

 

 

Figure 1.4. Generalised procedure for the synthesis of symmetric dipyrrins via the 

oxidation of the precursor dipyrromethane. 

 

However, there are noteworthy limitations to the classic two-step acid-catalysed 

condensation and oxidation reactions to synthesise dipyrrins.  These include (i) the 

requirement for the synthesis of the starting aldehyde if it is commercially unavailable, 

and (ii) exposure of any functional groups on the aryl ring of the aldehyde to either a 

Lewis acid or aqueous acid and DDQ or p-chloranil.  Certain functional groups are 

incompatible with these conditions and result in reduced yields.  For example, the 

electronic effect of the diphenylamino substituent (-NPh2) on the aryl ring reduces the 

reactivity of the precursor aldehyde; therefore more forcing conditions are required.  

Instead the “traditional” approach to dipyrrin synthesis (Figure 1.3) is required where 

catalytic quantities of TFA are used to provide the dipyrromethane.
32

  Purification after 

the oxidation step can be particularly arduous, though this is not always apparent from 

literature reports.  Furthermore this particular method for the synthesis of dipyrrins 

always results in an aryl spacer group between the dipyrrin core and the functional 

group.  This limits the ability to influence the electronic properties of the dipyrrin core 

by incorporation of electron donating or electron withdrawing substituents. 
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1.2.3 Dipyrrinato complexes 

Dipyrrins are monoanionic when deprotonated and are known to form both homoleptic 

and heteroleptic complexes with a variety of metal ions.
24, 29, 33-50 

The preparation of 

homoleptic complexes often involves using the metal acetate in methanol given that the 

product is usually insoluble in methanol and can be easily isolated by filtration; 

however, other metal salts and solvents are also used. 

 

1.2.4 Complexation geometries of dipyrrinato complexes 

The geometry at the metal centre is primarily determined by the preferred coordination 

environment of the metal ion.
26

  The secondary determinant of the geometry at the metal 

centre is the steric interactions of the substituents at positions 1 and 9 of the dipyrrin 

ligand.
24

  In homoleptic complexes such as [NiL2] and [CuL2] the steric interactions of 

substituents as small as hydrogen atoms in these positions result in the formation of 

complexes with distorted coordination environments.  For example, [CuL2] complexes 

adopt a distorted square planar coordination geometry to accommodate the substituents 

at positions 1 and 9.
26, 36, 51, 52

  The geometry of [NiL2] complexes is a special case.  X-

ray crystal structures of an [NiL2] complex (11) (Figure 1.5) reveals that the 

coordination geometry is distorted tetrahedral.
26

  However, characterisation by NMR 

spectroscopy is possible for [NiL2] complexes.
24, 26

  This indicates that the complex is 

low spin and diamagnetic; therefore the geometry must be (distorted) square planar.
26

 

In the case of Pd(II), which typically forms square planar complexes, [PdL2] (12), the 

ligands cannot remain coplanar.  The four pyrrole nitrogens and the Pd(II) all lie in the 

same plane, this plane is subsequently referred to as the PdN4 plane.  To accommodate 

the steric requirements of the hydrogen atoms at positions 1 and 9 the ligands cant away 

from the PdN4 plane with an angle of approximately 40°.
43

  This angle is the tilt angle
50

 

(defined as the angle between the PdN4 plane).  The pyrrolic rings of the dipyrrin core 

also have pronounced curvature.  The planes of the pyrrolic rings of each ligand are 

inclined at an angle of 34° (defined as the angle between the mean planes formed by the 

atoms in each pyrrole and the adjacent meso carbon).
50

 These deviations are observed in 

the crystal structure of 12 (Figure 1.6). 
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Figure 1.5. Distorted tetrahedral coordination geometry of [NiL2] where L = 

5-phenyl-4,6-dipyrrin.
26

   

 

 

Figure 1.6. Square planar coordination geometry of [PdL2] where L = 5-(4-

methoxycarbonylphenyl)-4,6-dipyrrin.  The crystal structure shows the ligands canted 

away from the PdN4 plane and the curvature in the pyrrolic core.
53

 

 

Acetylacetonato ligands (acac) and the hexafluoro derivative (hfacac) are excellent 

ligands for heteroleptic dipyrrinato complexes as there are minimal steric problems near 

the metal centre.
54

  Figure 1.7 clearly shows the difference in the steric interactions 

between the α-protons in the heteroleptic complex (13) and homoleptic complex (14) 

and the role these protons play in controlling the coordination environment of such 

complexes. 
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Figure 1.7. Space-filling representations of a heteroleptic Cu(II) (top) and homoleptic 

Cu(II) (bottom) complex (adapted from reference 52). 

 

1.2.5 BF2-dipyrrinato complexes 

Boron difluoride complexes of dipyrrins, commonly referred to as BODIPYs (4), 

(Figure 1.1) were reported by Treibs and Kreuzer in 1968.
55

  The fluorescence 

properties of these complexes are recognised as their most important characteristic.  

Generally BODIPY complexes have high fluorescence quantum yields, tuneable 

emission maxima, and good photochemical stability which has led to commercial use as 

biological stains,
56, 57

 laser dye applications,
58-60

 fluorescent switches,
61, 62

 and 

chemosensors (or molecular sensors).
63-67

  Research into BODIPYs is currently the most 

active area of dipyrrin chemistry.
25, 68-70

 

The general synthesis of BODIPY complexes (15) (Figure 1.8) involves the treatment of 

a dipyrrin (16) with a base and a boron source (usually boron trifluoride).  The reaction 

may also be performed on crude dipyrrins without isolation of the dipyrrin ligand.  The 

synthesis of BODIPYs was revolutionised by the improved synthetic pathways to 5-aryl 

substituted dipyrrins (Figure 1.3 and Figure 1.4). 
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Figure 1.8. The general synthesis of BODIPY complexes. 

 

1.2.6 Azadipyrrins and azadipyrrinato complexes 

The synthesis of azadipyrrins (where the methene bridge is replaced with a nitrogen 

atom) was first described in the 1940s.
71-74

 Azadipyrrins can be considered as half 

phthalocyanines.  Phthalocyanines and their derivatives are well known organic dyes.
75, 

76
  Until the early 2000s these compounds were unstudied for any application.  There 

has been a recent resurgence in the synthesis and studies of azadipyrrins
77, 78

 and in 

particular azaBODIPYs by the O’Shea research group.
79-81

  Recent applications of 

azaBODIPYs  include use as agents in photodynamic therapy (PDT),
79, 81

 

chemosensors,
82

 and as in vitro fluorophores.
80

   In contrast to dipyrrins, few 

azadipyrrinato complexes are known.  To date these include heteroleptic tricoordinate 

Cu(I), Ag(I), and Au(I) complexes with triphenyl phosphine in the third coordination 

site,
83, 84

 a Re(I) complex,
85

 and homoleptic divalent Co(II), Ni(II), Cu(II), Zn(II), and 

Hg(II).
78, 86

  Nonetheless, azadipyrrins and azaBODIPYs are still a relatively 

undeveloped area of research. 

The simplest known and first reported azadipyrrin
71

 is the 3,5-tetraphenyl azadipyrrin 

(17).  The BODIPY 3,5-tetraphenyl azadipyrrin analogue was reported in 1993
59

 (18)
 

(Figure 1.9).   AzaBODIPYs are prepared from their azadipyrrin analogue in the same 

way as dipyrrins are converted to their corresponding BODIPY complexes (i.e. 

treatment with a base and BF3).   

 

 

Figure 1.9. Structure of the first reported 3,5-tetraphenyl azadipyrrin and the BODIPY 

azadipyrrin analogue. 
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Two general methods for preparing azadipyrrins have been developed (Figure 1.10). 

Route 1 involves a Michael addition across an α,β-unsaturated ketone (19) with 

nitromethane to give a nitro intermediate (20), followed by a reaction with an ammonia 

source (such as ammonium acetate or ammonium carbamate) to give 3,5-tetraphenyl 

azadipyrrin (21).  Alternatively cyanide can be used in place of nitromethane to give a 

keto-nitrile intermediate.  The ease of isolation by precipitation and improved yields 

were realised when alcohol solvents were used in the reaction.  Route 2 involves 

converting 2,4-diarylpyrrole (22) to the 5-nitroso derivative (23) then condensing this 

with another molecule of pyrrole (22) to give the 3,5-tetraphenyl azadipyrrin (21).  This 

route provides a method to prepare asymmetrical azadipyrrins by condensing the 5-

nitroso derivative (23) with a different pyrrole fragment.  Throughout the literature only 

aromatic functional groups have been incorporated into the pyrrolic fragments via these 

synthetic routes.
77, 78

 

 

Figure 1.10. The two general procedures for the preparation of azadipyrrins. 

 

1.2.7 Chemical manipulations of dipyrrinato complexes 

The modification and elaboration of dipyrrin complexes via chemical manipulations is 

an underdeveloped area of dipyrrin chemistry.  There are three general categories of 

reactions that have been used: substitutions, functional group interconversions, and 
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metal-catalysed cross-coupling reactions.
24

  In such reactions the metal ion (or BF2) acts 

as a protecting group for the dipyrrinato nitrogen atoms. Strongly acidic and/or 

reductive conditions are avoided as they are known to deprotect the dipyrrinato nitrogen 

atoms.
24

  The present knowledge is largely based on modifying BODIPY complexes 

(due to the interest in modifying these complexes to tune their optical properties or 

attach selective binding receptors).  A summary of chemical manipulations illustrating 

the limited number of known reactions to modify dipyrrin complexes can be found in 

the literature.
24, 25

   

Manipulations of functional groups on 5-aryl substituents of dipyrrinato complexes are 

possible (Figure 1.11).  However, generally the equivalent functional group 

interconversion is not viable on the free ligand.  The hydrolysis of the methyl ester 

dipyrrinato cobalt(III) complex (24a) under typical hydrolysis conditions yields the 

carboxylic acid derivative (24b).  The carboxylic acid groups can then be converted to 

amide groups (24c), followed by dehydration of the amine groups to yield the cyano 

derivative (24d).
87
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Figure 1.11. Manipulation of a cobalt dipyrrinato complex from a methyl ester (24a) to 

the cyano derivative (24d) via a carboxylic acid (24b) and amide derivative (24c). 

 

1.2.8 Electronic properties of dipyrrins 

A unique and defining feature of dipyrrins and azadipyrrins is that they possess a large 

transition dipole moment across the pyrrolic rings
88

 (Figure 1.12), which gives rise to 

strongly allowed π-π* transitions (~ 20,000 L mol
-1

 cm
-1

 and oscillator strengths,  = 

0.5) in the visible region (Figure 1.13).  Time-dependent DFT calculations have 

confirmed the position of the transition dipole moment (see later). 

The position of the * transition for dipyrrin ligands is both solvent and pH 

dependent.
26

  The second pyrrolic nitrogen can be protonated with acid which induces 

both a significant red shift and a substantial increase in the absorption coefficient.  The 

position of the band is relatively insensitive to the functional groups at the meso 

position.
26

 

 



13 

 

Figure 1.12. Illustration of the position of the transition dipole moment (μ) for the 

lowest energy π-π* transition of dipyrrins and azadipyrrins. 

 

 

Figure 1.13. Electronic absorption spectra of a dipyrrin ligand (black) in MeOH, an 

azadipyrrin ligand (blue) and a typical bisdipyrrinato complex (red) in CH2Cl2. 

 

1.2.9 Electronic properties of dipyrrinato complexes 

The conjugation of the dipyrrin core, analogous to porphyrins, provides dipyrrinato 

complexes with interesting and useful optical properties.  The dipyrrinato complexes 

have a low energy (~500 nm) absorption band (Figure 1.13) assigned to a * 

transition located on the dipyrrin core.  The area under the * absorption band is 

proportional to the number of dipyrrinato ligands in the complex.
89

 

When two or more dipyrrin ligands come into close proximity, for example by 

coordinating to a metal centre, the transition dipole moments interact strongly, owing to 

the strength and close spatial proximity of the chromophores.  This leads to new 



14 

electronic states that are delocalized across the dipyrrin units.  This is termed exciton 

coupling.
88, 89

  Distinct spectral features are seen in both absorption and CD spectra
40, 87, 

88
 (Figure 1.14).  Exciton interactions in dipyrrins have not been investigated in depth in 

the literature. 

Excluding BODIPYs, there has been a limited number of luminescent dipyrrinato 

complexes reported.  To date these include complexes with Zn(II),
33, 41, 90

 Rh(III),
43

 

Pd(II),
48

 Al(III),
33

 Ga(III),
91

 In(III),
91

 Ir(III),
50

 and Pt(II).
48

 Typically the emission 

quantum yields of these complexes are significantly lower than most BODIPYs.  

Restricting the rotation of the meso phenyl ring relative to the plane of the dipyrrin 

chromophore is crucial in obtaining enhanced emission from these complexes.
41, 48, 50, 90, 

91
 For dipyrrinato complexes with heavy atoms, intersystem crossing from the singlet to 

the triplet excited state is facilitated by strong spin-orbit coupling in the heavy atoms 

and emission is assigned to phosphorescence.
48, 50, 91

 

The emission properties of BODIPYs may have obscured the promising Raman 

properties of the core dipyrrin unit.  Aside from recent publications from our group
42, 53, 

92
 dipyrrins and dipyrrinato complexes have not been characterised using Raman 

spectroscopy.  Raman spectroscopy, in particular resonance Raman spectroscopy, is a 

useful technique for investigating the electronic structure of the complex and assigning 

electronic transitions.  Resonance Raman spectroscopy is also a powerful technique for 

probing the initial nuclear dynamics following excitation (i.e. 0-100 femtoseconds).  

From this, changes in the nuclear geometry and the relaxation out of the Franck-Condon 

region can be examined in detail.   
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Figure 1.14. Illustration of exciton coupling in [ML3] dipyrrinato complexes. (A) 

electronic absorption spectrum of [RhL3] (blue) where the major components of the 

observed spectrum are shown as dashed lines,
88

 and (B) circular dichroism (CD) 

spectrum of a -[CoL3] (green) and -[CoL3] complex (red).
87

 

 

1.2.10 Recent advances in dipyrrin chemistry 

Research into the coordination chemistry of dipyrrins and azadipyrrins is rapidly 

evolving with new and more exotic metal complexes of both homoleptic and 

heteroleptic dipyrrinato and azadipyrrinato being reported.
24, 40, 44, 49, 50, 93-102

  Many of 

the complexes that have been prepared exhibit interesting spectroscopic properties.   

The first alkali metal complexes (Li
+
, Na

+
, K

+
) of dipyrrinato ligands have recently been 

prepared and investigations into the use of these complexes in salt elimination reactions 

is being undertaken.
103

 A novel example of a heteromultinuclear complex based on a 

c 
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dipyrrin framework which forms N2O2 type complexes with Al(III) has been reported 

(25).  These complexes then chelate to Zn(II) (26) which enhances the fluorescence 

relative to the Al(III) complex (Figure 1.15).
33

  

 

 

Figure 1.15. A N2O2 Al(III)-dipyrrinato complex which further complexes Zn(II) 

enhancing the fluorescence. 

 

An azadipyrrinato complex of Re(I) has been reported in attempts to combine the 

well-studied and favourable excited state properties of Re(I) diimine complexes, e.g. 

[Re(CO)3LX], where L = 2,2′-bipyridine and 1,10-phenanthroline,
104

 with the long 

wavelength absorption properties of azadipyrrin ligands.   

The long-lived excited states and efficient phosphorescent emission characteristics of 

bis-cyclometallated Ir(III) complexes have been combined with dipyrrin ligands to 

provide room temperature phosphorescence.  The cyclometallating ligand and the meso 

substituent on the dipyrrinato ligand were systematically varied to determine the origin 

of the emission, which was assigned to a dipyrrin-centred triplet state.
50

  The Ir(III) 

complex 27 with the greatest quantum efficiency (Φ = 0.115) has the phenyl rotation 

blocked
41, 48, 50, 90, 91

 by the mesityl functional group (Figure 1.16).  Weak low 

temperature phosphorescence (Φ = 0.013) from a cyclometallated Pt(II) complex (28) 

has also been reported.
48
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Figure 1.16. A bis-cyclometallated Ir(III)-dipyrrinato complex and a cyclometallated 

Pd(II)-dipyrrinato complex, which both exhibit phosphorescence. 

 

Heteroleptic η
5
-pentamethylcyclopentadienyl dipyrrinato complexes of Rh(III) and 

Ir(III) (29) have been prepared (Figure 1.17).  These complexes have been shown to 

catalyse the reduction of terephthaldehyde to 4-hydroxymethylbenzaldehyde in aqueous 

and aerobic conditions with greater than 99 percent conversion efficiency achieved.
46

 

 

 

Figure 1.17. Heteroleptic η
5
-pentamethylcyclopentadienyl dipyrrinato Ir(III) and 

Rh(III) complexes capable of the catalytic reduction of terephthaldehyde.  

 

Recently, BODIPY complexes with heteroatom substituents at the meso position have 

been reported.
105

  Prior to this, the synthesis of dipyrrylthiones (such as 31) had been 

described
106

 but the synthesis had not been continued to give the corresponding 

BODIPY.  The reaction is outlined in Figure 1.18 where the reaction of pyrrole or 

substituted pyrrole (30) with thiophosgene yields a thioketone (or dipyrrylthione) (31).  

Further reaction with methyl iodide provides an unstable intermediate (32) (as the 
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hydroiodide salt) which is reacted with triethylamine and boron trifluoride etherate to 

give the thiomethyl BODIPY derivative (33).     

 

Figure 1.18. Synthesis of a thiomethyl BODIPY complex. 

 

This synthesis has facilitated further elaboration at the meso position to provide 

BODIPY complexes under mild reaction conditions without exposure of the meso 

substituent to acid or oxidation via DDQ or p-chloranil.
105

  Liebeskind-Srögl cross-

coupling reactions with boronic acids have also been utilised to develop novel meso 

substituted BODIPY complexes.
107

 Interestingly, this chemistry has not yet been 

extended to transition metal dipyrrinato complexes. 

 

1.3 Raman spectroscopy 

The underlying theory and principles of Raman spectroscopy are related to both 

fluorescence and infrared spectroscopy.  However, unlike these techniques, Raman 

spectroscopy has not been widely adopted by chemists and is often considered a 

specialised technique.  Raman spectroscopy forms a significant part of this thesis and 

has been widely used to characterise porphyrins and metalloporphyrins, therefore a full 

introduction is given here. 

 

1.3.1 Historical background and theory of Raman spectroscopy 

The inelastic light scattering phenomenon responsible for Raman 

spectroscopy was theoretically predicted by Smekal in 1923.
108

  

However, the phenomenon was not experimentally demonstrated 

until 1928 by Chandrasekhara Venkata Raman together with 

Kariamanickam Srinivasa Krishnan.
109

                                         

                                                                                                                  C. V. Raman 
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Their experimental setup consisted of a beam of sunlight converged by a telescope 

objective with an 18 cm aperture and a 230 cm focal length, followed by a second lens 

with a 5 cm focal length.  The sample was placed at this focal point.  Complementary 

light filters were employed to detect the presence of a modified scattered radiation.  A 

blue-violet filter coupled with a yellow-green filter placed in the incident light 

eliminated the light path through the sample.  Moving the yellow-green filter to a 

position between its original position and the observer resulted in the light path 

reappearing and was proof of the existence of modified scattered radiation.  Raman 

described the nature of this scattered radiation as “feeble in comparison with the 

ordinary scattering”.
109 

 Subsequently Raman was awarded a Nobel Prize in Physics in 

1930 for this work and the Raman effect was named after him.
110 

 

1.3.2 Basic theory and principles of Raman spectroscopy 

Raman spectroscopy utilises a single frequency of radiation to irradiate the sample.  

This light interacts with the molecule and polarises the cloud of electrons around the 

nuclei, forming a ‘virtual state’ which is a superposition of a molecular state and a 

photon state.  This state is not stable and the photon is released immediately as scattered 

radiation.
111

   

When light is scattered by matter the photons are scattered in two ways: elastically or 

inelastically (Figure 1.19).  In elastic scattering, the electron cloud relaxes without any 

nuclear movement i.e. it does not involve a change in vibrational energy and the 

molecule returns to its initial energy level.  This is also known as Rayleigh scattering 

and accounts for most of the light scattered from molecules.
111, 112

  Inelastically 

scattered photons account for approximately one in 10
6
-10

8
 photons, which have a 

different frequency from that of the incident photons.  In this case photons interact with 

the electron cloud and the nuclei begin to move.  This results in a change in energy of 

the molecule, to higher or lower energy, depending on whether the molecule started in 

the ground state or in an excited vibrational state.  This is known as Raman scattering or 

the Raman Effect.
111, 112

  Raman spectroscopy measures the energy difference between 

the ground and excited vibrational states.
111
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Figure 1.19. Spectroscopic transitions underlying Raman and Resonance Raman 

spectroscopy.
111-113

  i and f represent the ground and excited vibrational states, 

respectively.  The virtual states are not real states of the molecule and are determined by 

the frequency of the light source used for excitation (EL).
111

 

 

Stokes scattering occurs when a molecule begins in the ground vibrational state, i, and 

absorbs a photon promoting the molecule to be in the excited vibrational state, f.  

However, owing to thermal energy, there are some molecules, which exist in the excited 

state, f.  Anti-Stokes scattering occurs when scattering from the excited vibrational, f, 

state to the ground vibrational state, i, takes place (Figure 1.19).  In comparison to 

Stokes scattering, anti-Stokes scattering is weak; however, anti-Stokes vibrations are 

more pronounced at higher temperatures.  The Boltzmann distribution shows that the 

excited vibrational state is less populated than the ground state and this explains why 

anti-Stokes scattering is weaker than Stokes scattering.
111, 112

  Usually Stokes scattering 

is recorded, however, anti-Stokes scattering may be recorded if there is fluorescence 

interference at longer wavelengths.
111
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1.3.3 Magnitude of Raman scattering  

Placzek developed the theory of Rayleigh and Raman spectroscopy by considering 

ground state polarisability.
114

  The classical description of Raman scattering is as 

follows.  An electric dipole is induced, P, when an oscillating incident electric field, E, 

interacts with an electron cloud of a chemical bond.  This is given by: 

  P E                                                      (1.3) 

where α is the polarisability of the molecule.  The incident electric field term is given 

by: 

 cos2o oE E t                                                  (1.4) 

where υo is the frequency of the laser. The molecular vibrations are comprised of normal 

modes, Qj, where there are 3N-6 vibrations in a non-linear molecule with N atoms. 

 cos2j j jQ Q t                              (1.5) 

υj is the characteristic harmonic frequency of the jth normal mode.  For a vibrating 

molecule, the polarisability term is given by the following Taylor series expansion: 

                                                     (1.6)                              

                                                                                                                 

Substitution of equations 1.4-1.6 into 1.3 gives: 

 

     

                        (1.7) 

The first term is the Rayleigh scattering, which has the same frequency as the laser 

frequency.  The second term is the anti-Stokes Raman scattering and occurs at a 

frequency of υo + υj.  The third term is Stokes Raman scattering and occurs at a 

frequency of υo – υj.
113

 
 

Raman intensity, IR, varies with frequency: 

   
4 2 2( )R o j j jI Q                                                    (1.8) 

where μ is a constant.  Equation 1.8 illustrates that the Raman intensity varies with the 

observed frequency (νs where νs = νo ± νj) to the fourth power for normal Raman 

scattering, which in turn depends on the laser frequency (νo).  The ν
4
 dependence is 

derived from the classical treatment of scattering from an oscillating induced dipole.  
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Equation 1.8 leads to the major distinction between Raman spectroscopy and infrared 

spectroscopy.  Raman scattering requires a change in the polarisability for an allowed 

transition.
111

  That is, 
jQ




 in equation 1.7, must be non-zero to observe Raman 

bands.
115

  Symmetric vibrations usually give the greatest scattering.  In comparison, for 

infrared absorption the most intense absorption is caused by a change in dipole, which 

results from non-totally symmetric vibrations.  Not all vibrations from a molecule are 

both infrared and Raman active.  Therefore the two techniques are complementary 

methods of investigating the vibrations of a molecule.
111

  

Raman cross-section (
j ) with units of cm

2
 molecule

-1
 is often the most important 

parameter derived from the Raman intensity.  The Raman cross-section is proportional 

to the probability of the scattering of an incident photon as a Raman-shifted photon with 

a particular Raman shift.  The magnitude of 
j  is related to 

jQ




.
113

  

j  is the integrated Raman cross-section, i.e. Raman scattering in all directions and 

over all scattered frequencies.  This would require light collection over all 4π steradians 

around the sample.  This is experimentally impractical.  In practise, light is collected 

over a relatively small angle from one of the several scattering directions from the 

sample.   Accordingly, 
jd

d




 is the differential cross-section with units of cm

2
  

molecule
-1

 sr
-1

, where Ω represents the angle of collection.   

Raman cross-sections for unknown samples are commonly determined via quantitative 

comparison with a standard/reference with a known Raman cross-section (equation 1.9).  

These standards are commonly solvents; however external standards are also used. 

     (1.9) 

                                              

Raman cross-section is dependent on the wavelength of laser excitation as resonance 

effects increase the cross-section, scattering geometry of the experimental set-up, and 

polarisation.
111, 113

   

 

1.3.4 Resonance Raman spectroscopy and surface-enhanced Raman spectroscopy 

There are two serious shortcomings of Raman spectroscopy.  The consequence of only 

one in 10
6
-10

8
 photons being inelastically scattered is that Raman signals are very weak.  
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Typical non-resonant Raman cross-sections (using visible excitation) are on the order of 

10
-29

 cm
2
 molecule

-1
.
116

  This compares to fluorescence cross-sections which are on the 

order of 10
-17

-10
-16

 cm
2
 molecule

-1
.  Under favourable conditions such as resonance 

conditions the Raman cross-sections are on the order of 10
-25

 cm
2
 molecule

-1
.
116

  

Therefore the weak nature of Raman spectroscopy limits the detection of molecules at 

low concentrations.
111, 113

 Secondly, some molecules exhibit fluorescence and even 

weak fluorescence signals can mask Raman signals.
112, 117

  

To overcome the inherent weakness of the Raman effect, there are two possible 

approaches based on equation 1.3: 

                                                             P E                                                            (1.3) 

 modify/increase the polarisability (α) of the molecule.  This approach is the basis 

of the resonance Raman spectroscopy. 

 modify/increase the strength of the electric field (E) that the molecule 

experiences.  This approach is the basis of surface-enhanced Raman 

spectroscopy. 

These shortcomings are overcome by resonance Raman spectroscopy (RR), 

surface-enhanced Raman spectroscopy (SERS), and surface-enhanced resonance Raman 

spectroscopy (SE(R)RS).  SE(R)RS is a combination of both SERS and RR and will not 

be described further other than to say that the excitation source must be resonant with 

both the dye and plasmon resonance of the metal surface.
111  

 

1.3.4.1 Introduction to resonance Raman spectroscopy (RR) 

The sensitivity of Raman spectroscopy is greater when the frequency of the excitation is 

close to that of an electronic transition of the molecule of interest.  Resonance Raman  

occurs when the excitation frequency coincides with an electronic transition of the 

molecule of interest (Figure 1.19).
118

  Pre-resonance Raman occurs when the excitation 

frequency is close to the electronic transitions of the molecule of interest.  The closer 

the excitation frequency is to the electronic transition the greater the intensity of the 

Raman bands.  The vibrational modes associated with the electronic transition are 

selectively enhanced in resonance Raman and give rise to Raman bands with a greater 

intensity.  Resonance Raman scattering leads to up to 10
6
 times stronger Raman 

scattering.
112

  The resulting spectrum may also be different. For example, overtones and 
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combinations may be enhanced and bands may be selectively enhanced.
112, 119

  See 

Appendix A1 for resonance Raman theory including Albrecht theory of resonance 

Raman (A1.1) and resonance Raman intensity analysis (RRIA) (A1.2). 

The development of a range of excitation sources coupled with the development of 

tunable lasers have resulted in exploitation of resonance Raman for many new 

applications.
111, 112, 120

  The main advantage of resonance Raman spectroscopy over 

traditional Raman spectroscopy is the enhancement of selected Raman bands which 

allows the detection of analytes present at low concentrations.
120

  However, owing to 

the use of visible or ultraviolet excitation sources, interference from fluorescence is 

often a problem with resonance Raman.
121

  

 

1.3.4.2 Introduction to surface-enhanced Raman spectroscopy (SERS) 

The first Raman spectrum of pyridine adsorbed onto a roughened silver electrode was 

reported in 1974 by Fleishmann and others.
122

  Since then, numerous reports of 

enhanced Raman signals of molecules adsorbed onto noble metal surfaces have been 

reported.  These metals may be metal surfaces such as thin roughened metal surfaces, 

metal electrodes
122

 or most commonly metal nanoparticles.
123, 124

   

The characteristic features of these metal nanostructures are plasmon resonances (more 

accurately called surface plasmon resonances).  Plasmon resonances are coherent 

oscillations of the surface conduction electrons when excited by electromagnetic 

radiation
125

 (Figure 1.20).  Plasmon resonances generate enhanced Raman scattering in 

a process known historically as surface-enhanced Raman spectroscopy (SERS).  This 

term emphasises the important role of the noble metal substrate in this phenomenon.
117  

The plasmon resonance of metal nanoparticles (especially silver and gold) is a strong 

and broad band observable using UV-visible spectroscopy.  The size and shape of the 

metal nanoparticles influences the position and intensity of the plasmon resonance via 

the dielectric constant of the material.
117
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Figure 1.20. A schematic diagram of a localized surface plasmon of spherical 

nanoparticles by incident electromagnetic radiation.
125

  The grey arrows represent the 

electromagnetic field and the purple line represents the electric field from the incident 

light. 

 

There is some debate surrounding the mechanism of enhancement of SERS.  It is now 

widely believed that there are three possible contributions to the enhancements 

observed: (i) surface plasmon resonance in the metal nanoparticle, (ii) charge-transfer 

resonance which involves the transfer of electrons between the molecule and the 

conduction band of the metal, and (iii) resonances within the molecule itself.
126

  

Researchers continue to debate the relative significance of these contributions to the 

enhancement of the Raman signal.
112, 117,

 
127

  See Appendix A2 for Albrecht theory 

applied to SERS. 

In addition to the three possible enhancement mechanisms of SERS, when metallic 

nanoparticles are used as the metal substrate, there have been reports of large variations 

in the enhancement observed.
128, 129

 These variations have been ascribed to the random 

formation of ‘hot spots’ between the junctions of the nanoparticles.
130

  These hot spots 

give large enhancements, which allow for single molecule detection of analytes.
131, 132

   

Refer to Figure 1.21 for an illustration of the electromagnetic field enhancement.  

Controlling hotspots provides the motivation for assembling nanoparticles in a 

controlled manner.
133
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Figure 1.21. The calculated electromagnetic field enhancements of adjacent gold 

nanoparticles.  The colour scale represents the electromagnetic enhancement (adapted 

from reference 130). 

 

Surface-enhanced Raman spectroscopy has greater sensitivity than normal Raman 

scattering and resonance Raman scattering.  SERS presents abundant spectroscopic 

information and high sensitivity due to the enhancements resulting from the surface 

plasmons.  This allows SERS to be used for trace analysis of analytes.  In particular, this 

is an effective method for studying molecules of biological importance.
112

  

 

1.4 Electronic absorption spectroscopy 

During an electronic transition, a molecule can be excited from the ground state to an 

electronically excited state by absorbing a photon of light of an appropriate wavelength.  

This results in the electron density distribution of the ground state and the excited state 

being different which in turn induces an electric transition dipole moment, μ.  The 

electric transition dipole moment is described by a vector with an orientation 

corresponding to the direction of the electron displacement and with a magnitude that is 

proportional to the intensity of the transition. 

Electronic absorption spectroscopy measures the absorption of light by a sample as a 

function of wavelength.  If the concentration of the sample (c, mol L
-1

) and the 

pathlength of the light traversing the sample (l, cm) are known, then absorbance (A) can 

be converted to molar absorptivity (, L mol
-1

 cm
-1

) using Beer’s Law (A = cl).
134

  The 

absorption coefficient (max) or the area under the absorption band gives the magnitude 

of the transition dipole moment.
135
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Electronic absorption spectroscopy is an important technique for identifying the origin 

of an electronic transition.  The position and intensity of the absorption maxima in the 

absorption spectra relate to the type of electronic transition occurring.  For transition 

metal complexes the following transitions are possible: 

 d-d transitions or ligand field transitions.  These transitions are characterised by 

the movement of an electron between the d orbitals of the metal.  These 

transitions are very weak (on the order of 100 L mol
-1

 cm
-1

 for octahedral and 

square-planar complexes and up to 250 L mol
-1

 cm
-1

 for tetrahedral complexes).  

Often d-d transitions are masked by the intensity of charge transfer 

transitions.
136, 137

 

 charge transfer (CT) transitions.  In such a transition an electron moves between 

orbitals that are predominantly ligand in character and orbitals that are 

predominantly metal in character.  Transitions are classified as either ligand-to-

metal charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT) 

depending on the direction of electron movement.  Charge transfer transitions 

are usually very intense (on the order of 1000 – 50 000 L mol
-1

 cm
-1

) and the 

position of the transition is sensitive to the solvent polarity.
136, 137

 

 -* transitions are ligand centred transitions where an electron moves from the 

bonding π orbitals to the antibonding π orbitals.
138

 

 n-* transitions occur when an electron is promoted from the non-bonding 

orbital of N, O, and S atoms to an antibonding  orbital.
139

 n→* transitions 

typically have lower oscillator strengths and can be hidden by the intensity of 

the * transition.
138

 

 

1.5 Fluorescence spectroscopy 

After a molecule is promoted to an excited electronic state, it may emit a photon of light 

as one way of returning to the ground state (Figure 1.22).  Fluorescence spectroscopy 

measures this emission of photons from a sample as a function of wavelength.  The 

emitted photon is typically of lower energy than the absorbed photon.  The Stokes shift 

is the difference between the positions of the absorption maximum and the emission 

maximum of the same electronic transition.  This is typically measured in frequency 

with units of wavenumbers (cm
-1

).
140
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There are two types of emission, depending on the nature of the excited states.  

Fluorescence is emission from the singlet excited state while phosphorescence is 

emission from the triplet excited state.  The triplet excited state is populated from the 

singlet excited state by a process known as intersystem crossing.  Heavy atoms in the 

molecule such as bromine, iodine and third row transition metals facilitate intersystem 

crossing.
140

  A large Stokes shift
141

 combined with temperature dependent emission,
141

 

quenching of the emission by dissolved oxygen
142

 and other quenchers
140

 are often 

indicative of emission from the triplet state.  

 

 

Figure 1.22. A Jablonski diagram illustrating the absorption and emission processes. 

 

The most important parameter determined for an emissive sample is the emission 

quantum yield (Ф), which can be used to quantify the efficiency of the emission 

process.  The quantum yield is the number of emitted photons relative to the number of 

absorbed photons.
140

  Relative quantum yields are routinely determined against a 

standard with a known emission quantum yield using (equation 1.10):
143

 

                                          

2

( ) ( )
S X X

F X F S

X S S

A F n

A F n

   
     

   
                                 (1.10) 

where F  is the emission quantum yield, A is the absorbance at the excitation 

wavelength, F is the area under the corrected emission curve, and n is the refractive 
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index of the solvents used. The subscripts s and x refer to the standard and the 

unknown, respectively.   

 

1.6 Thesis structure 

Chapter Two focuses on evaluating the non-resonant Raman, resonant Raman, and 

surface-enhanced Raman cross-sections and calculating the enhancement factors of 

dipyrrin ligands.  By measuring the resonant Raman cross-sections the goal is to 

distinguish the electronic (molecular) resonance enhancement from the total resonance 

enhancement to establish the utility of these ligands for SERS and potentially SM-SERS 

applications.  This work has been published in J. Raman Spec. (McLean, T. M., 

Waterland, M. R., Telfer, S. G., Gordon, K. C., McGoverin, C. M., J. Raman Spec. 

2011, 42, 2154-2164). 

Chapter Three focuses on the synthesis of a variety of transition metal complexes of 

dipyrrin ligands and analysis of the resulting exciton interactions using absorption 

spectroscopy and TD-DFT calculations.  Transition metals with well-defined and 

distinct coordination geometries allow for the control of exciton interactions by tuning 

the orientation and separation of the chromophores.  By controlling the exciton 

interactions, can dipyrrin systems be designed to mimic these systems and capture a 

significant fraction of solar energy at the same time?  A review of exciton coupling in 

coordination compounds has been published in Dalton Trans. (Telfer, S. G., McLean, T. 

M., Waterland, M. R., Dalton Trans. 2011, 40, 3097-3108), which features examples of 

exciton coupling in dipyrrinato complexes.  The synthesis of some of the dipyrrinato 

complexes in this chapter have been published in Dalton Trans. (Hall, J. D., McLean, T. 

M., Smalley, S. J., Waterland, M.R., Telfer, S.G., Dalton Trans. 2010, 39, 437-445). 

Chapter Four focuses on the synthesis and characterisation of a family of Ru(II)-

dipyrrinato bipyridine complexes for applications in solar energy conversion such as 

dye-sensitised solar cells (DSSCs) and potentially water-splitting applications.  

Subsequently, resonance Raman and resonance Raman intensity analysis combined with 

DFT calculations were employed to examine the excited state dynamics of one of the 

Ru(II)-dipyrrinato complexes with regard to understanding how effective these 

materials will be for solar energy conversion applications.  The suitability of the dyes as 

dye-sensitised solar cells was established using electrochemical methods.  The solar 

power conversion efficiencies (η) were measured by means of collaboration with Dr 
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Attila Mozer at the University of Wollongong and Professor Yoo Soo Kang at Hanyang 

University.  The excited state dynamics from resonance Raman and resonance Raman 

intensity analysis has been published in Chem-Asian J. (McLean, T. M., Cleland, D.M., 

Lind, S.J., Gordon, K.C., Telfer, S. G., Waterland, M. R., Chem-Asian J. 2010, 5, 2036-

2046.) 

Chapter Five focuses on the synthesis and characterisation of a series of Re(I)-

dipyrrinato complexes for potential applications in the reduction of carbon dioxide.  

Emission studies particularly the quenching of the triplet state emission by methyl 

viologen indicate these complexes warrant further investigation as photocatalysts in the 

reduction of carbon dioxide.  Photochemical ligand substitution reactions of the 

complexes were also investigated.  This work has been published in Inorg. Chem. 

(McLean, T. M., Moody, J. L., Waterland, M. R., Telfer, S. G., Inorg. Chem. 2012, 51, 

446-455). 
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Chapter 2 

 

 

Raman Spectroscopy of dipyrrins: non-resonant, resonant, and 

surface-enhanced cross-sections and enhancement factors 

 

2.1 Introduction 

Since the first report of surface-enhanced Raman scattering (SERS) from single 

molecules 
131, 132

 there has been much debate on the magnitude of SERS enhancement 

factors.  For the development of reliable SERS applications, the Raman cross-sections 

and enhancement factors must be known accurately.  But until recently the concept of 

enhancement factor was not well defined and as a result SERS enhancement factors 

reported in the literature covered a wide range, from 10
4
-10

14
.  There are a large number 

of factors that contribute to the SERS effect, and therefore SERS enhancement factors, 

which have been summarised by Le Ru et al.
127, 144

  Also, the physical mechanisms 

responsible for the enhancement seen in SERS experiments have been the subject of 

much debate.  Three possible contributions to the enhancement factor have been 

identified: (i) surface plasmon resonance in the metal nanoparticle, (ii) charge-transfer 

resonance which involves the transfer of electrons between the molecule and the 

conduction band of the metal, and (iii) resonances within the molecule itself.
126

 

If the issue of hot-spot formation and number of molecules in the scattering volume is 

momentarily set aside, it is essential to distinguish between enhancement from 

resonance with the electronic states of the molecule (the resonance Raman effect) and 

enhancement from resonance with the plasmon modes of the metallic nanostructure (the 

SERS effect).  Further complications arise when the molecular electronic transitions are 

resonant with the plasmon resonance (surface-enhanced resonance Raman scattering 

(SE(R)RS)).  Most single molecule SERS (SM-SERS) experiments are performed under 

SE(R)RS conditions and as a result the molecular electronic resonance clearly plays a 

major role in the extremely large Raman cross-sections obtained from SM-SERS 

experiments.  The best performing and most well researched SM-SERS molecules (e.g. 

rhodamine 6G, crystal violet) have large fluorescence quantum yields which prevent the 

measurement of the resonant Raman cross-sections in solution.   
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Dipyrrin ligands possess strongly allowed -* transitions in the visible region, with 

large transition dipole strengths (absorption coefficients of 20 000 M
-1

 cm
-1

 and 

oscillator strengths of 0.5).  This makes dipyrrin ligands ideal candidates for resonantly 

enhanced Raman spectroscopies, i.e. resonance Raman and surface-enhanced Raman 

spectroscopy, both of which rely on enhancement through coupling to dipole-allowed 

electronic transitions.  The advantage of dipyrrin ligands for both resonance Raman and 

SERS studies is the absence of fluorescence.  This allows the resonant Raman cross-

sections to be measured accurately, which in turn allows for an accurate assessment of 

the SERS enhancements.   

 

2.2 Objectives of this work 

Surprisingly, prior to our work, there were no publications involving the Raman 

spectroscopy of dipyrrins.  The well-known emission properties of BODIPY complexes 

and the success of these complexes in fluorescence applications may have obscured the 

promising Raman properties of the core dipyrrin unit.  Our group has recently reported 

the first Raman spectra
43

 and Raman cross-sections for ruthenium-dipyrrin complexes
53

 

(also see Chapter 4).  The ability to obtain a complete characterisation of non-resonant 

Raman, resonant Raman and surface-enhanced Raman scattering of free dipyrrins is 

also a very attractive feature for the characterisation of dipyrrinato complexes. 

 

2.3 Background to Raman cross-sections 

Raman scattering activity is one of the key parameters in the output of DFT calculations 

from programs such as Gaussian, typically with the units of Å amu
-1

.  However, there is 

not a direct relationship between the Raman scattering activity and the relative 

intensities of the Raman peaks.  Rather the Raman scattering activity can be used to 

determine the non-resonance differential Raman cross-section as follows. 

Following the recent publication by Le Ru et al
127

 the differential Raman cross-section 

RSd

d

 
 

 
 for a vibrational mode with the frequency i  is defined as:  

                                                
2 4 ( )RS

i i R

d
CB R K T

d





                                        (2.1) 
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C is a constant 
2
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, ≡ permittivity of free space = 8.8542 x 10
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c 
     is the square of the zero point amplitude for the normal mode in 

reduced mass coordinates.  

R  is the frequency of the Stokes-shifted Raman signal, where -1 mR L calc        .  

2 4 -1ε  m  kgi 0R     is the Raman scattering activity.  
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 accounts for the thermal population of the vibrational 

state.
127

 

Equation 2.1 gives the differential Raman cross-section in the gas phase.  To obtain the 

predicted liquid phase cross-section a local field correction factor, L, is applied where 
4

2( 2)

3

n
L

 
  
 

and n is the refractive index of the solvent. 

Experimental solute differential Raman cross-sections can be obtained relative to 

solvent cross-sections by:  

                                . .
sample referenceRS RS

sample reference reference sample

I cd d

d d I c

    
   

    
                            (1.9) 

where RS

reference

d

d

 
 

 
 is the differential Raman cross-section of the solvent.  These 

values are reported for a range of solvents (and wavelengths) in the literature.  
referenceI  is 

obtained by integrating the solvent peak corresponding to RS

reference

d

d

 
 

 
 and 

sampleI  is 

obtained for each peak in the Raman spectrum by integrating each peak.  
samplec  and 

referencec  are the concentration  (in mol L
-1

) of the sample and the concentration of the 

solvent, respectively.  Both non-resonant Raman and resonant Raman cross-sections are 

obtained in this way while for SERS cross-sections RS

reference

d

d

 
 

 
 is often an external 

standard with a known Raman cross-section.  

Before proceeding to calculate the resonance Raman and SERS enhancement factors it 

is important to check the reliability of the experimental non-resonance Raman 

cross-sections.  These can be compared to the calculated non-resonance Raman 

cross-sections obtained from equation 2.1.  
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2.4 Experimental details  

2.4.1 Computational procedures 

All calculations were performed using Gaussian 09.
145

  Calculations were carried out by 

using density functional theory (DFT), with Becke’s three-parameter exchange 

functional (B3)
146

 in combination with the correlation functional of Lee, Yang and Parr 

(LYP);
147

 O3LYP,
148

 which has essentially the same form as B3LYP but the OPTX
149

 

density functional replaces the Becke parameter; and a new hybrid exchange correlation 

functional M06.
150

  The 6-311(+)G (2d,2p) basis set were used for all optimisation and 

Raman frequency calculations. Self-consistent reaction field methods, more specifically 

the polarisable continuum model (C-PCM) of Barone,
151

 were used to model solvent 

effects.  All geometry optimisations, frequency, and time-dependent calculations were 

carried out using the C-PCM model.  GaussSum2.2.4
152

 was used to extract vibrational 

frequencies and Raman activities from the calculations.  The calculated Raman 

spectrum was scaled by literature values for each functional and basis set,
153-155

 and a 

Gaussian function with FWHM of 5 cm
-1

.   The results of the above calculations were 

used to analyse and identify the vibrational frequencies, normal modes, and Raman 

activities.  A comparison of the three basis sets was carried out using mean average 

deviation (MAD) between the experimental non-resonance Raman frequencies and the 

calculated Raman frequencies (see Figure B1 and Table B1 in Appendix B) and a 

comparison of the experimental and calculated absorption spectra (see Figure B2 and 

Table B2 in Appendix B).  From this evaluation the B3LYP basis set gave the best 

results. 

Calculations for the electronic excited states were performed using the time-dependent 

DFT (TD-DFT) calculations with the B3LYP basis set as above.  The calculated 

absorption spectrum is a sum of a series of δ-functions, located at the transition 

frequencies and scaled by the calculated oscillator strengths.  Each δ-function is 

convoluted with a Gaussian with a FWHM value dependent on the FWHM values of the 

corresponding peaks of the experimental absorption spectrum.  Electron density 

difference maps were generated by subtracting the ground-state one-particle total 

density from the one-particle densities for selected excited-states using the Cubeman 

utility in Gaussian 03.  
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2.4.2 Experimental procedures 

2.4.2.1 Synthesis of dipyrrin ligands 34 and 35 

34 and 35 were prepared by following literature procedures
28, 42

 and were purified by 

column chromatography on deactivated neutral alumina using CH2Cl2.  Spectroscopic 

data matched that previously published.
26, 28

 

 

2.4.3 General procedures 

2.4.3.1 Preparation of samples for non-resonance Raman and resonance Raman 

spectroscopy 

A solution of 34 was prepared in methanol with a concentration of 11.2 mM for 

non-resonant Raman measurements (1064 nm). A solution of 34 was prepared in 

dichloromethane with a concentration of 461 μM for resonant Raman measurements 

using excitation wavelengths of 444 nm, 458 nm, and 488 nm. 

 

2.4.3.2 Preparation of silver nanoparticles 

Silver nanoparticles were prepared via the trisodium citrate reduction of silver nitrate 

according to the method of Lee and Meisel.
156

  Briefly, a 1 mM stock solution of silver 

nitrate and 34 mM solution of trisodium citrate were prepared in Milli-Q water.  The 

silver nitrate stock solution (5 mL) was boiled in a Falconer
TM

 tube before trisodium 

citrate (0.1 mL) was added and boiled for approximately one hour.  

 

2.4.3.3 Preparation of samples for SERS 

The conditions reported by Le Ru et al. required for single molecule SERS of 

rhodamine 6G on silver nanoparticles were used.
157

  Briefly, a 40 mM solution of KCl 

was prepared in Milli-Q water.  0.25 mL of the KCl stock solution was added to a 0.5 

mL volume of freshly prepared silver nanoparticles, followed by 0.25 mL of a 2 μM 

solution of dipyrrin, giving a final concentration of 10 mM KCl and 0.5 μM dipyrrin.  

This procedure produces consistently large SERS intensities for the cationic rhodamine 

6G (sufficient for single-molecule SERS) but no attempt to adjust these conditions to 

optimize the SERS enhancement of dipyrrins has been made. Excitation wavelengths of 

458 nm, 488 nm, and 514.5 nm were used. 
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2.4.3.4 Raman cross-sections 

For non-resonant Raman cross-section measurements in methanol the solute differential 

Raman cross-sections were obtained relative to solvent cross-sections (equation 1.9) 

using the solvent band of methanol (1035 cm
-1

) as an internal standard.  The differential 

cross-section of the solvent band at 1064 nm (7.8 x 10
-32

 cm
2
 sr

-1
) is obtained from the 

parameters reported by Moran and Kelley
158

 (using Mathies and Trulson’s A-Term 

factors).
159

  Le Ru et al. report an approximate value of 1.8 x 10
-31

 cm
2
 sr

-1
 using 633 

nm excitation,
127

 while Moran’s parameters give 7.5 x 10
-31

 cm
2
 sr

-1
 for 633 nm 

excitation.  Le Ru et al. show that the non-resonant Raman cross-sections of 

2-bromo-2-methylpropane (2B2MP) can be accurately calculated using density 

functional techniques.
127

  A B3LYP/6-311(+)G(2d,2p) frequency calculation (with the 

C-PCM solvent model) of methanol gives a value of 6.9 x 10
-32

 cm
2
 sr

-1 
for 1064 nm 

excitation for the 1035 cm
-1

 band, in very close agreement with the value of Moran, and 

therefore 7.8 x 10
-32

 cm
2
 sr

-1
 has been used in this work.  The cross-sections obtained by 

Moran and Kelley and the data reported here were obtained using similar 

back-scattering geometries.  Dichloromethane was used as an internal standard for 

measurements of resonant Raman cross-sections.  The absolute differential Raman 

cross-sections of dichloromethane are as follows: 1.789 x 10
-29

 cm
2
 sr

-1
 for 444 nm, 

1.576 x 10
-29

 cm
2
 sr

-1
 for 458 nm, and 1.214 x 10

-29
 cm

2
 sr

-1
 for 488 nm.

160
  The cross-

section of sodium sulfate in water (concentration = 0.100 M) was used as an external 

standard for the calculation of the SERS cross-sections.  The cross-section values are a s 

follows: 1.606 x 10
-29

 cm
2
 sr

-1
 for 458 nm and 1.234 x 10

-29
 cm

2
 sr

-1
 for 488 nm.

113
 

 

2.5 Results and Discussion 

2.5.1 Synthesis of dipyrrin ligands 

The synthesis of ligands 34 and 35 was achieved by literature procedures
28, 31

 in two 

steps (Figure 2.1).  The appropriate aldehyde was condensed with pyrrole via an HCl 

acid catalysed condensation at room temperature, followed by oxidation of the resulting 

dipyrromethane with DDQ.  Purification was achieved via column chromatography on 

deactivated neutral alumina using CH2Cl2. 
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Figure 2.1. Synthetic route to dipyrrins 34 and 35. 

 

2.5.2 Absorption spectrum and TD-DFT calculations 

Figure 2.2 displays the optimised structure of 34 obtained from DFT calculations with 

the atoms labels used for mode assignments.  The pyrrolic rings are co-planar while the 

phenyl ring makes a torsion angle of 66° with the pyrrolic rings.  This reduces the steric 

interactions of the hydrogen substituents (H25, H11; H6, H18) but also reduces the 

conjugation between the dipyrrin core and the phenyl ring. 

The position and intensity of the electronic resonance of the molecule play a key role in 

determining the enhancement in both resonant Raman
161

 and SERS.
124, 126, 162

  Figure 

2.3 shows the experimental and calculated absorption spectra of 34 in methanol. 

 

 

Figure 2.2. Optimised geometry of 34 (DFT/B3LYP 6-311+G (2d, 2p)) with atom 

labels adopted for mode assignments. 
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Figure 2.3. Experimental absorption spectra of 34 (top) in methanol (black) and in 

methanol with TFA (red), and calculated absorption spectra of 34 (bottom) using 

B3LYP/6-311+G(2d,2p) including C-PCM solvent model.  The line shape of the 

calculated spectrum has been simulated using the calculated oscillator strengths. 

 

Time-dependent DFT (TD-DFT) calculations have been employed to picture the 

molecular orbitals involved in the electronic transitions of dipyrrin ligand 34.  The DFT 

calculations show that several one electron configurations contribute to the electronic 

transitions of 34 (Table 2.1 and Figure 2.4).  These one electron configurations are 

easily visualised using electron density difference (EDD) maps.  These maps plot 

regions of charge-density depletion (green) and accumulation (blue) between the ground 

and excited-states.  Figure 2.5 shows the electron density difference maps for the 

strongest transitions.  The broad dominant transition in the absorption spectrum at 432 

nm is assigned as a π-π* transition (S0  S1).  This transition involves the HOMO and 

LUMO orbitals.  The HOMO is confined to the bispyrrolic core of the dipyrrin.  The 

LUMO orbitals involve both the bispyrrolic core and the phenyl ring (Figure 2.4). The 

calculation predicts this transition to occur at 408 nm.  There are two higher energy 

transitions at 300 nm and 231 nm.  The calculation predicts a transition at 339 nm, two 

closely spaced transitions at 311 and 313 nm, and 248 nm, which are all assigned as 

π-π* type transitions (Figure 2.5). 
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       Table 2.1. Calculated and experimental absorption parameters for 34. 

Experimental  Calculated 

λ  
(nm) 

   
(L mol-1 cm-1)a

 

Oscillator 
strength 

()a 

λ  
(nm) 

Configuration 
(% contribution) 

Oscillator 
strength 

() 
432 18 900 0.563 408 HOMO→LUMO (95) 0.536 

   339 HOMO→LUMO+1 (95) 0.105 

300 8 200 0.382 
313 HOMO-3→LUMO (97) 0.162 

311 
HOMO-5→LUMO (-23), 
HOMO-2→LUMO (71) 0.054 

231 15 600 0.615 248 HOMO-7→LUMO (50), 
HOMO-3→LUMO+1 (-32), 
HOMO-2→LUMO+1 (-11) 

0.365 

a The conversion between molar absorptivity () and oscillator strength () is outlined in 
Appendix B2. 

 

 

        HOMO-7              HOMO-5             HOMO-3              HOMO-2 

 

 

                       HOMO                LUMO                LUMO+1 

Figure 2.4. Selected molecular orbitals involved in the transitions of 34. 
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The plots in Figure 2.5 are a useful guide to interpreting the resonant Raman spectra, as 

vibrational modes located in regions of large charge-density changes should receive the 

greatest resonant enhancement.  The plots show that there is also significant movement 

of charge density onto the phenyl ring during the * transition, despite the 

non-planarity between the phenyl ring and the dipyrrin core.  This indicates that 

functionalising the phenyl ring of the dipyrrin should influence the electronic properties 

of dipyrrin complexes. 

 

 

                                   408 nm                               339 nm  

 

                     313 nm                    311 nm                    248 nm 

Figure 2.5. Electron density difference plots for 34 with transition dipole moments for 

each transition indicated in red.  The x-plane extends through the phenyl ring, the y-

plane extends through dipyrrins pyrrolic core, and the z-plane is perpendicular to the 

dipyrrins pyrrolic core (coming out of the page).  Green represents depletion of electron 

density and blue represents accumulation of electron density. 
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The π-π* absorption band at 432 nm was found to be red shifted when acid was added.  

This was first reported by Brückner et al.
26

  Significant changes are observed when the 

basic imine nitrogen of the dipyrrin core is protonated.  A red shift of 49 nm is observed 

in the absorption spectrum (Figure 2.3) of 34 when TFA is added to a methanol 

solution.  The extinction coefficient almost triples while the oscillator strength ( = 

0.605) is only slightly larger than the neutral ligand ( = 0.563).  A similar red shift is 

also observed in the * transition upon coordination to a metal centre (Figure 1.13).  

TD-DFT calculations also predict the pH dependence in the absorption spectrum 

(Figure B3).  The calculations show several configurations which contribute to the 

electronic transitions of 34 when it is protonated or deprotonated (Table B3).  The 

molecular orbitals and the electron density difference maps associated with the strongest 

transitions for the protonated and deprotonated ligand are shown in Figure B4-B7.  The 

electron density difference plots of the protonated and deprotonated ligand are very 

similar to the plots of the neutral ligand.  These transitions are all assigned as * type 

transitions, where for the most part electron density is shifting from the dipyrrin core 

(green) out towards the phenyl ring (blue). 

 

2.5.3 Non-resonance Raman spectroscopy 

The calculated and experimental non-resonant Raman spectra of 34 are shown in Figure 

2.6.  The calculated frequencies have been scaled by 0.9679.  This scaling factor is 

recommended for the B3LYP/6-311+G (d,p) basis sets and larger.
153

  Table 2.2 displays 

the calculated and experimental non-resonant Raman cross-sections for 34, mode 

assignments and mode descriptions as the percentage contribution of redundant internal 

coordinates to each of the normal modes. 

The experimental non-resonant Raman intensities (with 1064 nm excitation) are 

obtained using the solvent band at 1035 cm
-1

 as an intensity standard.  The experimental 

non-resonant Raman spectrum (in methanol) is limited by concentration and coupled 

with the weak nature of the Raman effect means only the strongest modes are able to be 

used to obtain non-resonant Raman cross-sections (using equation 1.9).  Only the six 

strongest modes are observed (q66, q69, q71+q72, q81, q82+q83, q84) (Figure 2.6C).  The 

Raman cross-sections for these modes are given in Table 2.2 and Figure 2.7 shows the 

Cartesian displacement vectors for these modes.  As expected, modes associated with 

the dipyrrin core are dominating the non-resonant Raman with some contribution of 
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modes from the phenyl group.  The non-resonant Raman spectrum obtained as a KBr 

pellet (Figure 2.6B) displays several other Raman active modes. The non-resonant 

cross-sections for the observed bands in Figure 2.6B were determined by assuming the 

band at 1576 cm
-1

 has the same cross-section in the solution and solid phases (a 

reasonable assumption given the experimental error associated with the cross-section 

measurements). Using a dipyrrin mode as its own internal standard avoids issues with 

polarisation and concentration when dealing with solid samples. The calculated and 

experimental values show excellent agreement which provides confidence in the 

accuracy of the electronic structure calculations.  

 

 

Figure 2.6. Calculated and experimental Raman spectrum of 34 with some normal 

modes highlighted.  (A) Calculated spectrum using DFT/B3LYP 6-311+G (2d,2p) and 

frequencies are scaled by 0.9679.
153

  (B) Non-resonant Raman spectrum as a KBr pellet. 

(C) Solution non-resonant Raman spectrum [S denotes solvent peaks (MeOH)]. 



 

 

Table 2.2.  Mode assignments, mode descriptions and calculated and experimental non-resonant Raman cross-sections for 34. 

 Experimental Calculateda Mode Assignmentse 

Normal 
Modes 

Frequency 
 
 
 
 
 

[cm-1] 

b

nRRSd

d




 

(solution) 
[10-28 cm2 sr-1] 





c

nRRSd

d
 

(solid)
 

[10-28 cm2 sr-1] 

Frequency 
 
 
 
 
 

[cm-1] 

d

nRRSd

d




 

 
[10-28 cm2 sr-1] 

 

36 820  0.0189 807 0.0152 q36 = 0.030d22,21,26,30 

42 852  0.0044 
866 0.0048 q42 = – 0.037d8,16,17,18 + 0.044d8,16,24,25 + 0.035d20,19,21,26 – 

0.039d26,21,22,23 – 0.036d21,22,24,25 + 0.033d23,22,24,16 
44 875  0.0095 881 0.0105 q44 = – 0.040d2,1,3,4 + 0.033d4,3,5,6 
46 892  0.0033 926 0.0067 q46 = – 0.034r9,10 – 0.050r9,28 + 0.030a12,14,15 

49 945  0.0059 
973 0.0100 q49 = 0.056d8,16,17,18 + 0.036d24,16,17,18 – 0.030d16,17,19,20 – 

0.088d18,17,19,20 – 0.035d18,17,19,21 + 0.035d20,19,21,22 
51 983  0.0053 992 0.0192 q51 = 0.101r12,14 + 0.032a3,5,6 – 0.079a10,12,13 + 0.093a13,12,14 + 

0.048a12,14,15 – 0.037a15,14,28 
53 1011  0.0181 1031 0.0251 q53 = – 0.062r3,5 – 0.056r28,31 + 0.109a1,3,4 – 0.111a4,3,5 – 0.094a3,5,6 

+ 0.074a6,5,7 
54 1052  0.0113 1056 0.0153 q54 = 0.033r10,12 – 0.049r28,31 + 0.037a3,5,6 – 0.035a6,5,7 – 

0.084a9,10,11 + 0.093a11,10,12 + 0.058a10,12,13 – 0.056a13,12,14 
55 1077  0.0053 1080 0.0059 q55 = – 0.047r1,3 +0.063r28,31 – 0.032a2,1,3 – 0.032a3,5,6 + 

0.030a11,10,12 + 0.030a10,12,13 – 0.031a13,12,14 
57 1102  0.0073 1095 0.0133 q57 = 0.046r1,27 – 0.121r28,31 – 0.062a2,1,3 + 0.070a2,1,27 + 

0.063a1,27,31 – 0.054a7,27,31 
60    1160 0.0024 q60 = – 0.051r9,10 + 0.061r9,28 + 0.037a8,9,10 – 0.033a8,9,28 – 

0.055a9,10,11 + 0.032a11,10,12 – 0.050a12,14,15 + 0.040a15,14,28 
61 1179 

 
 0.0136 

 
1162 0.0051 q61 = – 0.039r17,19 + 0.079a16,17,18 – 0.081a18,17,19 – 0.087a17,19,20 + 

0.079a20,19,21 + 0.071a21,22,23 – 0.077a23,22,24 + 0.065a16,24,25 – 
0.065a22,24,25 

63 1222  0.0479 1199 0.0193 q63 = – 0.035r7,27 + 0.061r8,16 – 0.045r28,31 – 0.030a7,27,31 
64    1237 0.0158 q64 = – 0.034r7,27 – 0.034r28,31 + 0.037a2,1,3 – 0.032a2,1,27 – 

0.031a1,3,4 – 0.057a3,5,6 + 0.070a6,5,7 + 0.038a10,12,13 + 0.035a12,14,15 

4
3
 



 

– 0.045a15,14,28 – 0.030a7,27,31  

66 1279 0.0313 0.0850 1260 0.0801 q66 = – 0.032r9,10 + 0.036r9,28 – 0.043r14,28 + 0.057r28,31 + 0.036a1,3,4 
– 0.039a4,3,5 + 0.046a3,5,6 – 0.044a6,5,7 + 0.032a12,14,15 – 
0.049a15,14,28 + 0.032a7,27,31 

69 1331 0.0310 0.1007 1316 0.1080 q69 = 0.047r3,5 + 0.054r28,31 + 0.037a1,3,4 – 0.034a4,3,5 + 0.038a6,5,7 – 
0.046a9,10,11 + 0.042a10,11,12 – 0.041a12,14,15 + 0.045a15,14,28 – 
0.031a1,27,31 + 0.044a7,27,31 

71+72 1385 
 

0.0778 
 

0.1094 
 

1352 
+ 

1368 

0.0802 
 

q71 = 0.055r7,8 – 0.033r7,27 – 0.039r8,16 – 0.035r10,12 – 0.031a7,8,9 + 
0.034a15,14,28 

q72 = – 0.055r5,7 + 0.050r7,27 – 0.058r28,31 – 0.039a2,1,27 + 0.037a4,3,5 
– 0.034a3,5,6 + 0.063a1,27,31 – 0.046a7,27,31 

74 1418 
 

 0.0418 
 

1398 
 

0.0364 q74 = 0.054r1,3 – 0.037r3,5 – 0.035r14,28 + 0.036r28,31 + 0.042a2,1,27 – 
0.052a1,3,4 + 0.053a4,3,5 – 0.032a12,14,15 + 0.033a15,14,28 

79 1508 
 

 0.0051 
 

1488 0.0199 q79 = – 0.038 r8,9 – 0.035a16,17,18 + 0.038a18,17,19 – 0.035a17,19 20 + 
0.031a20,19,21 

80 1538  Weak 1492 0.0111 q80 = – 0.037r10,12 – 0.033a13,12,14 + 0.034a12,14,15 – 0.033a16,17,18 + 
0.033a18,17,19 – 0.035a17,19,20 + 0.035a20,19,21 + 0.032a21,22,23 – 
0.035a23,22,24 – 0.038a16,24,25 + 0.039a22,24,25  

81 1560 0.0393 0.0372 1515 
 

0.0076 q81 = 0.030r1,3 – 0.039r5,7 + 0.040r7,8 + 0.035r10,12 + 0.051r28,31 + 
0.034a2,1,27 – 0.042a3,5,6 + 0.041a6,5,7 + 0.032a9,10,11 – 0.041a1,27,31 + 
0.045a7,27,31 

82+83 1576 0.1125 0.1125 1530 
+ 

1544 

0.1083 q82 = – 0.031r7,8 + 0.053r8,9 – 0.034r14,28 – 0.032a12,14,15 

q83 = – 0.030r8,9 – 0.042r16,17 + 0.043r16,24 + 0.048r19,21 – 0.046r21,22 
– 0.033a18,17,19 + 0.036a17,19,20 – 0.032a23,22,24 + 0.035a22,24,25 

84 
  

1609 
 

0.0221 
 

0.0261 
 

1590 
 

0.0478 q84 = – 0.037r16,17 – 0.035r16,24 + 0.067r17,19 – 0.036r19,21 – 
0.039r21,22 + 0.068r22,24 + 0.034a17,16,24 + 0.055a16,17,18 – 
0.038a18,17,19 – 0.039a17,19,20 + 0.056a20,19,21 + 0.034a19,21,22 + 
0.057a21,22,23 – 0.040a23,22,24 + 0.055a16,24,25 – 0.036a22,24,25  

a DFT/B3LYP 6-311G (2d,2p) with C-PCM model 
b Raman cross-sections were calculated using equation 1.9 
c Raman cross-sections were calculated relative to the 1576 cm-1 band, assuming the cross-sections are the same in the solution and solid phases 
d Raman cross-sections were calculated using equation 2.1 with the local field correction factor applied 
e Only contributions greater than 0.03 are displayed 

4
4
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                1054 cm
-1

                               1279 cm
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                 71                                    72                                    81 

    

              1385 cm
-1

                                 1385 cm
-1

                                1560 cm
-1
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               1576 cm
-1

                              1576 cm
-1

                               1609cm
-1 

Figure 2.7. Selected normal modes of 34.  Arrows represent the displacement of atoms. 

 

2.5.4 Resonance Raman spectroscopy, resonance cross-sections and enhancement 

factors 

The resonant Raman excitation wavelengths employed (444 nm, 458 nm, 488 nm) are 

closely resonant with the π-π* transition.  They are also on the red edge of the transition 

of interest which avoids any complication of pre-resonance enhancement from the 

higher energy transitions.  As can be seen from Figure 2.8 most features that are in the 

non-resonant Raman spectrum (Figure 2.8D) are also common to all the resonant 

Raman spectra (Figure 2.8A-2.8C). 
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Figure 2.8. Non-resonant Raman and resonant Raman spectra of 34 with normal modes 

assigned.  Resonant Raman spectra were collected at (A) 444 nm, (B) 458 nm, and (C) 

488 nm.  [S denotes solvent peaks (CH2Cl2), # denotes laser lines].  (D) Non-resonant 

Raman spectrum was recorded as a KBr pellet. 

 

Table 2.3 gives the resonant Raman cross-sections and resonant Raman enhancement 

factors for 34, for 444 nm, 458 nm, and 488 nm excitation.  At 444 nm the resonant 

Raman cross-sections are on the order of 10
3
-10

5
 times larger than the non-resonant 

Raman cross-sections, consistent with resonance with a strongly allowed * 

transition.  As the laser excitation moves away from the electronic transition (at 432 

nm), the resonant Raman cross-sections decrease by at least an order of magnitude.   

The strongest modes in the resonance Raman spectra are mode 82+83 and mode 69. The 

strong enhancement of these modes is consistent with the electronic structure 

calculations that show that during the * transition substantial electron density 

changes occur in the dipyrrin core and over the phenyl ring.  Mode 83 is predominantly 

a phenyl ring deformation; mode 69 is predominantly a pyrrole ring deformation, while 

mode 82 has significant deformation of both the phenyl ring and the pyrrole rings.  The 

absence of the C=O bond stretch (of the ester) illustrates that the π-π* transition does 

not extend on to the ester, which is again consistent with the electron density plots. 
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The low symmetry of the dipyrrin systems and the extensive delocalization of the 

electron density changes provide an explanation for the enhancement of nearly all the 

vibrational modes. Consequently, all modes are enhanced via A-term scattering 

(therefore the ground and excited * state are Frank-Condon coupled). Under 

Franck-Condon coupling, the oscillator strength of the electronic transition and the 

mode displacements between the ground and excited-states determine the mode 

intensities.  Both modes 82 and 83 (Figure 2.7) show significant deformation of both the 

phenyl ring and the pyrrolic core.  The large intensity of these modes implies that 

substantial structural reorganization of the phenyl ring and the pyrrolic core is occurring 

in the * excited-state. 

Dipyrrins are considered to be “half-porphyrin” systems and therefore it is appropriate 

to make some comparison between the electronic structures and resonant Raman 

features of meso-substituted dipyrrins and tetraphenylporphyrin species.  In 

tetraphenylporphyrin (TPP) systems the enhanced modes indicate that the excitation 

into the Soret bands is limited to the porphyrin core and does not typically extend out to 

the phenyl rings.  The phenyl modes in TTP are only weakly enhanced via resonance 

with the strongly allowed Soret bands (by A-term enhancement), and the enhancement 

is typically ascribed to intensity borrowing from nearby pyrrole modes.
163-165

  Weak 

electronic conjugation between the phenyl ring and the porphyrin -system and poor 

coupling between the phenyl and pyrrole vibrational modes is the cause of the weak 

enhancement.
164

  This is in stark contrast to the strong enhancement of the phenyl 

modes of meso-substituted dipyrrin ligands.  In the dipyrrin system the strong 

enhancement of the phenyl modes together with the electronic structure calculations 

indicate that the -systems of the phenyl and dipyrrin core interact strongly. Therefore 

substituents on the phenyl ring should have an influence on the electronic properties of 

dipyrrin compounds.  
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  444 nm 458 nm 488 nm 

Normal 
modes 

Frequency 
 
 
 

[cm-1] 

a

RRSd

d





 

[10-28 cm2 sr-1] 

EFb,c 
 
 
 

[104] 

a

RRSd

d





 

[10-28 cm2 sr-1] 

EFb,c 
 
 
 

[104] 

a

RRSd

d





 

[10-28 cm2 sr-1] 

EFb,c 
 
 
 

[104] 
36 819 1015 5.4 539 2.9 119 0.6 
44 870 2093 22.1 750 7.9 219 2.3 
46 895 1607 49.1 102 3.1 302 9.2 
49 938 1172 19.7     
51 989 1681 32.0 573 10.9 123 2.3 
53 1007 2398 13.3 720 4.0 241 1.3 
54 1047 1793 15.8 504 4.4 177 1.6 
55 1074 1876 35.6 693 13.1 243 4.6 
57 1099 1757 24.0 239 3.3 36 0.5 
60 1123 1691  475  80  
61 1178 900 6.6 508 3.7 91 0.7 
63 1222 255 0.5 521 1.1   
64 1255 166  590  58  
66 1275 3234 3.8 1731 2.0 208 0.2 
69 1329 8882 8.8 5236 5.2 484 0.5 
70 1355 1863      

71+72 1390 10126 9.3 2007 1.8 253 0.2 
74 1410 629 1.5     
79 1518 936 18.5 380 7.5 9 0.2 
80 1538 841    62  
81 1561 3889 10.5 1573 4.2 355 1.0 

82+83 1580 13608 12.1 3636 3.2 605 0.5 
84 1612 544 2.1 42 0.2 10 0.04 

a Raman cross-sections were calculated using equation 1.9 and the solvent band of dichloromethane      
at 701/740 as the reference158 

  

RRS

b

nRRS

d

dEF Enhancement Factor
d

d




 



 

c EF’s are relative to the non-resonant (solid) Raman cross-sections 

 

Despite their importance in studies of SERS, to the best of our knowledge there are no 

reports of direct measurements of resonant Raman enhancement factors for commonly 

used dyes in SERS experiments.  This is because it is not routine to undertake the 

measurement of the non-resonant cross-sections and also the most common SERS dyes 

typically have very large fluorescence cross-sections which prevent the measurement of 

resonance Raman spectra.   

Table 2.3. Experimental Raman cross-sections for non-resonant Raman and resonant Raman 

data, and resonant Raman enhancement factors for 34. 
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There are several reports of resonant cross-sections for strongly enhanced Raman 

scatterers with visible excitation such as betaine-30 (maximum cross-section ~1.6 x 

10
-25

 cm
2
 sr

-1
 for the 1320 cm

-1
 band),

166
 the non-linear chromophore julolidinyl-n-N,N'-

diethylthiobarbituric acid (JTB) (maximum cross-section of ~7 x 10
-24

 cm
2
 sr

-1 
for the 

976 cm
-1

 band),
158

 the azo dye disperse red (a maximum total (absolute) cross-section of 

~6.0 x 10
-25

 cm
2
 for the 1336 cm

-1
 band),

167
 and [Ru(bipy)3]

2+
 (~1.0 x 10

-24
 cm

2
 sr

-1
 for 

the 1544 cm
-1

 band
 
)
168

 which are similar in magnitude to the values reported here for 

dipyrrin 34 (maximum cross-section value is 1.36 x 10
-24

 cm
2
 sr

-1
 for the 1580 cm

-1
 

band).  This implies that dipyrrins have desirable electronic properties and electronic 

enhancement to be candidates for single-molecule SERS investigations. 

 

2.5.5 Surface-enhanced Raman spectroscopy, surface-enhanced cross-sections and 

enhancement factors 

There are a number of factors that affect the magnitude of the SERS enhancement. A 

complicating factor is the definition of the enhancement factor itself. Most studies of 

SERS enhancement factors define the average SERS enhancement factor (equation 2.2) 

as:
127

 

                                                                                                                       (2.2)                           

 

where NVol = cRSV is the average number of molecules in the scattering volume (V) for 

the non-SERS measurement and Nsurf is the average number of molecules adsorbed in 

the scattering volume for the SERS measurements. Le Ru et al. have presented the 

problems associated with this definition,
127

 with the consequence being that there could 

be large variations in the enhancement factors reported. 

Silver nanoparticles prepared via the citrate reduction of silver nitrate have been 

reported to be heterogeneous size distribution with diameters between 10-200 nm with 

various shapes such as rods and triangles.
169

  We confirmed the size and shape of our 

nanoparticles by TEM images (Figure 2.9).  In typical samples, the nanoparticles were 

approximately spherical in shape, though some nanorods were also present.  Of the 

images we analysed, approximately 70% were nanoparticles with an average diameter 

of 48 ± 9 nm and 30% were nanorods with an average diameter of 41 ± 7 nm and length 

of 84 ± 28 nm.  The total available surface area can be expressed by assuming that all 

/

/

SERS Surf

RS Vol

I N
EF

I N
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the nanoparticles are spherical with an effective diameter of 52 ± 10 nm. These 

uncertainties, together with an estimate of the uncertainty in the Raman intensities, 

allow us to estimate the uncertainty in the enhancement factors (below).  We estimate 

the uncertainty in the enhancement factors to be approximately 20%. 

Knowledge of the size and shape distribution of the nanoparticles enables an estimation 

of the concentration of the adsorbate required for monolayer coverage of the silver 

nanoparticles and therefore the SERS enhancement factors can be accurately calculated.  

The concentration of dipyrrin required for monolayer coverage can be estimated using 

the following approximations.  Assuming spherical nanoparticles with an effective 

diameter of 52 nm then the total available surface area can be estimated.  The 

approximate nanoparticle concentration can be obtained from the concentration and 

volume of the silver nitrate stock solution and fundamental constants for bulk silver.  

The footprint of the dipyrrin molecule can be estimated using the DFT calculation 

(assuming that the pyrrolic core of the dipyrrin interacts with the nanoparticle surface 

and that this is the dominant binding mode).  The ratio of the surface areas gives the 

number of dipyrrin molecules required per nanoparticle and finally the concentration of 

dipyrrin required for monolayer coverage.  For monolayer coverage of 50 nm diameter 

nanoparticles we estimate Nsurf to be 2.91 x 10
4
 dipyrrin molecules per silver 

nanoparticle and therefore an estimated concentration of 7.6 μM dipyrrin is required for 

monolayer coverage.  Given that our nanoparticles range in size between 50-70 nm, this 

means that the concentration of dipyrrin required for monolayer coverage is lower, as 

the nanoparticles get larger.  Therefore this estimation is more reliable for larger 

diameter nanoparticles.   
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Figure 2.9. A typical TEM image of silver nanoparticles prepared via the Lee & 

Meisel
156

 method. 

 

Table 2.4 displays the Raman cross-sections for Surface-Enhanced Raman Scattering 

and the electronic and (total) SERS enhancement factors for 34.  Figure 2.10 shows the 

SERS spectra of 34 with mode assignments shown.  The observed SERS cross-sections 

are approximately 10
1
-10

2
 orders of magnitude larger than resonance Raman cross-

sections.  The corresponding electronic and SERS (or total) enhancement factors have 

similar relative values.  This illustrates that for dipyrrin ligands the majority of the 

enhancement arises from electronic origins at least for the conditions used in this study.  

Le Ru et al. have estimated that the maximum average SERS enhancement factors are 

in the range of ~ 10
10

 – 10
12

 for SERS experiments.  A value of 10
10

 is estimated for 

typical SERS experiments and a value of 10
12

 under the best possible conditions.
127

  In 

our work we have made no attempt to maximise the position of the plasmon with 

respect to the excitation wavelength or to match the plasmon resonance with the 

molecular resonance of the dipyrrin ligand.  Our maximum enhancement values on the 

order of 10
6
 suggest that there is scope to improve the SERS intensity of dipyrrin 

ligands. 
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Figure 2.10. Surfaced-enhanced Raman spectra of 34 on silver nanoparticles with 

normal modes highlighted.  (A) 458 nm.  (B) 488 nm. [# denotes laser lines].   

 

Modes were assigned based on the DFT calculation; however, there were discrepancies 

where there were interactions of some modes with the silver nanoparticle surface.  For 

instance the modes 81 and 82+83 have significantly shifted frequencies but they can be 

assigned based on the pattern they exhibit in the non-resonance Raman spectrum.  The 

SERS spectra show that most of the vibrational modes are enhanced.  It is noted that 

enhancement of most of the vibrational modes in the resonant Raman spectra was also 

observed.  However, the pattern of enhancement is somewhat different and the strong 

enhancement of mode 54 is particularly evident along with modes 46, and 51, and to a 

lesser extent, modes 63 and 64.  No attempt has been made to complete a detailed 

analysis of the SERS modes and therefore the underlying enhancement mechanisms 

have not been determined in this work.  However, we can suggest that the possible 

explanation for the strong enhancement of mode 54 is due to the interaction of the 

dipyrrin core of 34 with silver nanoparticles.  Mode 54 is an in-plane dipyrrin 

deformation (as are modes 46, 51, 63 and 64) and we reason that since mode 54 is 

strongly enhanced (as well as the enhancement of modes 46, 51, 63, and 64), that the 
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dipyrrin core must be interacting/binding to the silver nanoparticles via the nitrogen 

atoms.  

 

Table 2.4. Normal modes and Raman cross-sections for experimental SERS data for 34. 

  458 nm 488 nm 

Normal 
Modes 

Frequency 
 
 
 
 

[cm-1] 

a

SERSd

d




 

[10-28 cm2 sr-1] 

Total 
EF b,c 

 

[104] 

Electronic 
EF d

 

 

[104] 

a

SERSd

d




 

[10-28 cm2 sr-1] 

Total 
EF b,c 

 

[104] 

Electronic 
EF d

 

 

[104] 
18 402 6499      
19 410 10618      
21 454 1055      
22 492 2851      

23+24 587 398   11985   
25 603 1503      
27 655 5916   8126   
29 697 4946   9734   

31+32 726 1415   2411   
35 772 4244   6098   
36 822 4863 25.8 2.9 1688 9.0 0.6 
44 872 7504 79.2 7.9 18483 195.2 2.3 
46 903 11464 350.0 3.1 18270 557.8 9.2 
51 990 13528 257.5 10.9 21903 416.9 2.3 
53 1021 9326 51.6 4.0 11255 62.3 1.3 
54 1054 30036 264.8 4.4 97646 861.0 1.6 
61 1173 4187 30.7 3.7 9864 72.4 0.7 
63 1207 5738 12.0 1.1 9672 20.2  
64 1238 15177   22375   
69 1338 4500 lasere 5.2 17404 17.3 0.5 

71+72 1389 7236 6.6 1.8 9607 8.8 0.2 
79 1485 1758 34.7 7.5 2093 41.3 0.2 
81 1525 7822 21.0 4.2 14689 39.5 1.0 

82+83 1555 19782 17.6 3.2 67653 60.1 0.5 
84 1609 5707 21.8 0.2 12914 49.4 0.04 

a Raman cross-sections were calculated using equation 1.9 and Na2SO4 as an external reference113 

  

SERS

b

nRRS

d

dTotal Enhancement Factor
d

d
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The different intensity patterns under the non-resonant, resonant and surface-enhanced 

conditions reflect the mechanisms responsible for generating the Raman scattering in 

each case.  Under non-resonant conditions, the polarisability in the ground state controls 

the intensity of the observed modes, and therefore modes with large polarisabilities are 

expected to have large intensities.  However, under resonant conditions, the origin of 

the electronic transition controls the mode intensities, and for strongly allowed 

electronic transitions, such as *, the scattering will be dominated by A-term 

scattering.
170

  The selection rules for A-term dictate that only modes that are totally 

symmetric within the ground and excited states will be resonantly enhanced.  The large 

electronic enhancements mean that many modes that were below the noise in the non-

resonant spectrum now appear with significant intensity in the resonant Raman 

spectrum. A similar number of modes are observed between the resonant and surface-

enhanced spectra. However, the pattern of enhancements is different and this is a result 

of additional enhancements from resonance with the plasmon modes of the silver 

nanoparticles. Under plasmon enhancement conditions, Herzberg-Teller coupling 

between the ground and other electronic excited-states of the system leads to 

enhancement of both non-totally symmetric and totally symmetric modes and therefore 

this explains the appearance of the SERS spectra (relative to the resonance spectrum).  

The same effect can be used to explain the differences in intensities and enhancement 

factors obtained with different excitation wavelengths in the SERS measurements. 

Those modes that show noticeable changes in intensity between 458 nm and 488 nm 

excitations are modes 46, 50, 51, 79 and 81.  Intuitively we expect that the excitation 

wavelength closest to the plasmon resonance of the silver nanoparticles (around 420 

nm) would have the greatest enhancement, however, Table 2.4 shows that the SERS 

enhancement factors are overall slightly larger for 488 nm excitation than with 458 nm 

excitation.  At 458 nm the excitation is closely resonant with the * transition of the 

dipyrrin, but due to the scattering from coupled plasmon modes
129, 171, 172

 of a small 

fraction of silver nanoparticles (or “hotspots”), the plasmon resonance is likely to be 

significantly red shifted.  The consequence of this is that enhancement via the red 

shifted plasmon resonance would be expected to be stronger for the 488 nm excitation 

(i.e. at 488 nm excitation, the electronic resonance with the * transition decreases 

but this decrease is compensated for by being in proximity with the plasmon resonance), 

and this is observed in the enhancement factors (Table 2.4).  
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Figure 2.11. SERS spectra of at 514.5 nm for (A) 34, and (B) 35. 

 

The SERS spectra of 34 and 35 were briefly investigated to determine how dipyrrins are 

interacting with the silver nanoparticles.  The SERS spectra were observed to be 

virtually identical for both dipyrrins (Figure 2.11) therefore ruling out an interaction 

between the carbonyl group and the silver nanoparticle surface as the dominant binding 

mode.  The SERS phenomenon is distance dependent and given that the C=O stretch is 

absent in SERS spectra of 34 (Figure 2.10) this adds weight to this conclusion. 

 

2.6 Summary 

The first full characterisation of dipyrrin ligands by Raman spectroscopy is presented in 

this chapter. Absolute differential cross-sections are obtained for non-resonant, resonant 

and surface-enhanced Raman spectra at a variety of wavelengths (visible and near 

infrared).  The experimental non-resonant cross-sections show excellent agreement with 

the calculated non-resonant cross-section using DFT calculations.  The Raman 

enhancement factors for resonant Raman and surface-enhanced Raman scattering are 

determined.  The magnitudes of the resonantly enhanced cross-sections are similar to 

those recently reported for strong SERS dyes such as rhodamine 6G and crystal violet.  

With strong resonant enhancement, absence of fluorescence and facile synthetic 
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chemistry, dipyrrins possess all the required properties for fundamental studies of 

single-molecule SERS and also for a broad range of bioanalytical applications. 

 

2.7 Future work 

A recent publication reports the simple synthesis of silver nanoparticles which utilises 

halides to precisely tune the surface plasmon resonance across the visible region of the 

absorption spectrum.
173

  Using this preparation for the silver nanoparticles we could 

easily match the plasmon resonance with the molecular resonance of the dipyrrin ligand 

as well as ensuring the position of the plasmon resonance with the excitation 

wavelength is maximised.  In turn this should allow us to complete a more detailed 

SERS analysis and therefore endeavour to determine the underlying enhancement 

mechanisms.   
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Chapter 3 

 

 

Exciton interactions in metallodipyrrins 

 

3.1 Introduction 

A characteristic feature of dipyrrins is that they possess a large transition dipole 

moment.  The transition dipole moments of BODIPY chromophores are well defined
25, 

174, 175
 as lying in the chelate plane and parallel to a line connecting the nitrogen donor 

atoms (Figure 3.1A).  It is assumed that the transition dipole moment of dipyrrin ligands 

is also found in the same position (Figure 3.1B).  DFT calculations of the dipyrrin 

ligand 34 confirm that the position of the transition dipole moment (for the lowest 

energy transition) lies within the plane of the dipyrrin core parallel to the nitrogen donor 

atoms (Figure 3.2).  The position of the transition dipole moment generates a strong 

π-π* transition (ε ~ 20,000 L mol
-1

 cm
-1

 per ligand) in the visible region (~430 nm).  

 

 

Figure 3.1. (A) The orientation of the transition dipole moment (μ) of BODIPY 

chromophores (refer to Figure 2 in reference 174).  (B) The orientation of the transition 

dipole moment (μ) for the lowest energy (S0 → S1) π-π* transition of dipyrrins. 

 

When two or more dipyrrin units come into close proximity, for example by 

coordinating to a metal centre, the transition dipole moments interact strongly, owing to 

the strength and close spatial proximity of the chromophores (Figure 3.3).  This leads to 

new excited electronic states that are delocalized across the dipyrrin units, described as 

molecular excitons. 
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Figure 3.2.  DFT output of 34 illustrating the position of the transition dipole moment 

for dipyrrin ligands.  The coordinates of the transition dipole moment (in red) are (x, y, 

z) (0.262, -2.661, -0.222), and the dipole is oriented approximately along the y-axis. 

 

Exciton interactions are observed in both absorption spectroscopy as the appearance of 

strong spectral shifts or splitting of the absorption bands and in circular dichroism 

spectroscopy as positive and negative Cotton effects for a non-racemic complex (Figure 

1.14).
88

 

 

 

Figure 3.3. Orientation of transition dipole moments for [ML3] and [ML2] dipyrrinato 

complexes.  
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3.2 Background to exciton coupling 

The two simplest cases of exciton coupling occur when a pair of degenerate 

chromophores are aligned either in (i) a parallel or (ii) a co-linear manner.  The two 

degenerate chromophores couple to give two non-degenerate excited states.  

Alternatively, three degenerate chromophores (with three-fold rotational symmetry) can 

couple to give a single non-degenerate excited state (A) and two degenerate excited (E) 

states (see later).  Exciton interactions result in the splitting of the excited state energy 

levels which are degenerate or near degenerate in the absence of exciton interactions. 

If the transition dipoles are parallel (Figure 3.4A), then on electrostatic grounds there 

will be electrostatic attraction (X′) from “head-to-head” addition of the dipole vectors.  

This results in a zero net transition dipole and transitions to this state are dipole-

forbidden.  An electrostatic repulsion (X″) results from “head-to-tail” addition of the 

dipole vectors.  This gives a transition dipole with twice the length relative to an 

unperturbed chromophore and transitions to this state are dipole-allowed.  [Unperturbed 

chromophore refers to a chromophore where exciton coupling does not exist; e.g. 

[MLX] where L is a single dipyrrinato ligand and X is another ligand].  The physical 

consequences for the electronic absorption spectrum are that the dipole allowed 

electronic transition will be blue-shifted with respect to the transition of an unperturbed 

chromophore.   

If the transition dipoles are co-linear (Figure 3.4B), there will be electrostatic attraction 

(X′) from “head-to-head” addition of the dipoles which results in a forbidden transition.  

The electrostatic repulsion (X″) from the “head-to-tail” addition of the dipoles results in 

an allowed transition.  Now the dipole allowed electronic transition for the complex will 

be red-shifted with respect to an unperturbed chromophore.  The net length of the 

summed vectors (dipoles) is proportional to the integrated area of the absorption band of 

the new exciton states.  The integrated area of the absorption band for the new exciton 

states will be twice that of an unperturbed chromophore.  
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Figure 3.4. Exciton energy diagram where non-degenerate exciton states, X″ and X′, 

are produced for chromophores in close spatial proximity when the transition dipole 

moments of the degenerate chromophores are aligned in (A) a parallel manner or (B) a 

co-linear manner.  Allowed transitions are denoted by vertical arrows. 

 

Examples of parallel transition dipoles and co-linear transition dipoles are H-type and 

J-type dimers in rhodamine 6G
162, 176, 177

 (Figure 3.5). The interaction between the 

transition dipole moments is governed by the geometry of the aggregates.  For H-type 
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dimers, which have a head-to-head addition of their transition dipoles, the absorption is 

predicted to blue-shift relative to a rhodamine 6G monomer (M).  For J-type dimers, 

which have head-to-tail addition of their transition dipoles, the absorption is predicted to 

red-shift relative to a rhodamine 6G monomer. 

  

 

Figure 3.5. (A) Structure and position of the transition dipole moment (μ) in rhodamine 

6G. (B) Exciton energy diagram of the electronic states for rhodamine 6G monomer (M) 

and H-type and J-type dimers.
162

 Bold lines represent the transition with the largest 

oscillator strength (adapted from references 162, 176, and 177). 

 

However, very few examples of exciton coupling are as simple as the interactions of 

parallel and co-linear transition dipole moments.  If we consider a system with two 

electronic excitations as an example to illustrate exciton coupling interactions for 

non-planar transition dipole moments then the coupling strength, J, is determined by the 

electric field of the first transition dipole (oriented along the z-axis, centred at z = 0) 

(Figure 3.6A) interacting with the second transition dipole centred at a distance, r:
88, 178

 

                                                  B AJ X X E                                                    (3.1) 

where the electric field of the first transition dipole (EA) is: 

                                              
3

0

1 1
ˆ ˆ3( )

4
A A AE r r

r
 


                                             (3.2) 

and the coupling strength is given by: 

                                              
3 5

ˆ ˆ( )( )
3A B A Br r

J
r r

     
                                          (3.3) 
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Figure 3.6. The geometrical parameters used to define the orientation of two transition 

dipole moments.
179

 

 

The exciton energy levels can be found by evaluating the above equations.  However, 

this requires the introduction of coordinates.  These coordinates can be derived from 

computational studies or from geometrical parameters taken from structural data.
179

  

There is also a variety of similar expressions in the literature for estimating the energy 

gap between the two exciton states.
180-183

 

The above equations depend on the selection of the geometrical parameters.  Equation 

3.3 introduces an angle for each of the dot products: β is the angle between μA and μB if 

their centres of mass are superimposed, α is the angle between μA and r̂ , and α′ is the 

angle between μB and r̂ , where r̂  is the length of this vector (Figure 3.6B and C).  

Equation 3.3 simplifies to:
88

 

                                               
2

3
(cos 3cos cos ')J

r


                                          (3.4) 

Alternatively, the dihedral angle (τ) between μA and μB along the vector r̂  (Figure 3.6C) 

can be extracted from structural data and used instead of β. This introduces additional 

sine factors involving α and α′ to give:
88

 

                                       
2

3

2
(sin sin 'cos 2cos cos ')J

r


                                (3.5) 

The expressions above clearly illustrate that exciton coupling is very sensitive to the 

relative orientation of the transition dipoles.  Therefore the direction of the dipoles 

needs to be assigned very precisely by a) careful analogy with already established 

systems, b) using computational chemistry or c) experimentally such as linear dichroism 

of the chromophore in an oriented medium such as a crystal or a stretched film.
88, 183

  

The magnitude of exciton coupling also depends on several other factors described 

below.  Exciton interactions are observed if there are sufficiently strong interactions 
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between electronic states and exciton coupling is strongest when the electronic 

transitions of the chromophores are degenerate, i.e. when the chromophores are 

identical.  Exciton coupling is proportional to the square of the transition dipole 

moment, μ (equation 3.5).  Therefore dipoles that have a greater length will have 

considerable interactions with dipoles in close proximity.  This means that exciton 

coupling is rarely seen for weak electronic transitions such as d-d transitions in metal 

complexes but is more common for other transitions in transition metal complexes.
40, 43, 

87, 88, 179, 184
  Organic dyes such as rhodamine 6G are also well known for 

(intermolecular) exciton interactions via non-covalent interactions.
162, 176, 177

 The 

chromophores must be in close proximity to one another because the energy gap of the 

exciton states is proportional to 1/r
3
 where r is the distance between the chromophores.  

Since the exciton model relies on the point dipole approximation, i.e. the distance 

between the chromophores needs to be large relative to the length of the transition 

dipole moments.  If the chromophores are located too close in space the point dipole 

approximation does not hold, and the exciton model is not appropriate.  Finally, there 

should be negligible electron delocalisation between the chromophores in the ground 

state.  This approximation holds true for transition metal complexes with chromophoric 

ligands but can break down for other types of chromophores, i.e. chromophores 

connected by bridges which allows for a higher degree of conjugation. 

 

3.3 Exciton coupling in dipyrrinato complexes 

In the case of transition metal dipyrrinato complexes the transition dipoles are in 

different planes (Figure 3.7).  For bisdipyrrinato complexes, [ML2], the coordination 

geometry which is predominantly dictated by the metal ion, ranges from tetrahedral to 

square planar.  Therefore the dihedral angle (τ) between the two transition dipoles of the 

ligands ranges from 0° to 90°.  The angles α and α′ will be 90° for all equilibrium 

geometries and the distance between chromophores, r, will largely be determined by the 

metal ion. 
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Figure 3.7. Exciton energy diagram where non-degenerate exciton states, X″ and X′, 

are produced for transition dipole moments aligned in a non-planar manner.  Allowed 

transitions are denoted by vertical arrows. 

 

From the coupling of the two degenerate dipyrrin chromophores then two non-

degenerate excited states are expected.  Figure 3.7 illustrates the extent of the energy 

gap between the exciton states, X′ and X″, as a function of the dihedral angle, τ.  At τ = 

90°, the transition dipoles add in a head-to-head and head-to-tail fashion but these are 

identical, and therefore there will be no splitting of the excited state (refer to equation 

3.5).  At this angle the excited states are degenerate and therefore the intensities of the 

two exciton absorption bands are equal.  While at τ = 0°, the arrangement of the 

transition dipoles is parallel (Figure 3.4A) where only transitions to X″ are allowed, and 

therefore maximum exciton coupling is reached.  Intermediate angles of τ result in an 

energy gap between the non-degenerate excited states which varies by cos τ. As the 

angle decreases from 90°, the intensities of the two absorption bands become 

progressively different; and the transition to the X″ state becomes increasingly more 

intense than the transition to the X′ state. 
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3.4 Objectives of this work and target complexes 

Transition metals with well-defined and distinct coordination geometries allow for the 

control of exciton interactions by tuning the orientation and separation of the 

chromophores.  Understanding the exciton interactions in dipyrrinato complexes is 

important for bridging the gap of knowledge between nature’s use of exciton 

coupling
185

 and the application of dipyrrinato complexes in artificial photosynthetic 

devices and dye-sensitised solar cells.  By understanding and controlling the exciton 

interactions, can we design dipyrrin systems to mimic nature and capture a significant 

fraction of solar energy at the same time? 

A series of transition metal complexes of dipyrrinato ligands was targeted to analyse the 

exciton interactions observed in electronic absorption spectroscopy.  The dipyrrin 

complexes have well defined coordination geometries ranging from tetrahedral to 

square planar and octahedral containing one, two or three dipyrrin ligands (Figure 3.8).  

  

Figure 3.8. Target transition metal complexes of dipyrrinato (and azadipyrrinato) 

ligands with one, two or three dipyrrinato ligands.  The transition metals have a range of 

coordination geometries from tetrahedral through to square planar and octahedral. 
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3.5 Experimental procedures 

3.5.1 Computational procedures 

All calculations were performed using Gaussian 09.  Calculations were carried out by 

using density functional theory (DFT), with the Becke’s three-parameter exchange 

functional (B3)
146

 in combination with the correlation functional of Lee, Yang and Parr 

(LYP).
147

  Attempts were made to optimise the full structure of 43 using an unrestricted 

6-311(+)G (d,p) basis set with the C-PCM model.
151

  This calculation took three days 

(or six processor days) to complete the first SCF step and therefore is not 

computationally viable.  Following this, the phenyl groups were removed to reduce the 

computation time.  This structure optimised in six days (or 13.5 processor days) using 

the basis set described above.  However, after the optimisation calculation the angle 

between the azadipyrrin ligand planes was measured (using Mercury) to be 68.8° while 

the angle between the azadipyrrin ligand planes of the crystal structure
78

 was 48.2°. 

With the help of Dr Matthias Lein (Victoria University of Wellington) a basis set 

consisting of 6-311+G(d,p) for the metal and the azadipyrrin core atoms and 6-31G(d) 

for the eight phenyl rings was used to optimise the structure, followed by Raman 

frequency calculations.  A smaller basis set of 6-31G(d) for the metal and the 

azadipyrrin core atoms and 3-21G for the eight phenyl rings achieved similar results.  

The polarisable continuum model (C-PCM) of Barone
151

 were used to model solvent 

effects.  All geometry optimisations, frequency, and time-dependent calculations were 

carried out using the C-PCM model.  GaussSum2.2.4
152

 was used to extract vibrational 

frequencies from the calculations.  The calculated Raman spectrum was scaled by 

0.9679,
153

 and a Gaussian function with FWHM of 5 cm
-1

.  This scaling factor is 

recommended for the B3LYP/6-311+G (d,p) basis sets and larger.
153

  The accuracy of 

the calculation was checked by analysis and assignment of the vibrational frequencies, 

and normal modes checking for agreement with the experimental resonance Raman 

spectra (Appendix C1).  Calculations for the electronic excited states were performed 

using the time-dependent DFT (TD-DFT) calculations with the same basis sets 

described above.  The calculated absorption spectrum is a sum of a series of δ-functions, 

located at the transition frequencies and scaled by the calculated oscillator strengths.  

Each δ-function is convoluted with a Gaussian with a FWHM value dependent on the 

FWHM values of the corresponding peaks of the experimental absorption spectrum.  
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3.5.2 Experimental procedures  

3.5.2.1 Synthesis of dipyrrinato complexes 36-42 and 12 

Synthesis of 36 

Cu(hfacac)2
186

 (0.233 g, 0.471 mmol) was added to a stirring MeOH (15 

mL) solution of 34 (0.131 g, 0.471 mmol).  Stirring was continued for 10 

mins at RT.  The solvent was removed on a rotary evaporator.  Purification 

of the product was achieved by chromatography on SiO2 using CH2Cl2 as 

the eluent.  Further purification was achieved by recrystallisation from hot 

hexane/CH2Cl2. Yield: 0.218 g (0.398 mmol, 84%). IR / cm
-1

 727 (m), 767 

(m), 778 (m), 799 (w), 831 (m), 874 (w), 895 (w), 989 (m), 1001 (s), 1026 (s), 1114 

(m), 1143 (s), 1182 (m), 1196 (m), 1209 (m), 1253 (m), 1278 (m), 1342 (m), 1378 (m), 

1408 (w), 1435 (w), 1463 (w), 1547 (m), 1571 (w), 1611 (w), 1646 (m), 1705 (m); 

MALDI-MS: m/z = 548.09 ([M+]); Anal. Calcd for [36] (C22H17CuF6N2O4) C, 48.23; H, 

2.58; N, 5.11; Found: C, 48.59; H, 2.60; N, 5.20; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 

cm
-1

): 491 (53 400), 317 (20 500), 314 (22 000), 263 (17 500) 235 (38 400).  

 

Synthesis of 37 

34 (0.114 g, 0.410 mmol), [Pd(en)(NO2)2] (0.106 g, 0.410 mmol), and 

NEt3 (0.06 mL) were dissolved in MeOH (30 mL).  The solution was 

stirred at room temperature for ~ 22 hours.  Excess aqueous NH4PF6 

was added to the solution with additional H2O.  The solution was left 

to stand overnight before being filtered and washed with water.  

Purification of the crude product was achieved via the diffusion of 

diethyl ether into an acetonitrile solution of the complex.  Yield: 0.087 

g (0.148 mmol, 36%). 
1
H NMR (500 MHz, DMSO-d6, 25 °C) δ (ppm): 2.73 (s, 4H), 

3.92 (s, 3H), 5.61 (s, 4H), 6.46 (dd, J = 0.9, 4.4 Hz, 2H), 6.50 (dd, J = 1.6, 4.4 Hz, 2H), 

7.46 (s, 2H), 7.56 (d, J = 8.4 Hz, 2H), 8.08 (d, J = 8.4 Hz, 2H); 
13

C NMR (100 MHz, 

DMSO-d6) δ (ppm): 46.81, 52.87, 55.38, 118.94, 128.94, 130.51, 130.84, 131.42, 

133.67, 141.95, 146.56, 150.87, 166.33; IR / cm
-1

 717 (m), 762 (m), 774 (m), 828 (s, 

br), 896 (w), 1004 (s), 1042 (s), 1060 (w), 1122 (w), 1143 (w), 1187 (w), 1211 (w), 

1248 (m), 1284 (w), 1292 (m), 1313 (m), 1346 (m), 1384 (m), 1411 (w), 1435 (w), 1549 

(m), 1569 (w), 1585 (w), 1700 (m); MALDI-MS: m/z = 443.14 ([M+]); UV-Vis 

(DMSO) λmax/nm (ε / L mol
-1

 cm
-1

): 500 (54 900), 385 (7 100), 312 (10 400). Anal. 
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Calcd for [37] (C19H21F6N4O2PPd) · C4H10O: C, 41.67; H, 4.71; N, 8.45. Found: C, 

41.50; H, 4.53; N, 8.66. 

 

Synthesis of 38 

Zn(OAc)2·2H2O (0.206 g, 0.936 mmol) was 

dissolved in MeOH (5 mL) and added to a 

stirring MeOH solution (6 mL) of 34 (0.059 g, 

0.211 mmol).  A precipitate instantly appeared.  

The solution was heated at ~50°C for 4 hours before the precipitate was filtered off.  

Purification of the crude product was achieved by recrystallisation from hot MeOH and 

CH2Cl2.  Yield: 0.038 g, 29%.  
1
H NMR (500 MHz, CDCl3): (ppm)3.98 (s, 6H), 6.41 

(dd, J = 1.4, 4.1 Hz, 4H), 6.63 (dd, J = 0.9, 4.1 Hz, 4H), 7.55 (s, 4H), 7.64 (d, J = 8.3 

Hz, 4H), 8.14 (d, J = 8.2 Hz, 4H), 
13

C NMR (100 MHz, CDCl3):  52.4, 117.6, 128.6, 

130.4, 130.8, 132.8, 140.2, 143.7, 147.4, 150.3, 166.9;  IR / cm
-1

: 726 (m), 775 (m), 759 

(m), 828, (m), 899 (m), 994 (s), 1026 (s), 1107 (w), 1177 (w), 1191 (m), 1209 (w), 1242 

(m), 1279 (m), 1334 (m), 1373 (m), 1403 (m), 1437 (w), 1536 (m), 1569 (w), 1610 (w), 

1723 (m); Anal. Calcd for [38] (C34H26N4O4Zn): C, 65.86; H, 4.23; N, 9.04; Found: C, 

65.60; H, 4.07; N, 9.05; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 484 (118 900), 465 

(73 000), 312 (19 500), 234 (46 100). 

 

Synthesis of 39 

Cu(OAc)2
.
H2O (0.039 g, 0.195 mmol) was 

suspended in MeOH (5 mL) and added to a 

stirring MeOH solution (5 mL) of 34 (0.080 g, 

0.287 mmol).  Stirring was continued for 16 

hours at room temperature.  The red precipitate was filtered and washed with MeOH.  

Purification of the product was achieved by chromatography on SiO2 using CH2Cl2 as 

the eluent.  Further purification was achieved by recrystallisation from hot 

MeOH/CH2Cl2. Yield: 0.087 g (0.141 mmol, 72%). IR / cm
-1 

725 (s), 761 (s), 777 (m), 

830 (m), 894 (m), 965 (w), 996 (s), 1024 (s), 1100 (m), 1177 (m), 1188 (m), 1205 (m), 

1241 (s), 1278 (m), 1333 (m), 1372 (m), 1402 (m), 1436 (w), 1535 (s), 1569 (w), 1610 

(w), 1713 (w), 1726 (m); MALDI-MS: m/z = 619.27 ([M+]); Anal. Calcd for [39] 

(C34H26N4O4Cu): C, 66.06; H, 4.24; N, 9.06; Found: C, 65.85; H, 4.29; N, 9.09; UV-Vis 
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(CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 502 (33 700), 468 (68 100), 368 (13 200), 316 (21 

200), 236 (51 700). 

 

Synthesis of 40 

Ni(OAc)2·4H2O (27.7 mg, 0.111 mmol) was 

dissolved in MeOH (5 mL) and added to 

stirring MeOH solution (6 mL) of 34 (0.062 g, 

0.222 mmol), where a precipitate instantly 

appeared.  The solution heated at ~50°C for 4 hours.  The precipitate was filtered and 

purification of the crude product was achieved by recrystallisation hot MeOH and 

CH2Cl2.  Yield: 0.026 g, 39%. 
1
H NMR (500 MHz, CDCl3):  3.96 (s, 6H), 6.69 (d, J = 

3.8 Hz, 4H), 7.46 (d, J = 8.0 Hz, 4H), 7.80 (d, J = 3.6 Hz, 4H), 8.07 (d, J = 8.1 Hz, 4H), 

9.98 (s, 4H), 
13

C NMR (100 MHz, CDCl3):  52.1, 128.4, 130.3, 130.5, 138.3, 139.7, 

140.9, 141.7, 150.9, 166.5, 177.7. IR / cm
-1

 725 (s), 761 (s), 777 (m), 830 (s), 874 (w), 

894 (m), 965 (m), 996 (s), 1024 (s), 1100 (m), 1177 (m), 1188 (m), 1205 (w), 1241 (s), 

1278 (s), 1333 (s), 1372 (s), 1402 (m), 1436 (w), 1535 (s), 1569 (m), 1610 (w), 1713 

(m), 1726 (m);  MALDI-MS: m/z = 613.27 ([M+]); Anal. Calcd for [40] 

(C34H26N4O4Ni) C, 66.59; H, 4.27; N, 9.14; Found: C, 65.52; H, 4.31; N, 9.11; UV-Vis 

(CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 477 (45 800), 319 (26 300), 235 (54 400). 

 

Synthesis of 12 

[Pd(CH3CN)2Cl2] (0.0565 g, 0.218 mmol), 34 

(0.120 g, 0.431 mmol), and NEt3 (0.6 mL, 

0.430 mmol) were combined in MeOH (35 

mL) and stirred at room temperature for one 

hour. The crude product was isolated by filtration, washed thoroughly with hexane.  

Purification of the product was achieved by recrystallisation from hot MeOH/CH2Cl2. 

Yield: 0.081 g (0.123 mmol, 57%). 
1
H NMR (500 MHz, CDCl3, 25 °C) δ (ppm) 3.99 (s, 

6H), 6.37 (dd, J = 1.6, 4.4 Hz, 4H), 6.65 (dd, J = 1.1, 4.4 Hz, 4H), 7.41 (s, 4H), 7.66 (d, 

J = 8.2 Hz, 4H), 8.16 (d, J = 8.2 Hz, 4H); 
13

C NMR (100 MHz, CDCl3, 25 °C) δ (ppm) 

52.35, 117.32, 128.76, 130.45 (2C), 131.07, 136.64, 142.04, 146.33, 152.09, 166.74; IR 

/ cm
-1

 722 (s), 764 (s), 832 (m), 870 (w), 896 (m), 967 (w), 991 (s), 1003 (s), 1033 (s), 

1102 (w), 1114 (m), 1177 (w), 1204 (w), 1261 (s), 1280 (s), 1342 (m), 1380 (m), 1403 
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(m), 1436 (w), 1516 (w), 1542 (s), 1569 (w), 1611 (w), 1717 (m); UV-Vis (CH2Cl2): 

λmax/nm (ε / L mol
-1

 cm
-1

): 481 (70 000), 383 (15 100), 313 (18 100), 236 (46 600); 

MALDI-MS: m/z = 660.30 ([M+]); Anal. Calcd for [12] (C34H26N4O4Pd) · 0.5CH3OH: 

C, 61.20; H, 4.17; N, 8.28. Found: C, 60.95; H, 3.96; N, 8.33. 

 

Synthesis of 41  

34 (0.400 g, 1.44 mmol) and NEt3 (0.4 mL) were 

combined in MeOH (15 mL).  Na3[Co(NO2)6] 

(0.174 g, 0.431 mmol) was dissolved in minimal 

H2O and added to the MeOH solution.  The 

mixture was heated at 60 °C under Ar overnight.  

After cooling to room temperature, water was 

added to the reaction and the resulting precipitate 

was filtered and washed with water.  Purification of the orange-red solid was achieved 

via chromatography on SiO2 using CH2Cl2 as the eluent. Yield: 0.125 g (0.140 mmol, 

33%).  Spectroscopic data matched that previously reported.
29

  

 

Synthesis of 42 

34 (0.593 g, 2.13 mmol), NEt3 (0.3 mL), and 

RhCl3·xH2O (0.162g, 0.65 mmol Rh) were 

combined in isopropyl alcohol and heated to 

100 °C overnight.  The solvent was removed on 

a rotary evaporator.  Purification of the dark red 

solid was achieved via chromatography on SiO2 

using CH2Cl2/hexane (2/1) as the eluent. Yield: 

0.468 g (0.501 mmol, 80%).  
1
H NMR (400 MHz, CDCl3, 25 °C) δ (ppm) 3.98 (s, 9H), 

6.33 (dd, J = 1.5, 4.3 Hz, 6H), 6.56 (dd, J = 1.5, 4.3 Hz, 6H), 6.60 (s, 6H), 7.53 (d, J = 

8.3 Hz, 6H), 8.10 (d, J = 8.3 Hz, 6H); 
13

C NMR (100 MHz, DMSO-d6, 25 °C) δ (ppm) 

52.28, 118.26, 128.50, 130.20, 130.40, 131.63, 134.59, 142.92, 146.26, 150.64, 166.82; 

IR / cm
-1

: 721 (s), 760 (m), 772 (m), 827 (m), 870 (w), 896 (m), 994 (s),1025 (m), 1031 

(m), 1041(m), 1110 (m, br), 1207 (w), 1254 (s), 1278 (m), 1347 (m), 1378 (m), 1412 

(w), 1548 (m), 1571 (w), 1722 (m); UV-Vis (CH2Cl2) λmax/nm (ε / L mol
-1

 cm
-1

): 307 

(28 800), 404 (25 100), 464 (77 600), 501 (60 300); MALDI-MS: m/z = 935.41 ([M+]); 
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Anal. Calcd for [42] (C51H39N6O6Rh): C, 65.53; H, 4.21; N, 8.99. Found: C, 65.65; H, 

4.69; N, 8.52. 

 

3.5.2.2 Synthesis of azadipyrrinato complex 43 

Cu(OAc)2
.
H2O (0.054 g, 0.272 mmol)  was added as a solid to a stirring 

2-BuOH solution (8.5 mL) of 44 (0.100 g, 0.222 mmol).  The solution 

was refluxed at 118 °C for 1 hour before being cooled to room 

temperature.  The product was filtered, washed thoroughly with hexane 

and dried under vacuum overnight.  Yield: 0.081 g (0.084 mmol, 38%). 

UV-Vis (CH2Cl2) λmax / nm (ε / L mol
-1

 cm
-1

): 641 (47 500), 565 (49 400), 304 (50 600), 

244 (40 000).  Spectroscopic data matched that previously reported.
78

  

 

3.6 Results and Discussion 

3.6.1 Synthesis 

The preparation of the heteroleptic complexes 36 and 37 (Figure 3.9 and 3.10) was 

challenging, since heteroleptic complexes have a tendency to form the homoleptic 

bisdipyrrinato complexes.
36

 For example, the synthesis of [CuL(acac)] using 

stoichiometric quantities of [Cu(acac)2] and the dipyrrinato ligand (L) is reported to 

readily convert to [CuL2].  Replacing the acetylacetone (acac) in the Cu(II) starting 

material with hexafluoroacetylacetone (hfacac) forms the stable complex, 

[CuL(hfacac)].
36

  A variation of this reported procedure
36

 was used to prepare complex 

36.  In this reaction (Figure 3.9) the hfacac ligands remove the proton from the pyrrolic 

nitrogen allowing the dipyrrin ligand to coordinate to the metal.   
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Figure 3.9. The synthetic route to Cu(II)-dipyrrinato complex 36. 

 

The cationic complex 37 was prepared using stoichiometric quantities of 

[Pd(en)(NO2)2] and 34, with triethylamine (NEt3) and stirring at room temperature 

overnight.  The triethylamine serves to deprotonate the dipyrrin ligand.  The product 

was isolated by precipitation with aqueous NH4PF6.   

 

 

Figure 3.10. The synthetic route to the Pd(II)-dipyrrinato complex 37. 

 

The synthesis and purification of the complexes 38-40 and 12 (Figure 3.11) and 41-42 

(Figure 3.12) was straightforward owing to the multitude of literature preparations for 

transition metal complexes of similar dipyrrinato ligands.
24, 26

  Typically, the 

appropriate metal salt is heated in methanol with two (or three) equivalents of dipyrrin 

ligand 34 and a base (where necessary) (see Table 3.1 for a summary of reaction 

conditions).  Metal acetates are often employed as the metal source since the acetate 

anions are sufficiently basic to deprotonate the dipyrrin ligand allowing the metal to 

coordinate.  Upon complexation there was an obvious and immediate colour change and 
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purification was simplified in most cases by the fact that the metal complexes were 

insoluble in methanol.  Filtration followed by column chromatography and/or a 

recrystallisation step gave the complexes in high purity with moderate to good yields.   

The synthesis of complexes 38-40 and 12 are variations of preparations of similar 

dipyrrinato complexes.
26, 47

  The synthesis of 41 has been reported in the literature;
29, 30, 

87
 however, this is the first report of a homoleptic Rh(III) dipyrrinato complex, 42.

43
  

This complex was prepared in high yield from a reaction of RhCl3, dipyrrin ligand 34, 

and triethylamine (NEt3) in hot isopropanol (Figure 3.12).  

The synthesis of complex 43
78

 (Figure 3.13) from azadipyrrin ligand 44
72, 73, 80

 has been 

reported in the literature. 

 

 

Figure 3.11. The synthetic route to dipyrrinato complexes 38-40 and 12. 

 

 

Figure 3.12. The synthetic route to dipyrrinato complexes 41-42. 
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Figure 3.13. The synthetic route to Cu(II) azadipyrrinato complex 43. 

 

Table 3.1. Reactions for the synthesis of complexes 12 and 36-43. 

Complex Reagents Reaction conditions Yield 

(%) Metal source Base Solvent Temperature, °C 

(time) 

36 Cu(hfacac)2 – MeOH 20 (10 mins) 84 

37 Pd(en)(NO2)2 NEt3 MeOH 20 (overnight) 36 

38 Zn(OAc)2
.
2H2O – MeOH 50 (4 hrs) 29 

39 Cu(OAc)2
.
H2O – MeOH 50 (4 hrs) 72 

40 Ni(OAc)2
.
4H2O – MeOH 50 (4 hrs) 39 

12 Pd(CH3CN)4Cl2 NEt3 MeOH 25 (1 hrs) 57 

41 Na3[Co(NO2)6] NEt3 MeOH 60 (overnight) 33 

42 RhCl3
.
xH2O NEt3 iPrOH 100 (overnight) 80 

43 Cu(OAc)2
.
H2O – 2-BuOH 118 (1 hr) 38 

 

3.6.2 Complexation geometries and the orientation of the transition dipole moments 

As confirmed by DFT calculations the transition dipole moment () for the lowest 

energy transition of a dipyrrin ligand lies in the plane of the dipyrrin core parallel to the 

nitrogen donor atoms. (Figure 3.2).  In dipyrrinato complexes the dihedral angle () 

between the two transition dipoles along the vector r̂  (Figure 3.6C) can be obtained 

from computational studies or crystallographic data.
88

  In this case crystal structures of 

most of the complexes were obtained primarily to confirm the coordination geometries 

at the metal centres and to evaluate the angle between the transition dipole moments.  

Mercury
TM

 has been used to estimate these dihedral angles ().  Since the transition 

dipole moment lies in the plane of the pyrrolic rings of the dipyrrin core parallel to the 

nitrogen atoms then defining the mean plane of the core of each dipyrrin ligand (in 

Mercury) defines the position of the transition dipole moment (represented as the 

coloured areas in Figure 3.14A). Then the angle formed between these two mean planes 

(along the vector r̂ ) gives the dihedral angle, (Figure 3.14B). 
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Figure 3.14. (A) Illustration of the atoms included in each dipyrrinato ligand for 

defining the mean ligand planes and therefore (B) the dihedral angle () between the 

transition dipole moments.  

 

The geometry about the Cu(II) centre of 36 is square pyramidal.  The oxygen of the 

ester functional group of a dipyrrinato ligand on another complex coordinates in the 

fifth coordination site (Figure 3.15).  The dipyrrinato ligand lies flat but has a small tilt 

angle
50

 (defined in this case as the mean plane between the CuN2O2 and the atoms in the 

core dipyrrin framework) of ~ 9°.   

 

 

Figure 3.15. The crystal structure of [CuL(hfacac)], 36, illustrating the position of the 

transition dipole moment, μ, for the lowest energy * transition in dipyrrin.  The 

geometry at the metal centre is square pyramidal. The carbonyl oxygen atom of the 

methyl ester of another dipyrrinato ligand coordinates to the metal. 

 

The Pd(II) centre of 37 is strictly square planar (Figure 3.16).  The core of the 

dipyrrinato ligand is perfectly flat but the ligand cants away from the PdN4 plane with a 
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tilt angle
50

 (defined in this case as the mean plane between the PdN4 plane and the 

atoms in the core dipyrrin framework) of ~21°. 

 

 

Figure 3.16. The crystal structure of [PdL(en)]
+
, 37, illustrating the position of the 

transition dipole moment, μ, for the lowest energy * transition in dipyrrin.  The 

geometry at the metal centre is strictly square planar. 

 

The geometry of the Zn(II) of 38 has been estimated using a related crystal structure
90

 

(Figure 3.17) as approximately tetrahedral.  Therefore the dihedral angle between the 

transition dipole moments is approximately 90°.   

 

  

Figure 3.17. The crystal structure of [ZnL2]
90

 (as a representative example of 38), 

illustrating the position of the transition dipole moment, μ, for the lowest energy * 

transition in dipyrrin (red).  The geometry at the metal centre is approximately 

tetrahedral. 
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Each dipyrrinato ligand plane in 39 is essentially flat and the geometry of the Cu(II) 

centre of 39 is distorted tetrahedral (Figure 3.18).  The dihedral angle between the 

dipole moments ranges between 52-74°. 

 

 

Figure 3.18. The crystal structure of [CuL2], 39, illustrating the position of the 

transition dipole moments, μ, for the lowest energy * transition in dipyrrin (red).  

The geometry at the metal centre is distorted tetrahedral. 

 

The geometry of the Ni(II) centre of 40 is a special case.  The crystal structure (Figure 

3.19) shows that each dipyrrinato ligand plane is flat and the geometry at the Ni(II) 

centre appears to be distorted tetrahedral.  The dihedral angle between the dipole 

moments ranges between 51-84°.  Tetrahedral Ni(II) complexes are high-spin and 

therefore paramagnetic while square planar Ni(II) complexes are low-spin and 

diamagnetic.
137

   However, sharp, well-resolved peaks were observed in both 
1
H and 

13
C 

NMR spectroscopy for this complex which confirms that the complex is diamagnetic.  

Therefore the geometry at the metal centre must be (distorted) square planar, in solution 

at least, instead of tetrahedral.   
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Figure 3.19. The crystal structure of [NiL2], 40, illustrating the position of the transition 

dipole moments, μ, for the lowest energy * transition in dipyrrin (red).  NMR 

evidence confirms the complex is diamagnetic and therefore the geometry at the metal 

centre must be closer to square planar than tetrahedral. 

 

The geometry of the Pd(II) centre of 12 is square planar (Figure 1.6 and Figure 3.20) 

therefore the angle between the transition dipoles is 0°.  The crystal structure shows that 

the two dipyrrinato ligands cannot maintain coplanarity due to the close interligand 

contacts of the α hydrogens.  This forces the ligands to cant away from the N4 plane 

with a tilt angle
50

 (defined in this case as the mean plane between the PdN4 plane and 

the atoms in the core dipyrrin framework) of approximately 40°.  The pyrrolic rings of 

the dipyrrin core also have pronounced curvature.  The planes of the pyrrolic rings of 

each ligand are inclined at an angle (defined as the angle between the mean planes 

formed by the atoms in each pyrrole and the adjacent meso carbon)
50

 of 34° to each 

other.  This curvature further reduces the strain induced by the close interligand 

contacts. This crystal structure parallels the previously reported [Pd(mpm)2] (mpm = 

4,4'-dicarboxyethyl-3,3',5,5'-tetraamethyldipyrromethenato), where the dipyrrin ligands 

have methyl substituents on both α positions.
187
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Figure 3.20. The crystal structure of [PdL2], 12, illustrating the position of the 

transition dipole moments, μ, for the lowest energy * transition in dipyrrin (red).  

The geometry at the metal centre is strictly square planar. 

 

The crystal structure
78

 (Figure 3.21) of 43 shows the geometry at the Cu(II) centre is 

distorted tetrahedral and the angle between the transition dipoles is approximately 48°. 

 

 

Figure 3.21.  The crystal structure of [CuLaza2], 43, illustrating the position of the 

transition dipole moments, μ, for the lowest energy * transition in azadipyrrin (red). 

The phenyl rings have been removed at the α-positions for clarity.  The geometry at the 

metal centre is distorted tetrahedral. 

 

 

 

 



80 

3.6.3 Exciton effects in the absorption spectra of dipyrrinato complexes 

Complex 36 and 37, which exhibit absorption bands at 491 and 500 nm, respectively, 

represent unperturbed chromophores where the presence of a single dipyrrinato ligand 

prevents exciton coupling (Figure 3.22).   

As discussed above, the coordination geometry at the metal centre for dipyrrinato 

complexes determines the extent of exciton coupling on the excited state energy levels.  

The [PdL2] complex, 12, has square planar geometry about the metal centre (Figure 

3.20), thus τ ≈ 0° and the arrangement of the transition dipoles is parallel (Figure 3.4A).  

In this case only the transition to X″ is allowed, therefore there is one sharp absorption 

band, which is centred at 481 nm.  This transition is blue-shifted with respect to the 

transitions of the unperturbed chromophores.  The [ZnL2] complex, 38 is predicted to 

have tetrahedral geometry at the metal centre, thus τ ≈ 90°.
26, 90

  Exciton coupling is 

expected to be weak or non-existent for this complex due to the degeneracy of the 

excited states.  Therefore this complex possesses a single absorption peak at 484 nm 

with a high energy shoulder similar to that of BODIPY complexes.  This can most 

likely be attributed to vibronic structure and is common in other zinc(II) dipyrrinato 

complexes
26, 31, 90

 and BODIPY complexes.
58, 188

 

 

 

Figure 3.22. Absorption spectra of 36 (blue), 37 (green), 38 (black), and 12 (red) in 

CH2Cl2. 
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Figure 3.23. Absorption spectra of 39 (blue) and 40 (orange) in CH2Cl2. 

 

The [CuL2] and [NiL2] complexes, 39 and 40, have intermediate geometry about the 

metal centres.  The crystal structures (Figure 3.18) of 39 shows that τ ≈ 52-74° with a 

cluster of angles between 67-74°.  For this complex there is a strong absorption band at 

468 nm and a weaker absorption band 502 nm (Figure 3.23).  This weaker band at lower 

energy is consistent with the angles obtained from the crystal structures.  For a similar 

[CuL2] complex, where the dipyrrin has a phenylacetylenylene group attached to the 

phenyl spacer group, τ ≈ 46°, the absorption bands appear at exactly the same positions 

with the lower energy band weaker than the higher energy transition.
51

  

The crystal structure of 40 (Figure 3.19) shows that the angles between the transition 

dipoles have a large range between τ ≈ 51-84°. A [NiL2] complex with methyl 

substituents in the α-positions is reported to have an angle of 76.3° between the ligand 

planes
189

 while another [NiL2] complex with closer similarity to our [NiL2] complex 

with hydrogens in the α-positions has a much smaller angle of 38.5° between ligand 

planes.
26

  NMR evidence suggests [NiL2] complex 40 is diamagnetic (in solution at 

least) and the geometry must be (distorted) square planar.  The absorption band is broad 

with a maximum at 468 nm (Figure 3.23).  For similar unsubstituted [NiL2] complexes, 

the absorption spectrum is virtually identical in terms of both position and intensity.
26
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The [CoL3] and [RhL3] complexes, 41 and 42, show prominent exciton coupling in their 

absorption spectra (Figure 3.24).  The exciton coupling for these complexes is easily 

observable due to both the intensity and energetic separation from other absorption 

bands.  Peaks for 41 are observed at 469 nm and 506 nm while for 42 they are observed 

at 464 nm and 501 nm, respectively. 

 

 

Figure 3.24. Absorption spectra of 41 (green) and 42 (blue) in CH2Cl2. 

 

The exciton coupling effects in the CD spectra of octahedral complexes of [M(bipy)3]
n+

 

and [M(phen)3]
n+

 has been described in the literature by Bosnich.
184

  The analysis of 

absorption spectra of [ML3] dipyrrinato complexes follows the same theory.  The D3 

symmetry of [ML3] dipyrrinato complexes renders three localised transitions which 

couple in three different ways based on symmetry.  The ground state is represented by 

Ψ0 = χ1 χ2 χ3 and the three excited states are represented as χ1′χ2 χ3, χ1 χ2′χ3, and χ1 χ2 χ3′ 

where the numbers corresponds to each dipyrrinato ligand, χ is the ground state 

wavefunction of the dipyrrinato ligand, and the prime indicates an excited-state 

wavefunction of the dipyrrinato ligand.  The three uncoupled excited states are 

degenerate and the true exciton states are a linear combination of the excited states.  The 

linear combinations describe the coupling between the transition dipole moments of 

each dipyrrinato ligand.  The three coupling modes are determined by symmetry where 
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two exciton states are produced (X′ and X″), which consist of two degenerate transitions 

(Ψ0→ΨE
1
 and Ψ0→ΨE

2
) and one non-degenerate transition (Ψ0→ΨA2

) (Figure 3.25). 

 

 

Figure 3.25. A diagrammatic representation of the three coupling modes for an 

octahedral [ML3] dipyrrinato complex (adapted from reference 184).  The positive 

direction is defined as pointing in a clockwise direction. 

 

The higher energy state (X″) results from the dipoles in essentially a “head-to-head” 

arrangement (μ1 + μ2 + μ3) and has A symmetry, while the lower energy state (X′) 

results from the dipoles in essentially a “head-to-tail” arrangement (2μ1 – μ2 – μ3) and 

(μ2 – μ3) and has E symmetry.  Electrostatic considerations suggest that the head-to-head 

arrangement will be at higher energy than the head-to-tail arrangement.   

There are many notable examples in the literature of exciton coupling in related 

metallodipyrrin complexes with octahedral geometry.  Co(III)-dipyrrinato complexes 

display exciton coupling in both absorption and CD spectra,
29, 87

 while Fe(III)-

dipyrrinato complexes exhibit even more prominent exciton coupling than the 

equivalent Co(III) complex.
29

  The peaks are visibly more intense, broader, and the 

energy gap between the states is larger for the Fe(III) complex.  The only reported 

Cr(III) complex shows weak exciton coupling with a shoulder on the low energy side of 

the main band.  The energy gap between the two exciton states is rather small relative to 

other examples given.
34

   Examples of Ga(III)- and In(III)-dipyrrinato complexes have 

even more pronounced splitting of the exciton energies, X′ and X″.  There is clear and 
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well-defined splitting of the two exciton states with two bands observed with a large 

energy gap between them.
91

  The underlying reason behind the differences between 

different complexes with the same or very similar ligands is most likely related to r, 

where r is the length of the vector connecting the centres of gravity of the ligands. 

 

3.6.4 Exciton effects in azadipyrrinato complexes 

The initial hypothesis for the position of the transition dipole moment of azadipyrrin 

ligands (Figure 3.26) was that the transition dipole moment was polarised analogously 

to the dipyrrin ligand 34 and BODIPY complexes (as discussed earlier).  

 

 

Figure 3.26.  Orientation of the transition dipole moment in azadipyrrin ligands. 

 

There are features in the absorption spectra of certain [MLaza2] complexes which are 

reminiscent of exciton coupling.  The Co(II), Ni(II), and  Zn(II) complexes of 

tetraphenyl azadipyrrin 44 have absorption maxima between 596-603 nm with a 

prominent shoulder on the red edge at approximately 650-700 nm.  This transition is 

ascribed to a π-π transition.  The bulky phenyl groups in the α-positions significantly 

influence the geometries about the metal centres from their ideal geometries.  The 

crystal structures of these complexes show that the angle between the planes of the 

azadipyrrinato ligands, τ ≈ 50-52° and the geometry at the metal centre is distorted 

tetrahedral.
78

  A Hg(II) complex of tetraphenyl azadipyrrin with τ ≈ 54.3° and a 

distorted tetrahedral geometry has a broad absorption spectrum with the absorption 

maximum at 601 nm but with no obvious shoulder on the red edge.
86

   

The Cu(II) complex of tetraphenyl azadipyrrin [CuLaza2], 43, features two peaks of 

approximately equal intensity at 565 nm and 641 nm (Figure 3.27).  Based on the 

exciton model, the large energy gap between the peaks together with their 

approximately equal intensities indicates strong exciton coupling.  The crystal structure 

(Figure 3.21) of this complex shows that the angle, τ ≈ 48°, with a distorted tetrahedral 
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geometry.
78

  This orientation would be expected to give rise to absorption peaks with 

significantly different intensities.  This anomaly has been investigated further using 

DFT methods.  

 

 

Figure 3.27. Experimental (blue) and calculated (black) absorption spectra of 43 in 

CH2Cl2.  The calculated absorption spectra was calculated using DFT/B3LYP 6-311+G 

(d,p) on Cu(II) and the dipyrrin core atoms and 6-31G(d) on the phenyl ring atoms 

including C-PCM solvent model.  The line shape of the calculated spectrum has been 

simulated using the calculated oscillator strengths (red). 

 

3.6.5 DFT investigations of the exciton effects of 43 

The optimised geometry (DFT/B3LYP 6-311+G (d,p) on Cu(II) and the dipyrrin core 

atoms and 6-31G(d) on the phenyl ring atoms) of 43 is shown in Figure 3.28.  For both 

basis sets the calculated angle between the azadipyrrinato planes is ~56°.  This 

compares to the angle of 48° estimated from the crystal structure (Figure 3.21).  The 

observation that the different sized basis sets arrive at the same angle between the ligand 

planes almost certainly indicates that the angle obtained in the solid state (from x-ray 

crystal data) and in solution (from geometry optimisation calculations) is different by 

approximately 8°.  The difference is most likely explained by crystal packing effects in 

the solid state. 
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Figure 3.28. Optimised geometry of 43 (DFT/B3LYP 6-311+G (d, p) on the Cu(II) and 

the dipyrrin core atoms and 6-31G(d) on the phenyl ring atoms) with C-PCM solvent 

model included.  (A) Full view with the phenyl rings in the α-positions omitted for 

clarity. (B) Side view illustrating the angle (τ ≈ 56°) formed between the azadipyrrinato 

ligand planes.  The x-, y-, and z-planes are the C2 rotation axis. 

 

A TD-DFT calculation with the lowest 48 excited states was used to simulate the 

calculated absorption spectrum (Figure 3.27) (as outlined in the experimental section).  

The calculated absorption spectrum shows a broad intense peak centred at 551 nm.  This 

peak consists of five very closely spaced intense transitions.  There is a prominent 

shoulder at higher energy (~460 nm) made up of two intense transitions.    

Numerous one electron configurations contribute to these strong electronic transitions 

of 43 (Table 3.2).  The molecular orbitals involved in the strongest electronic transitions 

are depicted in Figure 3.29.  However, the numerous one-electron configurations for 

each transition make it difficult to interpret without the aid of electron density 

difference (EDD) or natural transition orbital (NTO) plots.  It was computationally 

expensive to obtain these one-electron configurations (62 days using 16 processors); 

therefore, it was unviable to obtain the EDD or NTO plots for the purposes of this 

thesis.  The one-electron configurations are further complicated by the unrestricted 

nature of the calculation.  Since Cu(II) has a d
9
 electron configuration this complex 

requires an unrestricted calculation because the spatial and spin components cannot be 

separated for the doublet configuration.  The spin orbitals, rather than the spatial orbitals 

for restricted calculations, are therefore calculated and shown below in Figure 3.29. 
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      Table 3.2. Calculated and experimental absorption parameters for 43. 

Experimental Calculated 

λ  
(nm) 

   
(L mol-1 

cm-1) 

λ  
(nm) 

Configuration 
(% contribution) 

Oscillator 
strengtha 

() 

Direction 
of 

transition 
dipole 

moment 
641 47 500 599 HOMO-4() → LUMO() (65) 0.104 +z-plane 

565 49 400 

582  HOMO-1() → LUMO() (16), 

HOMO() → LUMO+1() (26), 

HOMO-1() → LUMO+1() (11), 

HOMO() → LUMO+2() (43) 

0.323 +x-plane 

  

555 HOMO-4() → LUMO() (11), 

HOMO-1() → LUMO+1() (13), 

HOMO-3() → LUMO+1() (18), 

HOMO-2() → LUMO+2() (11), 

HOMO-1() → LUMO+2() (18) 

0.487 +y-plane 

  540 HOMO-5() → LUMO+1() (18), 

HOMO-2() → LUMO() (45) 
0.104 +z-plane 

  539 HOMO-4() → LUMO() (17), 

HOMO-3() → LUMO+1() (14), 

HOMO-1() → LUMO+1() (13), 

HOMO-1() → LUMO+2() (15) 

0.643 -y-plane 

  
461 HOMO-2() → LUMO() (41), 

HOMO-5() → LUMO+1() (31), 

HOMO-4() → LUMO+2() (20) 

0.1889 +z-plane 

  438 HOMO-5() → LUMO+1() (45), 

HOMO-5() → LUMO+1() (31) 
0.0758 -z-plane 

a Only oscillator strengths greater than 0.075 have been included  

 

 

 

 

 

 

 



88 

 

                 HOMO-5()                          HOMO-5()                          HOMO-4() 

 

 

                  HOMO-4()                          HOMO-3()                       HOMO-3() 

 

 

                 HOMO-2()                          HOMO-2()                          HOMO-1() 

 

 

                 HOMO-1()                         HOMO()                             HOMO() 

Figure 3.29A. Selected highest occupied molecular orbitals involved in the transitions 

of 43. 
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                 LUMO()                              LUMO()                             LUMO+1() 

 

 

                                          LUMO+1()                        LUMO+2() 

Figure 3.29B. Selected lowest unoccupied molecular orbitals involved in the transitions 

of 43. 

 

Nevertheless the orientations of the transition dipole moment in each of the strongest 

electronic transitions provide insight into the direction of the electron movement in each 

transition (Figure 3.30 and Table 3.2).  Surprisingly, for each transition the transition 

dipole moment is polarised exclusively along only one of the x-, y-, or z-axes.  There 

are three transitions polarised in the positive z-direction and one in the negative z-

direction, there is a transition polarised in the positive y-direction and one in the 

negative y-direction, and a single transition polarised in the positive x-direction.  The 

“pair” of transition dipole moments in the y-direction or a “pair” of transition dipole 

moments in the z-direction could combine to give the observed spectrum (Figure 3.27).  

A further TD-DFT calculation is required to obtain the electron density difference 

(EDD) plots or natural transition orbital (ETOs) plots for 43.  This will significantly aid 

in the interpretation of the molecular orbital diagrams.  Most importantly it is 

anticipated that the plots will reveal whether this complex does obey the exciton model 

If this complex does obey the exciton model then the results should also indicate which 

pair/s of transition dipole moments are responsible for the exciton coupling. 

For the Cu(II) azadipyrrinato complex the TD-DFT results do not support the 

assumption of a single transition dipole moment for each of the azadipyrrin ligands 
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polarised along the core of the azadipyrrin ligand (Figure 3.26) parallel to the nitrogen 

atoms (analogous to that of dipyrrin and BODIPYs).  This result may imply that this 

complex does not follow the simple exciton model. 

 

 

461 nm    540 nm    599 nm 

 

 

555 nm 

 

 

582 nm 

Figure 3.30. Illustration of the orientation for the transition dipole moment for the 

strongest electronic transitions of 43.  The transition at 438 nm (not shown) is polarised 

along the negative z-direction.  The transition at 539 nm (not shown) is polarised along 

the negative y-direction. 
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3.7 Summary 

The synthesis and characterisation of a library of new transition metal complexes of 

dipyrrin ligand 34 has been achieved in this chapter to examine the exciton coupling in 

dipyrrinato (and azadipyrrinato complexes).  This includes the first report of a 

homoleptic Rh(III)-dipyrrinato complex.   

DFT calculations of the dipyrrin ligand 34 have confirmed that the transition dipole 

moment is polarised along the dipyrrin core parallel to the nitrogen donor atoms.  The 

position and strength of the transition dipole moment in dipyrrin ligands gives rise to 

intense absorption bands (* transitions) in the visible region of the absorption 

spectrum.  The transition dipole moments are orientated in a non-planar manner upon 

coordination of dipyrrin ligands to a metal centre.  The angle between the transition 

dipole moments have been determined using crystallographic data. 

The exciton coupling of these complexes has been investigated using electronic 

absorption spectroscopy.  Exciton coupling is characterised by strong spectral shifts or 

splitting of the absorption band.  There is a significant blue shift in the absorption of all 

the [ML2] dipyrrinato complexes relative to the unperturbed chromophore.  Exciton 

coupling is most easily observed in [ML3] dipyrrinato complexes such as [CoL3] and 

[RhL3] since the absorption band is clearly split into two peaks with a large energetic 

separation. 

The exciton coupling of [MLaza2] azadipyrrinato complexes in the literature has been 

discussed.  The [CuLaza2] complex was an anomaly in the series. The absorbance 

spectrum features two peaks of approximately equal intensity but the angle between the 

transition dipole moments (determined using crystallographic data) suggests that the 

absorption peaks would have significantly different intensities.  TD-DFT calculations of 

[CuLaza2] show that there are multiple closely spaced strong electronic transitions.  The 

transition dipole moments responsible for these electronic transitions are not polarised 

along the azadipyrrin core parallel to the nitrogen donor atoms, rather, each transition 

dipole moment is polarised along one of the C2 rotational axes of the complex.  The 

simple exciton model may breakdown for this complex. 
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3.8 Future work  

3.8.1 Exciton coupling in Ru(II)-dipyrrinato complexes 

The Ru(II)-dipyrrinato complexes (46 and 47 in chapter 4) previously reported from our 

group
42, 43

 are expected to have prominent exciton coupling although this is not 

immediately obvious in their electronic absorption spectra (Figure 4.8).  However, 

circular dichroism (CD) spectroscopy is another useful tool to confirm exciton coupling 

interactions.   This requires resolving the complex into its enantiomers and ensuring the 

material is enantiopure by HPLC. 

A literature procedure for the resolution of [Ru(bipy)2(py)2][Cl2]
190

 using 

dibenzoyl-D-tartrate is expected to provide the starting material of 46.  Following this, 

coordinating  the dipyrrin ligand in the normal manner
42

 (see chapter 4) should provide 

the enantiomers of 46.  The carboxyl functional group on the dipyrrinato ligands of 47 

provide a convenient point for a chiral base to attach to give the enantiomers of this 

complex.  Scanning a wide range of chiral bases and solvent conditions is expected to 

provide the enantiomers of 47. 

   

3.8.2 Further investigations into the exciton effects of 43 and other azadipyrrinato 

complexes 

The results from the TD-DFT calculation of the [CuLaza2] complex 43 means that the 

exciton interactions of the other [MLaza2] complexes warrants further investigations  

Firstly, it is important to reliably establish the position of the transition dipole moment 

in the azadipyrrin ligand 44 using TD-DFT methods.  Following on from this the 

electronic absorption spectra of the [MLaza2] complexes can be re-visited.  Further TD-

DFT calculations are also required to obtain the electron density difference (EDD) plots 

or natural transition orbital (ETO) plots for 43.  It is anticipated that these plots will 

confirm whether 43 does follow the exciton model.  If the complex does follow the 

exciton model then it is hoped that these calculations will reveal which pair/s of 

transition dipole moments are responsible for the observed absorption spectrum.  If the 

plots show that this complex does follow the exciton model then the calculations may 

reveal an explanation for why the exciton model breaks down for this complex.  This 

work is currently being pursued. 
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Resonance Raman spectroscopy and resonance Raman intensity analysis (RRIA) are 

currently being used to further investigate the nature of the electronic nature of 43.  

Preliminary observations suggest that there is strong coupling between the excited states 

of this complex.   
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Chapter 4 

 

 

Ru(II)-dipyrrinato complexes and their applications 

 

4.1 Introduction 

Ru(II), a d
6
 metal in the second row of the periodic table, generally forms stable, 

diamagnetic, and kinetically inert octahedral complexes with extraordinary 

photochemical and photophysical properties.  In particular, Ru(II)-polypyridyl 

complexes are widely known due to their unique combination of chemical stability, 

redox properties in both the ground and excited states, luminescence, and long excited 

state lifetimes.  The archetypal Ru(II) complex, [Ru(bipy)3]
2+

, has attracted the attention 

of researchers the world over.  The rich photophysical and photochemical properties of 

this complex and its derivatives have been well characterised.
191, 192

   

The absorption spectrum of [Ru(bipy)3]
2+ 

is dominated by multiple metal-to-ligand 

charge transfer (MLCT) and π-π* transitions from the singlet ground state, S0.  Internal 

conversion occurs to the lowest singlet state, S1, followed by intersystem crossing 

through to a low energy MLCT triplet excited state, T1.  The excited state lifetime of 

[Ru(bipy)3]
2+

 is on the order of one microsecond depending on the solvent and 

temperature.
14, 191

  Emission arises from excitation into any of the absorption bands of 

[Ru(bipy)3]
2+

.  The intensity, lifetime, and position of the emission are essentially 

temperature dependent.
191

  

Ru(II)-polypyridine complexes are the most widely employed photoactive 

chromophores.
191

  This has included a multitude of Ru(II)-polypyridine complexes 

implemented in dye-sensitised solar cell
18, 22, 193, 194

 and water splitting applications.
15, 

195, 196
  Other photoactive Ru(II) complexes have been successfully targeted for the 

photocatalytic reduction of small molecules such as CO2 and CS2,
197-199

 designed to 

bind to the major or minor groove of DNA
200-205

 for biological studies
206

 and designed 

for intercalation into DNA.
207, 208

  The long term goal for these target complexes is to 

find new anti-cancer agents.
209, 210

  Ru(II) nitrosyl complexes also show promise as 

anti-cancer agents.  These complexes produce nitric oxide (NO) upon irradiation with 

light which results in cell death.
211, 212
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4.2 Ru(II) complexes as dyes in DSSCs and as water splitting photocatalysts 

4.2.1 Dye-sensitised solar cells (DSSCs) 

Dye-sensitised solar cells (DSSCs) are alternatives to silicon solar cells.  They both 

convert solar energy to electrical energy (but via different mechanisms).     

In DSSCs, light is absorbed by a photosensitiser (dye) which is anchored to a 

semiconductor film, typically TiO2.  Upon light absorption, the dye is promoted to an 

electronically excited state, where charge separation takes place and an electron is 

injected within femto- to picoseconds
20

 into the conduction band of the semiconductor 

film.  The electrons are transported to an external circuit via the anode (generally a 

conducting glass substrate).  A redox electrolyte such as I
-
/I3

-
 reduces the dye back to its 

original state.
18

  See Figure 4.1 for a schematic representation for the operation of a 

DSSC.  Solar power conversion efficiency (η) is a measure of the energy from sunlight 

that is converted to electric energy.  Solar power conversion efficiency is the ratio of 

electric power output to the incoming light intensity that strikes the cell and is 

determined by measuring the photocurrent as a function of the cell voltage (equation 

4.1).
213

 

                                                      (%) SC OC

S

J V FF

I
                                                 (4.1) 

Here, JSC is the short circuit photocurrent which is the maximum current occuring when 

the voltage across the cell is zero.  VOC is the open circuit voltage which is the 

maximum voltage occurring when the net current through the cell is zero.  FF is the fill 

factor and IS is the incident solar intensity.  The internationally accepted standard test 

conditions use reference air mass (AM 1.5) sunlight (viewed at 48° overhead) with a 

value normalised to 1000 W m
-2

 with the temperature kept constant at 25 °C.
214

   

 



96 

 

Figure 4.1. A schematic representation of a dye-sensitised solar cell.  The potentials for 

the DSSC are based on N719, TiO2 and I
-
/I3

-
 redox couple.

19, 194
  Light is absorbed by a 

dye on the surface of TiO2.  Charge separation takes place from the electronic excited 

state and an electron is injected into the conduction band of the semiconductor film.  

The electrons are transported to an external circuit via the anode and a redox electrolyte 

reduces the dye back to its original state (adapted from reference 194). 

 

4.2.2 Ruthenium based DSSCs 

Ground breaking work of O’Regan and Grätzel
17

 lead to the first ruthenium based 

polypyridyl dyes.  To date many of the most efficient photosensitisers (dyes) have been 

produced in the Grätzel research lab.  The most well-known dyes from the Grätzel lab 

are discussed below (Figure 4.2).  Numerous reviews of dye-sensitised solar cells can be 

found in the literature.
18, 20-22, 194, 215

 

The initial work from the Grätzel lab produced N3, which exhibited a broad visible light 

absorption spectrum, a sufficiently long excited state lifetime of ~20 ns, and strong 
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adsorption to the semiconductor surface (TiO2).  These properties led to this dye having 

a solar to electric power conversion efficiency of ~10%.
216

  Investigating the 

protonation state of N3 on the power conversion efficiency led to an increase in the 

power conversion efficiency when the dye is doubly protonated (referred to as N719).
217

 

 

 

Figure 4.2. The structures of some of the most successful Ru(II)-based photosensitisers 

from the Grätzel research laboratory. 

 

Extending the spectral response to the near-IR region was one key aspect to improving 

power conversion efficiencies.  N749 was designed with one terpyridine ligand 

substituted with three carboxyl ligands and three thiocyanato ligands.  This combination 

has a power conversion efficiency of 10.4%.
218

  Increased molar extinction coefficient, 

prevention of the dye aggregation on the semiconductor surface, and optimisation of the 

redox potential of the dye has been achieved with Z907, which has two hydrophobic 

alkyl chains on the back of 2,2'-bipyridine.  The power conversion efficiency was only 
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~7% even with a decyl phosphonic acid (DPA) as a co-absorber but this dye showed 

superior thermal stability.
219

  

Many of the published dyes have employed thiocyanato (NCS
-
) ligands, despite the 

known reduced chemical stability of complexes containing thiocyanato ligands.  The 

most promising example without thiocyanato ligands is a cyclometallated Ru(II) 

complex (YE05) with a power conversion efficiency of 10.1% (Figure 4.3).
19, 22

  During 

the injection of the electron into the conduction band of the semiconductor the 

cyclometallated ligand stabilises the Ru
3+ 

excited state generated at this time.
19

  Also the 

fluorine substituents alter the electron-donating properties of the cyclometallated ligand, 

in such a way that the oxidation potential is more positive than the redox electrolyte.  

This provides the driving force for the rapid regeneration of the oxidised dye during 

electron injection into the conduction band of TiO2.
19, 22

  This result gives promise for 

the production of efficient dyes without thiocyanato ligands. 

 

Ru
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N

N

O OH

O

OH

HO

O

HO

O

N

F

F

YE05
 

Figure 4.3. The structure of the most efficient ( = 10.1%) cyclometallated Ru(II) dye. 

 

4.2.3 Water splitting devices 

Since the report by Honda and Fujishima of the electrochemical photolysis of water 

using TiO2,
220

 water splitting devices have been receiving increased attention in a bid to 

alleviate the world’s energy crisis.  The goal is to use the concept of artificial 

photosynthesis to efficiently split water into its component elements hydrogen (H2) and 

oxygen (O2), using solar energy to drive the thermodynamically unfavourable reactions 

(equation 1.2).  In a practical sense, hydrogen is the more valuable of these two 

components as it can be used in fuel cells.
196
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                                           (1.2) 

 

The process of splitting water is very complex.  The overall transformation involves 

multiple proton and electron transfers which need to be coupled as well as a 

considerable thermodynamic barrier to overcome.
7, 11, 196

  Catalysts are required to 

achieve this overall transformation.
16

 

One approach is to use catalytic transition metal complexes as catalysts to split water.
7, 

10
  The Ru(II) complex (45)

15
 and the Pt(IV) complex

221
 by Milstein et al. represent 

state-of-the-art examples in terms of advances in water splitting (Figure 4.4).
196

  The 

ruthenium complex that splits water into hydrogen and oxygen though a series of 

unusual steps, however, is not yet catalytic.  The hydrogen is generated thermally and 

the oxygen is produced photochemically.
15

  These complexes utilise ‘pincer’ ligands.  

These are tridentate ligands capable of accommodating 4-, 5- and 6-coordinate 

environments.  The most attractive feature of these ligands is the ability to extensively 

tune the donor groups bonding to the metal centre.  In particular the photochemically 

driven oxygen-oxygen bond forming reductive elimination step is unprecedented and a 

significant advancement in the goal towards catalysed water splitting.  The design of the 

‘pincer’ ligand also addresses the coupling of the proton-electron transfer in an elegant 

manner, via the sequence of protonation/deprotonation and subsequent 

aromatisation/dearomatisation of the pincer ligand (Figure 4.4).
15, 196
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Figure 4.4. The proposed reaction scheme for the splitting of water using a Ru(II) 

complex 45 with a ‘pincer’ ligand.  The hydrogen is generated thermally while the 

oxygen is produced photochemically (adapted from references 15, 196). 

 

One of the many other approaches
11, 14, 222-224

 is to use photovoltaic devices to capture 

sunlight and create an electric circuit by separating the csharges.  This device may be 

either a silicon semiconductor,
2
 or a DSSC typically on TiO2.

195
 Then transition metal 

complexes as catalysts are employed to mediate water splitting.  Catalysts are employed 

at either end of the photovoltaic device to prevent the charges from recombining with 

each other.  A catalyst at the anode splits water to produce oxygen and protons in an 

oxidative process.  The protons flow to the other catalyst at the cathode where they 

combine with the electrons (from the circuit) to make hydrogen in a reductive process.
2, 

7, 16, 195, 225
  Ultimately this process splits water into hydrogen and oxygen. Significant 

research is going into perfecting each catalyst independently from the entire water 

splitting device.
16, 224

 

 

4.2.4 Essential dye characteristics and previous Ru(II)-dipyrrinato complexes 

The essential characteristics of the dye in DSSC are:
194

 

 an absorption spectrum that extends across the visible wavelength region and 

 even into the near-infrared region (with large molar absorption coefficients).   
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 anchoring groups such as –CO2H, –H2PO3, –H2SO3 to strongly bind the dye to 

 the semiconductor surface (TiO2, SnO2, ZnO). 

 an excited state energy level that is higher than the energy level of the 

 conduction band of the semiconductor.  This ensures that electron transfer from 

 the excited state (D
*
/D

+
) of dye to the conduction band of the semiconductor is 

 energetically downhill. 

 the reduction potential of the oxidised level (D/D
+
) lower than the redox 

 potential of the redox  couple (I
-
/I3

-
). 

 photostability as well as electrochemical and thermal stability. 

In exploratory work from our group, the coordination of dipyrrinato ligands to Ru(II) 

was achieved to prepare first generation Ru(II)-bipyridine-dipyrrinato complexes (46 

and 47) (Figure 4.5).
42, 43

  The first generation Ru(II)-dipyrrinato complexes were 

designed with carboxyl groups (–CO2H) for binding to the semiconductor surface on the 

dipyrrin moiety.    

 

 

Figure 4.5. First generation Ru(II)-dipyrrinato complexes. 

 

The synthesis of these complexes was achieved using a combination of both 

conventional and microwave heating.  Microwave irradiation of dipyrrin ligand (34) and 

[Ru(bipy)2Cl2] in ethylene glycol in the presence of NEt3 gives 46a. Standard hydrolysis 

conditions were employed to hydrolyse the ester group to provide 46.  Standard 

esterification conditions were used to re-esterify the carboxyl group to provide 46b  

(Figure 4.6).
42

  A reaction between dipyrrin ligand (34) and [Ru(dmso)4Cl2] in absolute 

EtOH produces 48 as an intermediate, followed by a direct reaction with excess 2,2'-
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bipyridine at high temperatures provides 47a.  Standard hydrolysis conditions were 

employed to provide 47 (Figure 4.7).
42, 43

  

 

 

Figure 4.6. Synthesis of first generation Ru(II)-dipyrrinato complex 46. 
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Figure 4.7.  Synthesis of first generation Ru(II)-dipyrrinato complex 47. 

 

Complexes 46 and 47 exhibit two distinct peaks in the absorption spectra (Figure 4.8).  

The absorption spectra clearly show that the dyes absorption extends across the visible 

wavelength region with large absorption coefficients.  Assignments of the transitions 

were confirmed using resonance Raman, using appropriate excitation wavelengths into 

each absorption peak.
42

  The peak centred between 445-465 nm for both complexes is 

ascribed to * transition centred on the dipyrrin chromophore.  By incorporating two 

dipyrrin ligands into the complex (47) the intensity of the transition is doubled relative 

to the intensity of transition for 46 (containing a single dipyrrin ligand).  At longer 

wavelengths, there is a weaker transition ascribed to an MLCT transition from Ru(II) to 

the bipyridine substituent. For 46 this transition is centred at 517 nm and for 47 this 

transition is significantly red shifted to 638 nm.  It is important to note that a weak 

Ru(II)-dipyrrin MLCT transition is also observed (see later).  The intensity and position 

of the two transitions can be tuned by changing the number of dipyrrin and bipyridine 

ligands.        
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Figure 4.8. Absorption spectra of 46 (black) in DMSO and 47 (red) in MeOH with 

NaOH. 

 

4.3 Objectives of this work and target complexes 

Dipyrrinato complexes of Ru(II) combine the favourable light absorption properties of 

dipyrrins with the well characterised chemistry of Ru(II)-bipyridine complexes.  The 

light harvesting ability of first generation Ru(II)-dipyrrinato complexes combined with 

the strongly bind ability of these complexes to TiO2
43

 show that Ru(II)-dipyrrinato 

complexes may have promising applications as dyes in  DSSCs.  

 

4.3.1 Target DSSC complexes 

As an extension to the exploratory work in our group, further dipyrrinato complexes 

were targeted (Figure 4.9).  In literature examples of Ru(II) bipyridine DSSCs the 

carboxyl group is exclusively positioned on the bipyridine substituent to take advantage 

of the Ru(II)→bipyridine metal-to-ligand charge transfer excited states.
20, 21, 193, 215, 226, 

227
  However, the position of the carboxyl group can be shifted to the dipyrrinato ligand 

to alter the mode of charge injection, assuming the electron comes from the * 

excited state of the dipyrrinato.  In first generation Ru(II)-dipyrrinato complexes 46 and 
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47 the carboxyl functional group on the dipyrrinato ligand provides an alternative point 

for charge injection into the TiO2 (Figure 4.10).  In the second generation Ru(II)-

dipyrrinato complexes (49 and 50) the carboxyl groups are on the bipyridine 

substituents (Figure 4.10) where the electron comes from the metal-to-ligand charge 

transfer excited states.
20, 193, 226-228

 

 

Figure 4.9.  Target Ru(II) and Rh(III) dipyrrinato complexes for DSSC applications. 

Inset: dipyrrin ligands used in target dipyrrinato complexes. 

 

In the same way that the fluorine substituents of the cyclo-metallated ligand in YE05 

alters the electron-donating properties of the ligand,
19

 different functional groups can be 

incorporated on the aryl substituent of the dipyrrinato ligand to tune the electronic and 

redox properties of the Ru(II)-dipyrrinato complexes.  By incorporating electron 

donating groups into the dipyrrinato ligand this increases the electron density on the 

ligand and redox processes occur at more negative potentials.  The opposite effect 

occurs when electron-withdrawing groups are incorporated.
46

  Complex 49 is analogous 
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to Grätzel’s cyclometalated dye YE05 where the cyclometalated ligand is replaced with 

the methoxy functionalised dipyrrin ligand (52).  By incorporating the electron donating 

methoxy functional group in ligand 52 the goal was to alter the redox potentials of 

complexes 49 and 50.  This is to ensure that favourable electron transfer takes place 

between the excited state (D
*
/D

+
) of the dye and the conduction band of the 

semiconductor.
194

 

Despite limited applications of rhodium containing complexes in solar energy 

conversion,
229, 230

 a homoleptic Rh(III) complex 51 was targeted where the carboxyl 

groups on the dipyrrin ligand can anchor to TiO2 
43

 (Figure 4.9).  This complex was 

targeted to identify any structure-activity relationships that might develop between the 

Ru(II)- and Rh(III)-dipyrrinato dyes. 

 

 

 

 

 

Figure 4.10. Schematic of charge injection modes of Ru(II)-dipyrrinato complexes.  

Charge injection via the carboxyl groups on the periphery of the (A) dipyrrinato ligand 

assuming the electron comes from the * excited state and (B) bipyridine ligand 

where the electron comes from the metal-to-ligand charge transfer excited states.
20, 193, 

215, 226-228
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4.3.2 Other targets 

To study the ultrafast kinetics of these Ru(II)-dipyrrinato complexes 53 and 54 were 

targeted to serve as “models” for the DSSC complexes 49 and 50 (Figure 4.11). 

Complexes 53 and 54 have no carboxyl functional groups on the bipyridine ligand. 

The rotation of the meso-phenyl substituent is an important non-radiative pathway for 

the relaxation of dipyrrin-centred excited states.
41, 48, 90, 231

  Incorporating the mesityl 

functional group into dipyrrinato complexes is known to enhance the emission of the 

complex by restricting the rotation of the phenyl ring.
48, 50, 90, 91

  The mesityl functional 

group is incorporated into the dipyrrin ligand (56) in an endeavour to increase emission 

of complex 55 (Figure 4.11).   

 

 

Figure 4.11. Target Ru(II)-dipyrrinato complexes. Inset: dipyrrin ligands used in target 

dipyrrinato complexes. 
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4.4 Experimental details 

4.4.1 Computational procedures 

All computations were performed with the Gaussian 03
232

 suite.  Density Functional 

Theory was used exclusively using the B3LYP hybrid functional.  Calculations using 

LANL2DZ for 46 experienced convergence problems, so replacing the LANL2DZ basis 

set on all of the non-heavy atoms (in this case C, H, N and O atoms) with 6-31G 

resolved these issues.  Therefore the basis set consisted of LANL2DZ for the ruthenium 

atoms and 6-31G +(d) for all the other atoms for 46.  For 46-H calculations the 

LANL2DZ basis set was used for all atoms.  Self-consistent reaction field methods, 

more specifically the polarisable continuum model (C-PCM) of Barone
151

 were used to 

model solvent effects.  All geometry optimisations, frequency, and time-dependent 

calculations were carried out using the C-PCM model.  GaussSum2.2.4
152

 was used to 

extract vibrational frequencies and Raman activities from the calculations.  The 

calculated Raman spectrum was scaled by 0.9723
233

 and convoluted with a Gaussian 

function with FWHM of 5 cm
-1

.  Excited-state energies and oscillator strengths were 

calculated using time-dependent methods.  The calculated absorption spectrum is a sum 

of a series of δ-functions, located at the transition frequencies and scaled by the 

calculated oscillator strengths.  Each δ-function is convoluted with a Gaussian with a 

FWHM value dependent on the FWHM values of the corresponding peaks of the 

experimental absorption spectrum.  Electron density difference maps were generated by 

subtracting the ground-state one-particle total density from the one-particle densities for 

selected excited-states using the Cubeman utility in Gaussian 03.  

 

4.4.2 Experimental procedures  

4.4.2.1 Synthesis of dipyrrin ligands 52 and 56 

52 and 56 were prepared by following literature procedures
28, 31

(as 

briefly summarised in chapter 2) and purified by adaptations of 

literature procedures. 

Purification of 52 was achieved by dissolving the crude solid in 

CHCl3 with sonication for 30 mins and filtration.  This step was 

repeated two or three times.  The product (solid) was dissolved in CH2Cl2 and adsorbed 

on to silica and further purified by column chromatography on silica using CH2Cl2 as 
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the eluent.  The solvent polarity was gradually increased to CH2Cl2/MeOH (95/5) to 

elute the product as a dark yellow/brown band. The fractions were left to stand 

overnight to precipitate out the product as a yellow/orange solid.  Spectroscopic data 

matched those previously published.
28

  

Purification of 56 was achieved by dissolving in CH2Cl2 adsorbing the crude product on 

to silica and purified by column chromatography on silica using CH2Cl2 as the eluent.  

The solvent polarity was gradually increased to CH2Cl2/MeOH (98.5/1.5) to elute the 

product as a dark yellow band. Spectroscopic data matched those previously 

published.
31

  

 

4.4.2.2 Synthesis of complexes 49-51 and 53-55    

Synthesis of 49 

[Ru(bipyCO2Me)2Cl2]
234

 (0.056 g, 0.078 mmol) was dissolved 

in CH2Cl2 (40 mL) and AgOTf (0.052 g, 0.203 mmol) was 

added as a solid.  The solution was stirred at room temperature 

for 2 hours before the mixture was filtered through Celite and 

the solvent was removed on a rotary evaporator. 52 (0.038 g, 

0.152 mmol), and Na2CO3 (0.092 g, 0.868 mmol) were then 

added in DMF/H2O (6 mL/3 mL) and the reaction was heated to 140 °C for 30 mins in a 

microwave reactor (closed vessel, power = 200W, pressure = 250 psi).  The solvent was 

removed by vacuum distillation and solid was dissolved in water and cooled in an ice-

water bath.  Aqueous 0.15 M HPF6 was added to adjust to pH 3.  The resulting 

precipitate was isolated by centrifugation and washed with water acidified to pH 3 using 

HPF6.  Further purification of the solid was achieved by sonication of the solid in 

MeCN.  Yield: 0.043 g (0.044 mmol, 56%). 
1
H NMR (500 MHz, D2O/NaOH, 25 °C)  

(ppm): 3.90 (s, 3H), 6.23 (d, J = 4.2 Hz, 2H), 6.40 (d, J = 4.1 Hz, 2H), 6.47 (s, 2H), 6.88 

(d, J = 8.6 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H), 7.60 (dd, J = 1.5, 5.9 Hz, 2H), 7.66 (dd, J 

= 1.4, 5.8 Hz, 2H), 7.90 (d, J = 5.8 Hz, 2H), 8.04 (dd, J = 5.9 Hz, 2H), 8.78 (dd, J = 1.2, 

7.1 Hz, 4H); 
13

C NMR (125 MHz, D2O/NaOH, 25 °C)  (ppm): aggregation at high 

concentrations prevented a spectrum from being recorded; IR / cm
-1

: 719 (w), 734 (w), 

754 (w), 776 (m), 819 (m), 859 (w), 871 (w), 890 (w), 943 (w), 988 (m), 995 (m), 1036 

(m), 1182 (w), 1246 (s, br), 1348 (m), 1377 (m), 1408 (w), 1540 (m), 1606 (w), 1724 
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(m, br), 3077 (w), 3102 (w); UV-Vis (H2O/NaOH) λmax/nm ( / L mol
-1

 cm
-1

): 310 (55 

200), 387 (17 000), 456 (42 200), 521 (17 700); ESI-MS: m/z = 839.66 ([M+H])  

 

Synthesis of 50 

[Ru(dmso)4Cl2]
235

 (0.101 g, 0.208 mmol), 52 (0.111 g, 

0.443 mmol), NEt3 (0.1 mL) were combined in absolute 

EtOH.  The reaction was heated to 82 °C for 10 mins in a 

microwave reactor at standard pressure (open vessel, 

power = 200W).  The reaction mixture was cooled to 

room temperature, filtered through a plug of deactivated neutral alumina and washed 

with acetone.  The solvent was removed on a rotary evaporator.  Hexane was added to 

the solid material and sonicated (to remove free dmso) and complex 57 was filtered off 

and washed with hexane.  Further purification could be achieved via chromatography on 

deactivated neutral alumina using CH2Cl2/hexane (1/1) and increasing the gradient to 

CH2Cl2.  Yield: 0.158 g (0.209 mmol, 40-75%).  
1
H NMR (500 MHz, CDCl3, 25 °C) δ 

(ppm): 2.55 (s, 6H), 2.80 (s, 6H), 3.90 (s, 6H), 6.23 (dd, J = 1.6, 4.4 Hz, 2H), 6.49 (t, J 

= 1.4 Hz, 2H), 6.54 (td, J = 1.6, 4.1 Hz, 4H), 6.73 (dd, J = 1.5, 4.4 Hz, 2H), 6.94 (td, J = 

1.6, 7.2 Hz, 4H), 7.30 (m, 4H), 8.80, (t, J = 1.5 Hz, 2H);  
13

C NMR (125 MHz, CDCl3, 

25 °C) δ (ppm): 45.29, 45.62, 55.37, 112.50, 117.99, 118.10, 131.22, 131.53, 131.92, 

132.18, 132.59, 135.97, 136.99, 146.50, 151.78, 155.27, 159.60 

 

57 (0.702 g, 0.929 mmol) and 4,4'-dimethoxycarbonyl-2,2'-

bipyridine
236, 237

 (0.252 g, 0.926 mmol) were combined in 

DMF (11 mL).  The reaction was heated to 150 °C for 20 

mins in a microwave reactor at standard pressure (open 

vessel, power = 200 W).  Most of the DMF was distilled off 

before H2O was added and precipitate filtered off.  The 

solid was dissolved in CH2Cl2 and dried over MgSO4.  The solution was concentrated 

and then filtered through an alumina plug which was washed with CH2Cl2.  The 

combined eluents were concentrated on a rotary evaporator.  Purification of the dark 

green solid (50a) was achieved via chromatography on deactivated neutral alumina 

using CH2Cl2/hexane (3/1) as the eluent.  Yield: 0.204 g (0.234 mmol, 25%).  
1
H NMR 

(500 MHz, CDCl3, 25 °C) δ (ppm): 3.88 (s, 6H), 4.00 (s, 6H), 6.09 (dd, J = 1.6, 4.3 Hz, 
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2H), 6.19 (t, J = 1.4 Hz, 2H), 6.35 (dd, J = 1.5, 4.4 Hz, 2H), 6.47 (dd, J = 1.4, 4.3 Hz, 

2H), 6.64 (t, J = 1.2 Hz, 2H), 6.69 (dd, J = 1.4, 4.4 Hz, 2H), 6.92 (d, J = 8.2 Hz, 4H), 

7.37 (m, 4H), 7.68 (dd, J = 1.7, 6.1 Hz, 2H), 8.42 (dd, J = 0.6, 6.0 Hz, 2H), 8.64, (d, J = 

1.3 Hz, 2H); 
13

C NMR (125 MHz, CDCl3, 25 °C) δ (ppm): 52.89, 53.43, 55.34, 112.41, 

112.46, 116.17, 118.10, 121.32, 124.29, 129.32, 131.62, 131.69, 132.01, 132.04, 

136.21, 136.67, 146.41, 146.96, 151.64, 153.32, 159.40, 160.42, 165.20; ESI-MS 

(acetone/MeOH): 872.92 m/z ([M+]); UV-Vis (CH2Cl2) λmax/nm (ε / L mol
-1

 cm
-1

): 323 

(25 500), 446 (83 600), 669 (11 200).  

 

50a (0.211 g, 0.242 mmol) was dissolved in THF (8 mL) 

and 1M KOH (8 mL).  The reaction was heated to 68 °C 

for 20 mins in a microwave reactor at standard pressure 

(open vessel, power = 200 W).  The THF was removed 

on a rotary evaporator before being acidified with 1 M 

HCl.  The dark green solid was filtered off and washed 

thoroughly with water and hexane.  Purification of the 

dark green solid (50) was achieved by diffusion of hexane vapours into a solution of the 

complex in acetone. Yield: 0.123 g (0.146 mmol, 60%). 
1
H NMR (500 MHz, DMSO-d6, 

25 °C) δ (ppm): 3.94 (s, 6H), 6.14 (dd, J = 1.4, 4.2 Hz, 2H), 6.32 (m, 4H), 6.35 (dd, J = 

1.1, 4.1 Hz, 2H), 6.49 (d, J = 3.9 Hz, 2H), 6.62 (s, 2H), 7.02 (dd, J = 1.2, 7.3 Hz, 4H), 

7.32 (d, J = 7.6 Hz, 2H), 7.37 (d, J = 7.8 Hz, 2H), 7.63 (dd, J = 1.4, 5.8 Hz, 2H), 7.92 

(d, J = 5.8 Hz, 2H), 8.57 (s, 2H); 
13

C NMR (125 MHz, DMSO-d6, 25 °C) δ (ppm): 

aggregation at high concentrations prevented a spectrum from being recorded; IR / cm
-1

: 

714 (m), 770 (m), 816 (m), 889 (w), 986 (m), 1004 (w), 1028 (s), 1110 (w), 1175 (m), 

1245 (s, br), 1291 (w), 1345 (m), 1375 (m), 1404 (w), 1511 (m), 1536 (m), 1604 (m), 

1711 (w), 2849 (w), 2917 (w); UV-Vis (DMSO) λmax/nm (ε / L mol
-1

 cm
-1

): 321 (25 

100), 448 (73 300), 656 (10 700); MALDI-MS: m/z = 844.29 ([M+]) Anal. Calcd for 

[50]: (C44H34N6O6Ru) · 2H2O: C, 60.06; H, 4.35; N, 9.55. Found: C, 60.25; H, 4.26; N, 

9.40.   
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Synthesis of 51 

42 (0.0458 g, 0.049 mmol) was dissolved in a mixture 

of THF (15 mL) and 1 M aqueous KOH (15 mL) and 

heated to reflux overnight. The reaction mixture was 

then cooled to room temperature and the THF was 

removed under reduced pressure before being acidified 

with 1 M aqueous HCl solution. The resulting orange 

precipitate was isolated by filtration, washed 

thoroughly with H2O, and air-dried. Yield: 0.041 g (0.046 mmol, 94%). An analytically 

pure sample was obtained by diffusing pentane vapours into a solution of the complex 

in acetone. 
1
H NMR (400 MHz, DMSO-d

6
, 25 °C)  (ppm) 6.44 (m, 6H), 6.52 (m, 6H), 

6.59 (m, 6H), 7.54 (d, J = 7.4 Hz, 6H), 8.06 (d, J = 7.4 Hz, 6H); 
13

C NMR (100 MHz, 

DMSO-d
6
, 25 °C)  (ppm) 118.81, 128.49, 130.15, 130.95, 131.50, 133.99, 141.58, 

146.25, 149.92, 166.91; ESI-MS (DMSO): m/z = 891.7 ([M-H]
-
); UV-VIS (DMSO): 

max/nm (ε / L mol
-1

 cm
-1

): 313 (27 400), 404 (25 600), 466 (69 400), 502 (52 200); 

Anal. Calcd for [51] (C48H33N6O6Rh) · 3.5H2O : C, 60.32; H, 4.22; N, 8.79. Found: C, 

60.12; H, 3.93; N, 8.55. 

 

Synthesis of 53 

[Ru(bipy)2(py)2][(PF6)2] (0.405 g, 0.470 mmol),
190, 238

 52 

(0.118 g, 0.471 mmol), NEt3 (0.130 mL) were combined in 

ethylene glycol (10 mL).  The reaction was heated to 100 °C 

for 8 mins in a microwave reactor (closed vessel, power = 200 

W, pressure = 250 psi).  Excess aqueous NH4PF6 was added 

and the solution was stirred at for 3 hours at room temperature.  

The precipitate was filtered off and washed thoroughly with water.  Purification of the 

brown solid was achieved via chromatography on deactivated alumina using CH2Cl2 as 

the eluent.  The product eluted as a red/brown band when the polarity of the solvent was 

increased to CH2Cl2/MeOH (99.5/0.5). Further purification was achieved by 

recrystallisation of the product in hot hexane/CH2Cl2.  Yield: 0.041 g (0.051 mmol, 

11%).  
1
H NMR (500 MHz, acetone-d6, 25 °C) δ (ppm): 3.89 (s, 3H), 6.29 (dd, J = 1.4, 

4.4 Hz, 2H), 6.47 (t, J = 1.4 Hz, 2H), 6.62 (dd, J = 1.4, 4.4 Hz, 2H), 7.03 (d, J = 8.8 Hz, 

2H), 7.36 (d, J = 8.8 Hz, 2H), 7.46 (m, 2H), 7.57 (m, 2H), 8.01 (m, 2H), 8.07 (m, 6H), 
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8.70 (m, 4H); 
13

C NMR (125 MHz, acetone-d6, 25 °C) δ (ppm): 55.71, 113.52, 118.83, 

124.34, 124.46, 127.39, 127.73, 132.18, 132.55, 136.59, 136.97, 137.15, 148.01, 

149.55, 152.22, 152.82, 158.51, 159.22, 160.92; UV-Vis (CH2Cl2) λmax/nm (ε / L mol
-1

 

cm
-1

): 525 (14 500), 459 (47 000), 353 (14 200), 297 (55 000); ESI-MS(MeOH): 663.66 

m/z ([M+]); Anal. Calcd for [53]: (C36H29NF6N6OPRu): C, 53.53; H, 3.62; N, 10.41. 

Found: C, 53.66; H, 3.71; N, 10.53 

 

Synthesis of 54 

57 (0.154 g, 0.209 mmol) and 2,2'-bipyridine (0.033 g, 

0.211 mmol) was combined in DMF (5 mL).  The 

reaction was heated to 150 °C for 9 mins in a microwave 

reactor at standard pressure (open vessel, power = 200 

W).  Most of the DMF was distilled off before H2O was 

added and precipitate filtered off.  The solid was 

dissolved in CH2Cl2 and dried over MgSO4.  The solution was concentrated and then 

filtered through an alumina plug and washed with CH2Cl2.  The solvent was removed on 

a rotary evaporator.  Purification of the dark green solid was achieved via 

chromatography on deactivated alumina using CH2Cl2/hexane (3/1) as the eluent. 

Further purification was achieved by recrystallisation of the dark green solid (54) in hot 

MeOH and CH2Cl2. Yield: 0.072 g (0.095 mmol, 46%).  
1
H NMR (500 MHz, acetone-

d6, 25 °C) δ (ppm): 3.88 (s, 6H), 6.13 (dd, J = 1.5, 4.1 Hz, 2H), 6.29 (dd, J = 1.2, 4.4 

Hz, 2H), 6.41 (t, J = 1.5 Hz, 2H), 6.44 (dd, J = 1.3, 4.4 Hz, 2H), 6.58 (dd, J = 1.3, 4.4 

Hz, 2H), 6.73 (t, J = 1.2 Hz, 2H), 7.01 (m, 4H), 7.35 (m, 6H), 7.80 (dt, J = 1.6, 8.2 Hz, 

2H), 8.17 (dq, J = 0.6, 5.7 Hz, 2H), 8.45 (d, J = 8.0 Hz, 2H); 
13

C NMR (125 MHz, 

acetone-d6, 25 °C) δ (ppm): aggregation at high concentrations prevented a spectrum 

from being recorded; UV-Vis (CHCl3) λmax/nm (ε / L mol
-1

 cm
-1

): 646 (10 700), 450 (78 

700), 329 (16 100), 292 (33 100);  ESI-MS (acetone with trace TFA/MeOH): m/z = 

756.80 ([M+]);  Anal. Calcd for [54]: (C42H34N6O2Ru): C, 66.74; H, 4.53; N, 11.12. 

Found: C, 66.56; H, 4.45; N, 11.07. 
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Synthesis of 55 

[Ru(bipy)2(py)2][(PF6)2] (0.380 g, 0.441 mmol),
190, 238

 56 

(0.118 g, 0.450 mmol), NEt3 (0.150 mL) were combined in 

ethylene glycol (10 mL).  The reaction was heated to 100 °C 

for 10 mins in a microwave reactor (closed vessel, power = 

200 W, pressure = 250 psi).  Excess aqueous NH4PF6 was 

added and the solution was stirred for 3 hours at room 

temperature.  The precipitate was filtered off and washed thoroughly with water.  

Purification of the brown solid was achieved via chromatography on deactivated 

alumina using CH2Cl2 as the eluent.  The product (55) eluted as a red/brown band when 

the polarity of the solvent was increased to CH2Cl2/MeOH (99.5/0.5).  Yield: 0.116 g 

(0.142 mmol, 31%).  
1
H NMR (500 MHz, acetone-d6, 25 °C) δ (ppm): 2.02 (s, 6H), 2.34 

(s, 3H), 6.26 (dd, J = 1.6, 4.3 Hz, 2H), 6.42 (dd, J = 0.8, 4.9 Hz, 4H), 6.97 (s, 2H), 7.47 

(t, J = 6.6 Hz, 2H), 7.54 (t, J = 6.6 Hz, 2H), 8.07 (m, 8H), 8.70 (t, J = 6.9 Hz, 4H); 
13

C 

NMR (125 MHz, acetone-d6, 25 °C) δ (ppm): 19.07, 20.27, 118.39, 123.46, 123.67, 

126.30, 126.87, 127.53, 129.51, 135.02, 135.58, 135.74, 135.88, 136.35, 137.13, 

145.63, 148.56, 151.37, 152.02, 157.68, 158.34; UV-Vis (CH2Cl2) λmax/nm (ε / L mol
-1

 

cm
-1

): 296 (54 800), 348 (9 900), 387 (9 600), 461 (48 200), 525 (15 100); ESI-

MS(MeOH): 675.83 m/z ([M+]).  Anal. Calcd for [55]: (C38H33F6N6PRu) · 0.33H2O ·
 

0.33C6H14: C, 56.22; H, 4.52; N, 9.84. Found: C, 56.21; H, 4.08; N, 10.03. 

 

4.4.3 General procedures 

4.4.3.1 Resonance Raman solutions 

A solution of 46 was prepared in DMSO a concentration of 1.86 mM for resonant 

Raman measurements at excitation wavelengths of 413 nm, 444 nm, 458 nm, 488 nm, 

514.5 nm, and 532 nm.  Only 458 nm, 488 nm and 514.5 nm wavelengths are presented 

in this thesis.  

 

4.4.3.2 Electrochemistry 

Electrochemistry as carried out with the assistance of Nessha Wise is detailed in 

Appendix D1 and cyclic voltammograms are given in Appendix D2.   
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4.4.3.3 Solid state UV-Vis, device fabrication and solar cell testing 

Solid state UV-Vis, device fabrication and solar cell testing of complexes was 

undertaken by members of the Dr Attila Mozer research group at the Intelligent 

Polymer Research Institute, University of Wollongong or members of the research 

group of Professor Yoo Soo Kang at the Energy Materials Lab, Hanyang University.  

The procedures are outlined in Appendix D3-D4. 

 

4.5 Results and Discussion 

4.5.1 Synthesis 

The synthesis of ligands 52 and 56 were achieved by literature procedures
28, 31

 in two 

steps (as briefly summarised in chapter 2) (Figure 4.12).  Purification of the ligands is 

laborious.  Adaptations of the literature procedures (as discussed in the experimental 

section) were used to purify the ligands. 

 

 Figure 4.12. Synthetic route to dipyrrin ligands 52 and 56. 

 

Exploratory work from previous members of our research group established a synthetic 

methodology for the synthesis of 46 and 47 (as outlined in Figures 4.6 and 4.7). 

Adaptations of these procedures,
42, 43

 using microwave irradiation at every step of the 

synthesis, reliably produced complexes 50 and 53-55.  Overall, the use of microwave 

irradiation significantly reduced the reaction times and improved the quality of the 

products. 

The synthesis of 50 is outlined in Figure 4.13.  Intermediate complex 57 was obtained in 

moderate yield by the coordination of dipyrrin ligand 52 to [Ru(dmso)4Cl2] in absolute 

ethanol using microwave irradiation.  The next intermediate complex (50a) was 

obtained by an adaptation of the established procedure. The coordination of 
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4,4'-dimethoxycarbonyl-2,2'-bipyridine (abbreviated as dmcb) to 56 was achieved with 

microwave irradiation in DMF.  The final step in the synthesis of 50 was the hydrolysis 

of the two ester functionalities to yield the carboxyl functional groups for binding to the 

semiconductor surface.  Standard hydrolysis conditions were employed.  However, 

appropriate reaction conditions were established using microwave irradiation, which 

significantly reduced the reaction time down to 20 minutes.   

 

Figure 4.13. The synthetic route to Ru(II)-dipyrrinato complex 50. 

 

The synthesis of 54 is outlined in Figure 4.14.  The coordination of 2,2'-bipyridine to 

the intermediate complex 57 was achieved using the same conditions established for the 

synthesis of 50a. 
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Figure 4.14. The synthetic route to Ru(II)-dipyrrinato complex 54. 

 

 

Figure 4.15. The synthetic route to Ru(II)-dipyrrinato complexes 53 and 55. 

 

The synthesis of 53 and 55 is outlined in Figure 4.15.  Small scale test reactions using 

[Ru(bipy)2Cl2] as the starting material established that significant impurities result from 

the free chloride ligands.  For this reason a slight adaptation of the synthetic 

methodology of 46 (as outlined in Figure 4.6) was made.  [Ru(bipy)2Cl2] was replaced 

with  [Ru(bipy)2(py)2][(PF6)2] to remove any source of chloride ions from the reaction.  

This also prevents competition between the Cl
-
 and PF6

-
 as counter anions.  Additional 

aqueous NH4PF6 was required to precipitate the product. 
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Figure 4.16. The synthetic route to Ru(II)-dipyrrinato complexes 49.  Inset: structure of 

4,4'-dimethoxycarbonyl-2,2'-bipyridine (dmcb). 

 

The synthesis of 49 (Figure 4.16) was an adaptation of a literature preparation for the 

synthesis of [Ru(dcb)2(acac)]
+
, (dcb is 4,4'-dicarboxy-2,2'-bipyridine).

239, 240
  The 

starting material, [Ru(dmcb)2Cl2], was stirred at room temperature in dichloromethane 

in the presence of silver triflate to remove the coordinated chloride ligands.  Silver 

triflate and other silver salts are often used in ruthenium chemistry to remove the 

coordinated chloride ligands.
240

  The intermediate complex, [Ru(dmcb)2OTf2], was not 

isolated before the dipyrrin ligand was introduced.  A microwave reaction in 2:1 
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DMF:H2O with excess sodium carbonate (Na2CO3) was employed to coordinate the 

dipyrrin ligand (52).  These reaction conditions were sufficient to fully hydrolyse all 

four of the ester groups on the two 4,4'-dimethoxycarbonyl-2,2'-bipyridine (dmcb) 

ligands.  The product was precipitated at pH 3 from aqueous media using aqueous 

HPF6.  Purification of this complex is achieved by washing the complex with 

acetonitrile; however, an analytically pure sample could not be obtained for 

microanalysis.     

 

Figure 4.17.  Illustration of the protonation states of 49 and expected mass/charge.  

Mass spectroscopy and 
31

P NMR and 
19

F NMR spectroscopy were used to establish that 

B is the most likely protonation state of complex 49.          

 

The degree of protonation of 49 was investigated to determine the structure of the 

complex.  The complex could exist in one of five protonation states (Figure 4.17).  The 

protonation state of the carboxyl groups in 49 were determined using mass 

spectroscopy, and 
31

P NMR and 
19

F NMR spectroscopy.  Mass spectrometry (ESI) in 
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negative mode eliminated possibilities C, D and E (Figure 4.17) because no signals 

were observed for these structures.  In positive mode a signal was observed at 839.66 

m/z which is proposed to be [M+H] for B.  The absence of both phosphorus and fluorine 

in 
31

P NMR and 
19

F NMR spectroscopy confirmed that there is no PF6 in the complex.  

Furthermore, similar NMR shifts are observed if the complex is precipitated out with 

aqueous HCl rather than HPF6.  From this we conclude that the complex most likely has 

a single carboxylate deprotonated to give an overall neutral complex (Figure 4.17B). 

The synthetic route to the Rh(III) dipyrrinato complex 51 is outlined in Figure 4.18 (the 

synthesis of 42 is outlined in chapter 3).  Standard hydrolysis conditions were employed 

to hydrolyse the ester functional groups.  

 

Figure 4.18. The synthetic route to Rh(III)-dipyrrinato complexes 51. 

 

4.5.2 Characterisation 

Complexes 49-51 and 53-55 were fully characterised by NMR, mass spectrometry, 

elemental analysis, and UV-Vis spectroscopy.  All data were consistent with the 

structures in Figure 4.9 and Figure 4.11.  Of notable interest are the features in the UV-

Vis spectra of the Ru(II)-dipyrrinato complexes.  The similarity of these spectra of these 

new complexes to the first generation complexes (46 and 47) is striking.  All five new 

complexes show two distinctive features (Figure 4.19 and Table 4.1) with a peak 

centred between 448-461 nm ascribed to an intraligand π-π* dipyrrin transition and a 

weaker transition at longer wavelengths ascribed to an MLCT transition from Ru(II) to 

the bipyridine substituent.
42

   

The position and intensity of the * transition is relatively insensitive to the 

functional group on the dipyrrinato ligand (Table 4.1).  When comparisons are made 
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between complexes with the same number of dipyrrinato ligands with different 

functional groups only small shifts of less than 10 nm are observed.  For example a shift 

of 8 nm is seen between complexes 46 (carboxyl group on the dipyrrinato ligand) and 

49 (methoxy group on the dipyrrinato ligand). Larger shifts are observed for complexes 

with one dipyrrinato ligand compared to two dipyrrinato ligands (Table 4.1).  A shift of 

16 nm is observed between complexes 46 (one dipyrrinato ligand) and 47 and 50 (two 

dipyrrinato ligands).  As expected, the intensity of the * transition for complexes 

with two dipyrrinato ligands (47 and 54) is approximately double that of complexes 

with one dipyrrinato ligand (46, 49, 53, and 55).  This transition is also broadened for 

complexes 47 and 54.  This broadening is attributed to exciton coupling (refer to 

Chapter 3). 

 

Table 4.1. Positions of the absorption bands in the visible region of Ru(II)-dipyrrinato 

complexes 46-47, 49-50 and 53-55 and Rh(III)-dipyrrinato complex 51. 

Complex * MLCT 
46 464 517 
47 448 638 
49 456 521 
50 448 656 
51 466, 502 - 
53 459 525 
54 450 646 
55 461 525 

 

The position and intensity of the Ru(II)-bipyridine MLCT transition is sensitive to 

whether the complex contains either one or two bipyridine substituents (Table 4.1).  In 

[Ru(bipy)3]
2+

the Ru(II)-bipyridine MLCT transition is observed at 443 nm.
241

  The 

MLCT transition of all the new complexes is significantly red-shifted with respect to 

this transition in [Ru(bipy)3]
2+

.  For complexes (49, 53, and 55 this transition is centred 

between 521-525 nm while for complexes (50 and 54) this transition is centred between 

646-656 nm.  In some cases this MLCT transition is also sensitive to whether the 

bipyridine substituents have carboxyl groups attached.  A shift of 18 nm is observed 

between 47 (where no carboxyl group is attached) and 50 (where a carboxyl group is 

attached).  But these complexes have different functional groups on the dipyrrinato 

ligand.  A smaller shift is observed when the same functional group is on the dipyrrinato 

ligand.  For example 50 (where a carboxyl group attached) and 54 (where no carboxyl 
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group is attached) have the methoxy functional group on the dipyrrinato ligand and a 

shift of 10 nm is observed. 

 

 

Figure 4.19.  Absorption spectra of 46-47, 49-50 and 53-55 (with 46 and 47 included 

for comparison purposes). 46 (dark blue) in DMSO, 47 (orange) in MeOH with NaOH, 

49 (green) in H2O with NaOH, 50 (purple) in DMSO, 53 (light blue) in CH2Cl2, 54 

(black) in CHCl3, and 55 (pink) in CH2Cl2. 

 

4.5.3 Analysis of the electronic structure of 46 

Previous work
42

 from our group used resonance Raman to identify the two dominant 

transitions in the UV-Vis spectra  as a π-π* transition centred on the dipyrrin 

chromophore and the MLCT of the Ru(II)-bipyridine.  These transitions were found to 

be largely uncoupled.  This suggests that the orbitals involved in each transition are 

distinct and localised to different spatial regions of the complex and are therefore non-

interacting.  To further probe the electronic structure of these first generation Ru(II)-

dipyrrinato complexes a detailed analysis of the absorption spectra, quantitative analysis 

of the resonance Raman scattering, and computational chemistry of 46 (and related 

complexes 46-H and 46b in Figure 4.20) were examined.  The nature of the electronic 

excited states and photophysical properties of these Ru(II)-dipyrrinato complexes are 
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important to understand in considering these complexes for solar energy conversion 

applications. 

 

Figure 4.20. Structure of 46 and related complexes 46-H and 46b. 

 

4.5.4 Time Dependent DFT (TD-DFT) calculations of 46 and 46-H 

It has become well-known that time-dependent DFT (TD-DFT) methods yield 

substantial errors in calculating transition energies and intensities for charge transfer 

transitions and zwitterionic species.
242-244

  For solar energy conversion applications, the 

carboxylate group is an essential structural feature as it strongly anchors the dye to the 

surface of TiO2.
22

  Consequently, the calculations were performed on the neutral 

deprotonated (46) and the protonated complex (46-H), while experimental data were 

acquired from the neutral deprotonated complex as this form is the most likely to bind 

to TiO2.  The optimised structures (Figure 4.21) are virtually identical apart from the 

clear differences associated with the protonation of the carboxyl group.  The optimised 

structure of 46 closely agrees with the structure of this complex determined by X-ray 

crystallography.
42

  The pyrrolic rings of the dipyrrin core are coplanar, while the 

dihedral angle between the dipyrrin core and the phenyl ring is 74°.  
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46                                          46-H 

Figure 4.21. Optimised geometries of 46 and 46-H. 

 

4.5.5 Absorption spectroscopy and TD-DFT calculations 

Figure 4.22 shows the experimental and calculated absorption spectra in DMSO, while 

Table 4.2 shows the experimental and calculated absorption parameters of 46 and 46-H. 

The experimental spectrum (Figure 4.22A) is effectively a superposition of the two 

main transitions: an intense narrow transition at 464 nm, characteristic of all dipyrrin 

complexes; and a broad transition at 517 nm.  Based on qualitative resonance Raman, 

these transitions were assigned as a * dipyrrin transition and a ruthenium bipyridine 

MLCT transition, respectively.
42

  These transitions have oscillator strengths () 0.35 

and 0.14, respectively.  A very weak transition (on the shoulder of the 517 nm 

transition) is observed at 590 nm ( = 0.05).  This weak transition can be assigned as an 

MLCT transition (see below). There are weak transitions in the region of 340-375 nm, 

which can probably be ascribed to “Rydberg-like” transitions (see later).  Rydberg 

transitions are characterised by a change in the quantum number (n) and following the 

transition the electron density typically just extends from its origin outwards in all 

directions.   
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Figure 4.22. Calculated and experimental absorption spectra of 46 and 46-H. (A) 

Experimental spectrum of 46 in DMSO, (B) calculated spectrum of 46 with C-PCM 

solvent model (DMSO); and (C) calculated spectrum of 46-H with C-PCM solvent 

model (MeOH).



 

Table 4.2. Experimental and calculated absorption parameters for 46 and 46-H. 

 Experimental Calculated 

 λ / nm ƒa λ / nm ƒa Configuration (% contribution) Assignment 

46b 590 0.055 523 0.016 HOMO-1→ LUMO (87)  
 517 0.136 499 0.076 HOMO-1→ LUMO+2 (76)  
   483 0.073 HOMO-3→ LUMO (-19), HOMO-2→ LUMO (49), 

HOMO-2→LUMO+2 (-14) 
 

   453 0.025 HOMO-5→ LUMO+2 (61), HOMO-2→ LUMO+2 (26), 
HOMO-5→ LUMO (-12), HOMO-1→ LUMO+2 (-10) 

 

   473 0.011 HOMO-3→ LUMO (11), HOMO-3→ LUMO+2 (66), 
HOMO-2→ LUMO (10), HOMO-2→ LUMO+2 (-11) 

 

   461 0.040 HOMO-3→ LUMO (58), HOMO-2→ LUMO (25)  
   442 0.021 HOMO-3→ LUMO+1 (72)  
 464 0.351 404 0.326 HOMO-3→ LUMO+2 (15), HOMO-2→ LUMO+2 (44)  
 439 0.081 385 0.019 HOMO-5→LUMO (24), HOMO-5→LUMO+2 (71)  
 376 0.122 360 0.016 HOMO-3→LUMO+3 (12), HOMO-2→LUMO+3 (-20), 

HOMO-1→LUMO+4 (-15), HOMO→LUMO+5 (43) 
 

46-Hc   565 0.076 HOMO-1→LUMO (80), HOMO-1→LUMO+1 (15) MLCT (Ru-dipyrrin) 

   561 0.016 HOMO-2→LUMO+1 (11), HOMO-1→LUMO+2 (78)  
   541 0.013 HOMO-2→LUMO+2 (19), HOMO-1→LUMO (11), 

 HOMO-1→LUMO+1 (66) 
 

   497 0.127 HOMO-2→LUMO+1 (76) MLCT (Ru-bipyridine) 

   461 0.020 HOMO-2→LUMO+2 (64), HOMO-1→LUMO+1 (11)  
   418 0.278 HOMO-3→LUMO (62) * 

   411 0.025 HOMO→LUMO+4 (93)  
   369 0.143 HOMO-2→LUMO+3 (29), HOMO-2→LUMO+4 (16), 

HOMO-1→LUMO+5 (14), HOMO-1->LUMO+6 (13), 
HOMO→LUMO+7 (18) 

“Rydberg” 

a Only calculated oscillator strengths of greater than 0.01 are reported. 
b Calculated in DMSO 
c Calculated in MeOH 

1
2
6
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As shown in Table 4.2, the TD-DFT calculations show that several configurations 

contribute to the electronic transitions.  The molecular orbitals for 46 and 46-H (Figure 

4.23 and 4.24) are significantly different despite the electronic absorption spectra and 

resonance Raman spectra being very similar for these species (see later).  It was 

anticipated that these molecular orbitals would also be similar to each other.  Previous 

TD-DFT calculations have shown the π-π* dipyrrin (or azadipyrrin) transition of the 

free ligand, BF2 complex, or metallocomplex predominantly involves the HOMO-

LUMO molecular orbitals,
84, 188, 245

 whereby occupied orbitals have amplitude centred 

only on the dipyrrin core and unoccupied orbitals have amplitude on the dipyrrin core 

which sometimes extends out to the phenyl ring (if present).  The molecular orbitals of 

ligand (34) shown in chapter 2 (Figure 2.5 and Table 2.1) also shows that the π-π* 

transition also consists largely of a HOMO-LUMO transition.   

 

          

               HOMO-5                  HOMO-4                 HOMO-3                HOMO-2 

 

          

           HOMO-1                  LUMO                      LUMO+1                     LUMO+2 

Figure 4.23. Selected molecular orbitals involved in the absorption spectrum of 46. 
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                 HOMO-3              HOMO-2                  HOMO-1               HOMO 

 

          

                LUMO                   LUMO+1                 LUMO+2                LUMO+3 

Figure 4.24. Selected molecular orbitals involved in the absorption spectrum of 46-H. 

 

The molecular orbitals of 46 are not a fair representation of the actual molecular orbitals 

(Figure 4.23) involved in the transitions.  For 46, the calculated transition probably 

assigned to the π-π* transition (404 nm) due to the large oscillator strength predicts 

occupied orbitals have substantial amplitude around the phenyl ring and carboxylate 

substituent of the dipyrrin ligand, while the unoccupied orbital has large bipyridyl 

amplitude.  The two calculated transitions (523 nm and 499 nm) in the region of the 

ruthenium bipyridine MLCT transition have significant amplitude around the 

carboxylate substituent of the dipyrrin ligand, while the unoccupied orbital has large 

bipyridyl amplitude.  Clearly this is not a ruthenium bipyridine MLCT transition.  

Presumably the poor agreement between previous calculations and these calculations 

can be explained by the fact that 46 is neutral overall but zwitterionic and the charges 
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are separated over a large distance. As mentioned earlier, this is a limitation of DFT 

calculations.
242-244

 

The molecular orbitals of 46-H (Figure 4.24) show far better agreement with published 

calculations of dipyrrinato complexes.  The calculated transition for the π-π* transition 

(418 nm) is dominated by changes in density on the dipyrrin ligand.  The 

HOMO-LUMO of the BF2 dipyrrin complex
188

 correspond closely to the HOMO-3 and 

LUMO orbitals of 46-H.  However, our calculation shows that the HOMO-3 to LUMO 

transition is less dominant than the HOMO-LUMO transition of the BF2 dipyrrin 

complex. This is most likely a consequence of the high energy ruthenium 4d and 

bipyridyl -orbitals interacting with the dipyrrin -orbitals.  The MLCT transitions 

calculated to be at 497 nm and 565 nm are dominated by bipyridyl and ruthenium 

orbitals and orbitals that perturb electron density across the bipyridyl orbitals, 

respectively.  However, there is some dipyrrin character in the 565 nm transition.   

Overall the multiple configurations make a simple interpretation using the molecular 

orbitals difficult.  The TD-DFT calculations of 46-H are more easily visualised by using 

electron density difference plots (Figure 4.25).  These plots clearly show the dipyrrin 

* nature of the transition at high energy and the MLCT character of the low energy 

transition. In the * transition the electron density shifts from the dipyrrin core 

(green) out towards the phenyl ring and carboxyl substituent (blue).  In the MLCT 

transition the electron density shifts from the metal centre (green) and terminates on the 

bipyridine ligands (blue).   

The occupied molecular orbitals (Figure 4.24) for the Rydberg transition of 46-H are 

centred predominantly on the Ru(II) centre with some dipyrrinato and bipyridine 

character.  The unoccupied molecular orbitals for the Rydberg transition (not shown) 

are centred either exclusively on the bipyridine ligands or dipyrrinato ligand.   The EDD 

plot of this transition (Figure 4.25) shows that the electron density moves from the 

Ru(II) centre (green) and extends out onto the dipyrrinato and bipyridine ligands (blue). 
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                                    π-π*                            MLCT (Ru → bipyridine)     

 

                

                      MLCT (Ru → dipyrrin)                      Rydberg 

Figure 4.25. Electron density difference plots for the π-π*, MLCT transitions and 

Rydberg transition of 46-H.  Green represents depletion of electron density and blue 

represents accumulation of electron density. 

 

Further analysis of the nature of the electronic transitions was undertaken via a simple 

Mulliken analysis of 46-H (Table 4.3).  The complex has been separated into fragments 

of the Ru(II) atom, each bipyridine ligand, the dipyrrin core, and finally the phenyl and 
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carboxyl are grouped together.  The changes in electron density for the strongest 

transitions for these fragments of 46-H were calculated. 

The data in Table 4.3 further support the conclusions of the analysis above.  The two 

low energy transitions are shown to have significant MLCT character.   In both 

transitions the Ru(II) centre loses significant electron density, while the bipyridine 

ligands equally gain electron density.  In the case of the transition at 565 nm, the 

dipyrrin core and the phenyl ring gains most of the electron density, therefore this is a 

Ru(II)-dipyrrin MLCT.  The transition at 497 nm is almost purely a ruthenium-

bipyridine MLCT.  The Mulliken analysis confirms that the 418 nm transition is a * 

transition.  The dipyrrin core loses electron density which is gained by the phenyl ring.  

In the UV region of the absorption spectrum, the Mulliken analysis shows that the 

transition can be ascribed as a “Rydberg-like” transition where the transition is MLCT 

in nature but utilises both the bipyridine and dipyrrin orbitals. 

 

 

 

 λa / nm  Ru bipy1 bipy2 dipyrrin phenyl 

“Rydberg” 369 0.142 67→2 (-65) 7→31 (24) 7→31 (24) 18→5 (-13) 0→30 (30) 

* 418 0.278 12→1 (-11) 1→6 (5) 1→6 (5) 85→68 (-17) 1→19 (18) 

MLCT1 497 0.127 67→5 (-62) 9→44 (35) 9→45 (36) 15→5(-10) 0→1 (1) 

MLCT2 565 0.076 67→2 (-65) 6→10 (4) 6→10 (4) 21→66 (45) 0→12(12) 
a Calculated wavelengths 

 

Figure 4.26 shows the effect of protonation and esterification on the electronic structure 

of the complexes.  Protonation and esterification barely perturbs the electronic structure 

of the molecule.  The resonance Raman spectra (Figure 4.27) of these complexes are 

very similar, which also confirms that the electronic structure is unperturbed upon 

protonation or esterification.  

 

Table 4.3. Mulliken analysis of 46-H showing the fractional changes in charge density for the 

excited states. 
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Figure 4.26. Effect of protonation and esterification on the electronic structure of 46 

and its derivatives; absorption spectra of neutral (46, green) protonated with 0.1% (v/v) 

TFA, (46-H, black) and esterified complexes (46b, red) in DMSO. 

 

 

Figure 4.27. Effect of protonation and esterification on the electronic structure of 46 

and its derivatives; resonance Raman at 458 nm in DMSO (A) neutral (46), (B) 

protonated with 0.1% (v/v) TFA (46-H), and (C) esterified complexes (46b). 
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4.5.6 Resonance Raman spectroscopy 

The resonance Raman spectra of 46 are shown in Figure 4.28. There are a number of 

notable features in the resonance Raman spectra.  Firstly the characteristic enhancement 

patterns obtained with 458 nm and 514.5 nm excitation suggest that the electronic 

structure of the molecule is represented by two independent chromophores. The 

spectrum acquired with 458 nm excitation is dominated by vibrational modes of the 

dipyrrin ligand, while the spectrum acquired with 514.5 nm is dominated by vibrational 

modes of the bipyridyl ligand.  The enhanced bipyridyl modes resemble the resonance 

Raman spectrum of [Ru(bipy)3]
2+

;
246

 consistent with resonant enhancement of an MLCT 

transition terminating on the bipyridine ligand.  The modes which receive the greatest 

enhancement are the most effective at transforming the molecule from its ground state 

to its excited state geometry.   

 

 

Figure 4.28. Resonance Raman spectra of 46 in DMSO with excitation at (A) 458 nm, 

(B) 488 nm, and (C) 514.5 nm.  [S denotes solvent peaks (CH2Cl2)].  Note that not all 

wavelengths are shown. 
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Mean average deviation (MAD) is used as a measure of the correlation between the 

calculated and experimental values.  For the assigned modes of 46, the MAD is 5 cm
-1

.  

Considering the accuracy of the calibration and resolution of the Raman spectrometer 

used in this study (~4 cm
-1

), this indicates a close correlation between the calculated and 

experimental spectra.   

The most striking feature of the resonance Raman spectra is the very strong 

enhancement of the low frequency mode at 409 cm
-1 

(assigned as q41), particularly with 

458 nm excitation.  The q41 mode (Figure 4.29) involves torsion about the transannular 

bond between the dipyrrin core and the phenyl ring of the dipyrrin ligand.  Other 

strongly enhanced modes observed with 458 nm excitation: 1081 cm
-1

, 1287 cm
-1

, 1380 

cm
-1

, and 1447 cm
-1

 (q124, q145, q157, q164, respectively) are all pyrrolic ring deformations 

and can be described as “dipyrrin modes”.  This is expected because the 458 nm 

excitation is on resonance with the * transition of the dipyrrin ligand.  The mode 

enhancements confirm that the * transition of the dipyrrin ligand are confined to the 

dipyrrin core and therefore only atoms of the dipyrrin core are displaced.   

A different enhancement pattern is observed using 514.5 nm excitation, which is closely 

resonant with the MLCT transition.  The strongest enhanced bands include: 1320 cm
-1

 

(most likely a pair of modes, q151 + q153), 1486 cm
-1

 (q169), 1555 cm
-1

 (a pair of modes, 

q176 + q177) and 1603 cm
-1

 (q182). All of these enhanced modes involve distortion of the 

bipyridyl ring. The enhancements of these modes are consistent with resonance with 

only the MLCT state.  Figure 4.29 depicts some of these enhanced vibrational modes. 
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Dipyrrin modes: 

   

                               41                                124                            145 

 

                                                      157                          164 

 

Bipyridine modes: 

 

                               146                                165                                  169 

Figure 4.29. Plots of the selected normal modes of 46-H. 
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4.5.7 Resonance Raman intensity analysis (RRIA) 

Resonance Raman intensities depend on the square of the transition dipole moment.  

Therefore the two states with the strong dipole-allowed transitions as shown by the 

TD-DFT calculations are expected to dominate the resonance Raman.  The resonance 

Raman intensities provide a method for a detailed examination of the output from the 

TD-DFT calculations.  We utilised an empirical model consisting of two electronic 

states (i.e a simple two level system) to simulate the resonance Raman intensities (and 

absorption spectrum).  The simulated and experimental absorption spectra are given in 

Figure 4.30.   

 

 

Figure 4.30. Simulated (black) and experimental (red) absorption spectrum of 46. 

 

The resonance Raman intensity analysis supports the independent nature of the * 

and MLCT states.  The simulated Raman excitation profiles (Figure 4.31) reveals that a 

quantitative analysis of the resonance Raman intensities is consistent with the 

observation that the * and MLCT states dominate the electronic structure of 46.  It 

is important to note that the low Raman frequencies are not observed for certain 

wavelengths due to notch-filter bandpass cut-offs preventing data acquisition. The 

Raman excitation profiles show that there are two distinct patterns: either a single strong 
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peak at higher energy in the excitation profile, which is indicative of these modes being 

resonance enhanced by only the * dipyrrin transition; or two peaks are observed, 

which demonstrates that there is resonant enhancement from both the MLCT and * 

transitions.   

If the states are strongly coupled then the resonance Raman intensities would be 

expected to be sensitive to the angle between the transition dipole moments.  Initially, 

the simulation was run with an angle of 127° (53°) between the two states (* and 

MLCT), as suggested by the DFT calculations (by measuring the angle between the 

respective transition dipole moments using Mercury).  Subsequently, values of 0° and 

90° were modelled.  Remarkably the resonance Raman intensities were insensitive to 

this parameter and produced virtually identical excitation profiles.  We also observed 

there is no dependence on the relative sign of the mode displacement (Δ) parameter.   

In general, the resonance Raman intensity of a mode is proportional to 
2


2
 where  is 

the frequency of the mode and  is the dimensionless mode displacement.  Mode 

displacements are used to simplify the resonance Raman analysis.  The mode 

displacements (Table 4.4) are largely reflected in the mode intensities (scaled by the 
2
 

factor).  For the MLCT and π-π* states, the dynamics in the Franck-Condon region are 

also largely independent despite the small energy gap between the states. Therefore we 

conclude that for resonance Raman scattering, at least, the MLCT and * states are 

independent.  



 

            

Figure 4.31. Raman excitation profiles of 46. Solid red lines represent simulated profiles. Points are experimental values (with estimated 

errors) at discrete excitation wavelengths. 

1
3
8
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Table 4.4. Electronic and nuclear parameters for the resonance Raman intensity 

analysis of 46. 

Mode 
Calculated 
frequencya 

(cm-1) 

Experimental 
frequency 

(cm-1) 

MLCT π-π* 

∆b CFc λv
d ∆b CFc λv

d 
  (cm-1)   (cm-1) 

41 409 409 0.2 0 8.2 0.47 0.12 45.2 
42 426 420 0.2 0.1 8.4 0.28 0 16.5 
47 466 466 0.26 0.06 15.8 0.105 0 2.6 
51 495 497 0.29 0.085 20.9 0.08 0.03 1.6 
52 509 518 0.18 0.065 8.4 0.073 0 1.4 
59 620 624 0 0 0 0.16 0 8 
69 725 730 0 0 0 0.22 0 33.4 
73 752 752 0.1 0.075 3.8 0.045 0 0.8 
83 811 815 0 0 0 0.16 0 10.4 
90 885 874 0 0 0 0.09 0 3.5 

92,93 902 900 0.17 0.035 13 0.05 0 1.1 
105 989 990 0.12 0.08 7.1 0.079 0 3.1 

113,114 1019 1018 0.15 0.08 11.5 0.03 0 0.5 
117 1034 1033 0.17 0.08 14.9 0.07 0 2.5 

121,122 1058 1058 0.17 0.125 15.3 0.04 0 0.8 
124 1080 1081 0.11 0.035 6.5 0.145 0 11.4 
136 1180 1175 0.16 0.1 15 0.022 0 0.3 
138 1196 1203 0.08 0.02 3.8 0.055 0.015 1.8 
140 1235 1245 0.11 0.05 7.5 0.03 0 0.6 
145 1274 1287 0.16 0.06 16.5 0.2 0.08 25.7 

151,153 1319 1320 0.18 0.1 21.4 0 0 0 
157 1369 1380 0.1 0.06 6.9 0.16 0 17.7 
160 1410 1409 0.14 0.05 13.8 0.05 0 1.8 
164 1432 1447 0.08 0.1 4.7 0.24 0 44.3 
169 1490 1486 0.27 0.15 54.2 0.08 0 4.8 
171 1510 1519 0.06 0.05 2.7 0.07 0 3.7 

176,177 1555 1555 0.21 0.11 34.3 0.07 0 3.6 
182 1595 1603 0.15 0.07 18 0.09 0 6.5 

Total vibrational reorganisation energy (cm
-1

) 332.7 239.4 
Electronic origin (E00) (cm-1) 16330 21270 
Homogeneous broadening (Γ0) (cm-1) 2600 875 
Electronic dipole length (μ) (Å) 1.030 1.186 
Classical reorganisation energy (cm-1) 3048.0 345.2 
a 

DFT/B3LYP (as detailed in the experimental section) with scaling factor of 0.9723233 applied 
b Dimensionless displacement  
c Condon Factor  
d Reorganisation energy for mode, v 

 

Assuming that the potential energy surfaces are harmonic in nature, the magnitude of 

the mode displacement will determine the excited state dynamics for all Franck-Condon 

active modes.  The majority of modes have displacements in the range of 0.05-0.25, 

which is consistent with other reports of mode displacements.
168, 247-249

  However, mode 

q41 has a significantly larger mode displacement (in the π-π* state) than the other modes 

(Table 4.4).   The dimensionless displacement of 0.47 is almost double that of the next 
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largest displacement.  Accordingly, this mode is expected to dominate the dynamics in 

the Franck-Condon region.  

The results of the DFT frequency calculation show mode q41 to be a transannular torsion 

of the phenyl ring on the dipyrrin ligand (Figure 4.29).  The large displacement of q41 

indicates firstly that this mode is strongly enhanced upon excitation into the π-π* state.  

The strong enhancement of the mode also indicates there is a substantial change in the π 

electron density of the phenyl ring and around the transannular bond upon excitation 

into the π-π* state.  Therefore immediately after the excitation into the * state, the 

angle between the phenyl ring and the plane of the dipyrrin core must be altered, which 

generates the substantial dynamics along the q41 mode.  It is interesting to note the 

effect of protonation and esterification on the intensity of the q41 mode. Figure 4.27 

shows there is a substantial decrease in the intensity of the q41 mode as the carboxylate 

group is protonated and esterified.  This indicates that in the excited state, the 

displacement of mode q41 decreases for complexes 46-H and 46b.  Metallodipyrrin 

species have been shown to exhibit strong inter-molecular -stacking interactions when 

the phenyl ring substituent is neutral
250

 (i.e. 46-H and 51) and these interactions may 

inhibit the torsional motion of the phenyl ring in the excited state. 

 

4.5.8 Excited state dynamics in other dipyrrinato complexes 

An extensive study of the excited state dynamics of boron dipyrrin complexes as a 

function of the dihedral angle between the dipyrrin core and the phenyl substituent in 

the meso position has been undertaken in the literature.
188

  The results reveal that in the 

ground state geometry for a boron dipyrrin complex with a phenyl substituent at the 

meso position, the dihedral angle is 55° (125°), some 35° from perpendicularity.  While 

in contrast there is a deep minimum in the lowest excited singlet state (S1) when the 

dihedral angle is 180° (which is equivalent to 0°) (refer to Figure 9 in reference 188).  

At this angle, the potential energy minimum corresponds to the delocalisation of the 

LUMO out onto the phenyl ring (as seen in Figure 8 in reference 188).  Where there is a 

minimum in the excited state surface (180°) there is rapid transfer of the excited state 

population (via non-radiative processes) from the S1 state to the S0 state.  This is 

accompanied by enhanced electron delocalisation out to the phenyl ring at this dihedral 

angle.  This provides a clear reason for the low quantum yield efficiency for this 

complex.   



141 

If the mesityl functional group is incorporated into the phenyl ring (three methyl groups 

at the ortho- and para-positions) then the rotation of the phenyl ring is restricted.  The 

methyl groups effectively forces an orthogonal arrangement between the dipyrrin core 

and the phenyl ring to give the ground state conformation.  However, the lowest singlet 

excited state is no longer a conformation with 180° dihedral angle between the dipyrrin 

core and the mesityl group.  Therefore, fluorescence from the S1 state is observed as the 

molecule returns to S0. 

Recent studies of bis(dipyrrinato) zinc complexes, further demonstrate the link between 

the excited state dynamics and the substituent at the meso position.
41, 90

  The rotation of 

the phenyl ring is restricted by incorporating mesityl substituents onto the phenyl ring 

and consequently the excited state lifetime of a bis(dipyrrinato) zinc complex was 

increased ~50-fold.
90

  Similar effects have been observed in heteroleptic 

cyclometallated dipyrrin species.
48, 50

  We have also observed weak emission 

underneath the resonance Raman from complex 55 (Figure 4.32).  The resonance 

Raman of complex 46 is included for comparison of a non-emissive Ru(II) dipyrrinato 

complex.  The intensity of the q41 mode is significantly reduced for 55 and therefore 

displacement along the mode is reduced.  Resonance Raman shows that the transannular 

rotation controls the excited state dynamics directly from the Franck-Condon region.  

These previous studies have identified the influence of the phenyl ring substituent on 

the excited state lifetimes and fluorescence yields and our resonance Raman analysis 

complements the conclusions of these studies.  Resonance Raman provides the 

underlying mechanism: specifically, motion along the q41 mode quickly relaxes the 

system to a minimum on the excited state surface.  The deep minimum in the lowest 

excited state coincides with a maximum on the ground state surface and the “energy 

gap” law ensures rapid non-radiative decay from the excited state to the ground state.  

Although the q41 mode dominates the resonance Raman spectra, other modes are 

coupled with this mode through changes in electron density across the entire 

chromophore.  Consequently, in-plane distortions and bending modes of the dipyrrin 

core (q146, q157, q169) are also active in the Franck-Condon region. 
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Figure 4.32. Resonance Raman spectra at 458 nm of 46 (red) in DMSO and 55 (black) 

in CH2Cl2. 

 

4.5.9 Application of Ru(II)-dipyrrinato complexes in solar energy conversion 

The electronic absorption spectra (Figure 4.19) of the Ru(II)-dipyrrinato complexes 

illustrates the light harvesting capability of these dyes.  By altering the number of 

dipyrrin ligands in the coordination sphere, the MLCT absorption band is shifted further 

into the red thereby capturing a greater proportion of the solar spectrum.  Preliminary 

work by our group has demonstrated that dipyrrinato-based complexes with carboxyl 

functional groups attached to the dipyrrin strongly bind to TiO2 surfaces.
43

  These are 

two crucial aspects of an efficient solar cell dye and these observations suggest that 

Ru(II)-dipyrrinato complexes may have promising applications as dyes in DSSCs. 

Furthermore, the torsion motion in mode q41 (Figure 4.29) and the large displacement of 

this mode illustrates there is a large change in the π electron density of the phenyl ring 

upon excitation into the π-π* state.  The electron density difference plot of the * 

state (Figure 4.25) also confirms the electron density extends out to the phenyl ring 

during the transition.  This shift in electron density out onto the phenyl ring in the * 

state indicates that sensitisation of TiO2 by these Ru(II)-dipyrrinato complexes may 

occur directly from the * state (Figure 4.10A), depending on competing rates of 
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relaxation and injection.  Therefore Ru(II)-dipyrrinato complexes with carboxyl groups 

on the phenyl ring may offer an alternative method of electron injection into TiO2. 

 

4.5.10 Solid state absorption spectroscopy 

The light harvesting ability of the dyes adsorbed on TiO2 (n-type semiconductor) and 

NiO (p-type semiconductor) films was checked by recording their solid state absorption 

spectra.  The spectra of the dyes on TiO2 films are shown in Figure 4.33.  The solid state 

absorption spectrum of 51 on TiO2 shows that there is significant enhancement of the 

absorption relative to the other complexes on TiO2.  It is important to note that the 

absorbance is near the upper detection limit of the spectrometer.  The observation of 

high absorbance indicates very high dye loading on the TiO2, possibly more than 

monolayer coverage.  The carboxylic acid groups promote hydrogen bonding between 

other molecules of 51 resulting in multilayer coverage of the dye on the surface of the 

TiO2.  There is a pronounced red shift in the onset of the absorption band (~585 nm) 

with respect to the solution state absorption spectrum (~550 nm).  The solution state 

absorption spectrum has been reported in reference 43.  The absorption spectrum has 

also lost its distinctive two bands with the low energy band at 466 nm (in solution) not 

resolved.   

The solid state absorption spectra of the dyes (47 and 51) on NiO films (Figure 4.34) 

show some notable differences compared to the spectra on TiO2 and in solution.  The 

transition assigned to * of the dipyrrin chromophore in solution (448 nm) is 

significantly red shifted (to 477 nm) for complex 47. The longer wavelength transition 

(~ 640 nm) of 47 more closely resembles the solution phase spectrum (rather than the 

solid state spectrum on TiO2).  Only one peak is resolved in the solid state spectrum of 

51 on NiO with a slight red shift (~ 525 nm) relative to the TiO2 spectrum (~ 510 nm). 

The absorption spectrum of complexes 46 and 50 on NiO show negligible absorption 

(near the noise limit of the instrument) and therefore are not shown. 
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Figure 4.33. The solid state absorption spectra of dyes 46 (blue), 47 (green), 50 (black), 

and 51 (red) adsorbed to TiO2. 

 

 

Figure 4.34. The solid state absorption spectra of dyes (47, red; 51, black) adsorbed to 

NiO. 
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 4.5.11 Electrochemistry 

The electrochemistry of the dye-sensitised solar cell complexes was investigated by 

(staircase) cyclic voltammetry (Figure D1-D7).  Where possible, the measurements have 

been made on the methyl esters of the complexes for solubility reasons.  Two examples 

of both the methyl ester and carboxyl forms of the complexes have been measured (47 

and 47a; and 50 and 50a) to assess the effect of the functional group on the 

electrochemistry results.    The limited solubility of some of the complexes in MeCN 

prevented all the dyes being measured in this solvent, therefore either MeCN or DMF 

was used.  All potentials are reported against the NHE reference electrode. 

Experimental potentials, which were obtained using a ferrocene internal standard, were 

converted to potentials versus NHE by adding 0.63 V (MeCN) or 0.40 V (DMF). 

A comparison between the redox potentials of [Ru(bipy)3]
2+

 and Grätzel’s dyes (N719 

and YE05) and the Ru(II)-dipyrrinato dyes can be made.  Reversible metal centred 

oxidation processes attributed to Ru
2+

/Ru
3+

 are observed at 1.52 V for [Ru(bipy)3]
2+

 
251

 

and 1.12 V and 1.08 V,
19

 for N719 and YE05, respectively.  By comparison with the 

metal centred oxidation processes of these literature examples
19, 251

 the oxidation 

process centred between 0.246 V and 0.965 V (vs NHE) is most likely assigned as an 

irreversible or quasi-reversible metal-centred (Ru
2+

/Ru
3+

) process (Table 4.5).  The 

dipyrrinato ligands have a significant influence on the potentials of this oxidation 

process.  For Ru(II)-dipyrrinato complexes with two dipyrrinato ligands (47, 47a, 50, 

50a) this metal-centred oxidation process occurs in the range of 0.246-0.543 V (vs 

NHE).  For the complexes with two dipyrrinato ligands (46b and 49) the potentials are 

significantly more positive where they fall in the range of 0.87-0.96 V (vs NHE).  

Differences are observed in the metal centred oxidation process for the methyl ester and 

carboxyl forms of complexes 47 and 47a; and 50 and 50a (Table 4.5).  The potential of 

the methyl ester forms (47a and 50a) is 0.25-0.30 V (vs NHE) more positive than the 

carboxyl forms (47 and 50). 

The cyclic voltammograms of the free dipyrrin ligands 34 and 52 were also measured 

(Figure D8-D9).  A reversible reduction process takes place in the range of -0.554 V 

and -0.776 V (vs NHE).  The free dipyrrin ligands also have two irreversible oxidations 

around 0.58 V (vs NHE) and 1.50 V (vs NHE) for both ligands.  The reduction of the 

bipyridine ligands in [Ru(bipy)3]
2+

 occurs between -1.00 V and -1.50 V where three 

reversible reduction peaks are observed.
251

  For N719 and YE05 the reduction of the 

4,4'-dicarbonyl-2,2'-bipyridine ligand is reported at -0.70 V and -1.20 V,
19

 respectively 
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in DMF.  Therefore the reversible reduction feature over the range of -0.632 V and 

-1.039 V (Table 4.5) of the Ru(II)-dipyrrinato complexes cannot be unambiguously 

assigned to either the reduction of the bipyridine or the 4,4'-dicarbonyl-2,2'-bipyridine 

ligands or the dipyrrinato ligands in these Ru(II)-dipyrrinato complexes.  

                  

Table 4.5. Redox potentials (E1/2) for Ru(II)- and Rh(III)-dipyrrinato  

                 complexes and dipyrrin ligands. 

Complex 
or ligand 

Solvent First oxidation 
process  

First reduction 
process 

  vs NHE b vs NHE b 

42a MeCN 1.154 -0.005 
46b MeCN 0.965 -0.663 
47 DMF 0.248 -1.014 

47a MeCN 0.506 -0.632 
49 DMF 0.874 -0.985 
50 DMF 0.246 -1.039 

50a MeCN 0.543 -0.716 
34   -0.554 
52   -0.776 

a Complex 42 is Rh based 
b Values are reported against NHE using literature values (relative to 
the Fc/Fc+ redox couple) after the addition of Fc/Fc+ as a standard. 
[+0.63 V (vs NHE) in MeCN)252 and +0.40 V (vs NHE) in DMF)253].  

 

Cyclic voltammetry is a useful tool for estimating the suitability of a complex as a solar 

cell dye.  The HOMO potential must be more positive than the redox mediator to ensure 

favourable regeneration kinetics of the oxidised dye by the redox mediator.  The LUMO 

potential must be more negative than the conduction band of the semiconductor (TiO2) 

to obtain efficient electron injection into the conduction band.
194

  The ionisation 

potential is an approximation of the HOMO level.  This can be estimated from the 

oxidation onset potential (Eonset
ox

) of the metal centred process.
254

  The electronic 

bandgap can be estimated from the onset wavelength (λonset) of the lowest energy band 

in the absorption spectra.  Therefore the LUMO potential can be estimated 

retrospectively.
254

  These energy levels have been estimated from solution state cyclic 

voltammetry (CV) and are summarised in Table 4.6 and Figure 4.35.  Due to the 

solubility of complex 51 and 46 the energy levels of these complexes has been 

estimated using their methyl ester analogues (42 and 46b, respectively). 
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       Table 4.6. Summary of the energy levels obtained from cyclic voltammetry. 

Complex Eonset
ox (vs 

NHE) / V  
Onset of 

absorption / nm 
Ionisation 

Potential / eV a 
Bandgap 

/ eV b 
LUMO 

/ V c 
46d 0.764 700 5.323 1.776 -1.01 
47 -0.07 800 4.488 1.554 -1.63 
49 0.544 700 5.103 1.776 -1.23 
50 -0.157 800 4.402 1.554 -1.71 
51e 0.985 550 5.544 2.260 -1.29 

a Ionisation Potential (eV) = HOMO  (eV) =  Eonset
ox (vs NHE)  +  4.5588 eV 254, 255 

b Band gap (eV)  =  
(nm)

1243

onset
  

c LUMO (V) =  Eonset
ox (vs NHE) - band gap (eV) 

d The energy levels of 46 have been estimated from the energy levels of 46b 
e The energy levels of 51 have been estimated from the energy levels of 42 

 

The energy level diagram (Figure 4.35) shows that for the mono-dipyrrinato dyes (46, 

49 and 51) that electron injection into the conduction band of the TiO2 and dye 

regeneration from the redox mediator should be favourable.  However, for bis-

dipyrrinato complexes 47 and 50, the HOMO potential is more negative than the 

traditional I
-
/I3

-
 redox mediator therefore regeneration of the dye is predicted to be 

unfavourable.  

It is important to note that there is only a weak dependence on the oxidation potential of 

the dye, E
ox 

(D/D
+
), in preventing recombination.

256
  The ability to change the oxidation 

potential of the dye is restricted by the need to achieve favourable energetics for 

electron injection and dye regeneration.  Therefore the separation of the hole on the 

oxidised dye from the electron injected into the TiO2 plays an important role in 

impeding the rate of charge recombination between the injected electrons and the 

oxidised dye.
21

     



 

Figure 4.35. Energy level diagram for complexes 46, 47, 49, 50 and 51 (vs NHE).  The energy levels of a reference dye (N719), the redox 

mediator (I
-
/I3

-
), and the conduction band (CB) of TiO2 has been included for comparison purposes.  The HOMO potential is Eonset

ox 
(vs 

NHE).  The LUMO potential is obtained by subtracting the band gap from the Eonset
ox

 (vs NHE).
a,b

  The energy levels of 46 and 51 are 

estimated from their methyl ester analogues (46b and 42). 

1
4
8
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Charge recombination is one of the key loss mechanisms (Figure 4.36) limiting the 

performance of DSSCs.  Electron injection into the conduction band of the TiO2 (2) 

occurs within femto- to picoseconds.
20

  Following this there are two possible 

recombination pathways. The recombination of the electron with the oxidised dye (D
+
) 

(4), or the recombination of the electron with the redox couple (I
-
/I3

-
) (5).

257
  These 

recombination processes occur in the millisecond to microsecond time domain.
18, 20, 257, 

258
  Other loss mechanisms include decay of the excited state of the dye (D

*
) back to the 

ground state before the electron is injected to the TiO2 (6)
21, 257

 and aggregation of the 

dye on the TiO2 surface. This leads to deactivation of the excited state of the dye.
21

  

There is a possibility that these dipyrrinato dyes could be aggregating on the surface of 

the TiO2.
250

  Aggregation is commonly prevented in literature examples of Ru(II) 

DSSCs by including bulky terminal groups
259, 260

 and this method could be employed 

for Ru(II)-dipyrrinato complexes.   

 

Figure 4.36.  Schematic diagram showing the desired processes (green arrows) and 

undesirable processes (red arrows) which occur during the operation of a DSSC. (1) 

absorption of light, (2) electron injection from the dye excited state into the conduction 

band of TiO2, (3) regeneration of the dye cation by electron transfer from the redox 

couple, (4) recombination of the electron with the dye cation, (5) recombination of the 

electron with the redox couple (I
-
/I3

-
), and (6) decay of the excited state back to the 

ground state (adapted from references 21, 257). 
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4.5.12 Solar cell testing 

Current-voltage curves are plotted in order to extract the necessary parameters required 

to characterise the dyes performance.  The short circuit current (JSC) is the starting point 

of a current-voltage curve.  The short circuit current is found when the voltage applied 

to the cell is zero.  For an ideal cell the short circuit current is the maximum current 

produced by the cell.  From here the voltage is increased and the current is monitored 

until the open circuit voltage is reached (VOC).  The open circuit voltage (VOC) is found 

when there is no current passing through the cell.
213

  A typical current-voltage curve (of 

a metalloporphyrin dye) is given in Figure 4.37.  The current-voltage curves for the 

dipyrrinato dyes are given in Appendix D3 (Figures D11-D22).  

 

 

 

 

 

 

 

 

 

 

Figure 4.37. Typical current voltage curve (blue) of a metalloporphyrin showing the 

short-circuit current (JSC) and the open circuit voltage (VOC), and a power curve (red) 

showing the maximum power (Pmax).  The ratio of the red dotted box relative to the 

purple box gives the fill factor (FF).
261

 

 

The fill factor (FF) is one of the most important parameters derived from the 

current-voltage curve of a solar cell.
213, 261

  The fill factor (equation 4.2)
22, 213

 is the ratio 

of the electric power produced at the point of maximum power (Pmax) (red dotted box in 

Figure 4.37) on the power curve relative to the product of open circuit voltage (VOC) and 
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the short circuit current (JSC) on the current-voltage curve (purple box in Figure 

4.37).
261

 

                                               max mp mp

OC SC OC SC

V JP
FF

V J V J
                                                   (4.2) 

where JSC is the short-circuit current (A/cm
2
 or mA/cm

2
), VOC is the open circuit voltage 

(V or mV) and Pmax is the maximum power (W/cm
2
 or mW/cm

2
) on the power curve.  

This value is calculated as the product of the photocurrent and photovoltage at the 

voltage where the power output of the cell is maximal.
22

   

The value of the fill factor reflects the extent of the losses occurring from the DSSC.
22

  

An ideal cell would have a fill factor of unity but this is unachievable for practical 

cells.
261

  Silicon solar cells have a fill factor of ~ 0.7.
261

  Low VOC values suggest there 

is a mismatch in the energy levels while low JSC values indicate there are significant 

losses occurring from the cell, for example charge recombination (see above).  The 

performance of the dyes as sensitisers for both TiO2 and NiO DSSCs is given in Table 

4.7.   

The performance of complexes 46, 47, and 50 on both semiconductor surfaces was poor 

with solar conversion efficiencies of less than 0.06 % (on TiO2).  The energy levels of 

complexes 47 and 50 (Figure 4.35) indicated that the regeneration of the dye cation by 

the redox mediator would be unfavourable.  The low VOC values for these dyes (~ 0.4 V) 

confirms that there is a disparity between the energy levels of dye, the redox mediator 

and/or the conduction band of the semiconductor.  The low JSC value of complex 46 

suggests other losses are occurring from the cell.   

Under standard testing conditions the best Ru(II) DSSCs (on TiO2) have JSC values in 

the range of 16-22 mA cm
-2

 and VOC values of 0.7-0.86 V.  These JSC and VOC values 

correspond to fill factors between 0.65-0.8.
22

  The best performing dye in this 

dipyrrinato series is complex 49 with a solar conversion efficiency of 0.6%, which is 

still significantly lower than the best dyes in the literature.
17-19, 22, 216-219, 262

  The fill 

factor for this complex of 0.69 is slightly larger than the reference dye (N719) which 

indicates that the complex should perform well.  The VOC value for complex 49 of 0.42 

is less than half the magnitude of the VOC value of reference dye (N719); however, the 

JSC value for complex 49 is nearly seven times smaller than the JSC value of the 

reference dye.  In particular the low JSC value of complex 49 suggests that there are 

losses occurring from the cell.   



152 

The Rh(III)-dipyrrinato complex 51 (on TiO2) has an average efficiency of 0.245%.  

The JSC values obtained for 51 are much smaller than the reference dyes (Table 4.7) and 

the best Ru(II) dyes reported in the literature.
22

  The fill factor for this complex is larger 

than the reference dye (N719).  However, the JSC and VOC values, which are much lower 

than the values recorded for the reference dye, indicate there are losses from the cell.  

 

  Table 4.7. Solar cell performance on TiO2 and NiO
a
. 

Device Dye VOC 

(V) 
JSC 

b
 

 
Fill  

Factor (FF) 
η (%) 

TiO2 46 0.3 0.0140 0.42 0.017 
47 0.395 0.21 0.62 0.05 
47 0.400 0.22 0.64 0.06 
49c 0.42 2.1 0.69 0.6 
50 ~0 0.051 0.2 ~0 
51 0.515 0.63 0.71 0.23 
51 0.505 0.66 0.78 0.26 

N719 d,e 0.72 15.6 0.61 6.8 
395 e 0.615 3.25 0.7 1.4 

NiO 46 0.063 136 0.33 0.0028 
47 0 0 0 0 
50 0 0 0 0 
51 0.081 129 0.33 0.0034 

395 e 0.094 623 0.32 0.0180 
a The fabrication of the solar cells is outlined in Appendix D3.   
b Units for TiO2 cells = mA cm-2, units for NiO cells = A cm-2. 
c Complex 49 was tested at Hanyang University under standard testing conditions. 
d Reported solar cell efficiency is 10.1-11.2% (depending on the size the device).18  The 
value reported in this table was obtained under standard testing conditions at the 
University of Wollongong. 
e Structures of the reference dyes are given in Appendix D6. 

 

Complexes 47 and 50 on NiO both show solar conversion efficiencies of zero since the 

VOC, JSC, and fill factors for these complexes are zero.  Complexes 46 and 51 on NiO 

show the fill factor is comparable with that of the reference dye (395); however, the 

solar conversion efficiencies are much lower than 395 (Table 4.7).  The JSC values for 

both of the complexes are four- to five-fold lower than the value for the reference dye 

(395).  The VOC values for both of the complexes are slightly lower than the value for 

the reference dye (395).  The particularly low JSC values indicate that significant current 

losses are occurring.   
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The results reported in this thesis indicate which dyes are worthy candidates for further 

testing in regard to optimising the testing conditions for improving the solar conversion 

efficiency. Multiple testing of each dye in a new solar cell device is also required for 

reproducibility.    

The complexes with the carboxyl groups on the dipyrrinato ligand (46, 47, and 51) 

generate a photocurrent when irradiated following sorption onto TiO2.  Despite the poor 

energy conversion efficiencies this result is promising since it indicates that electron 

injection into the TiO2 is occurring.  The best of these complexes is the Rh(III)-

dipyrrinato complex 51.  Since there are few examples of Rh(III) complexes as 

sensitisers for dye-sensitised solar cells in the literature then the result from this first 

generation Rh(III)-dipyrrinato complex indicates that further work on the design of 

Rh(III)-dipyrrinato complexes is warranted in an attempt to improve the solar 

conversion efficiency.  For complexes 46 and 47, where the electron injection is 

anticipated to be from the * excited state of the dipyrrin, the poor solar conversion 

efficiencies may indicate that this method of electron injection is inferior to the 

“traditional” electron injection from the (Ru(II)→bipyridine) MLCT excited state of the 

Ru(II)-bipyridine of the dye. 

The best dyes employed as sensitisers for dye-sensitised cells in the literature have 

exploited the MLCT excited state of Ru(II) bipyridine dyes.  The best dye in this series 

of dipyrrinato dyes, complex 49 where the carboxyl groups are attached to the 

bipyridine ligands, most likely exploits the (Ru(II)→bipyridine) MLCT excited state.   

 

4.6 Summary 

The synthesis and characterisation of a series of Ru(II)-dipyrrinato complexes have 

been achieved.  Ru(II)-dipyrrinato complexes are attractive targets for solar energy 

conversion since they absorb light across a large proportion of the visible region.  

Resonance Raman, resonance Raman intensity analysis and DFT calculations reveal 

that upon excitation of the dipyrrinato ligand there is a large shift of electron density 

from the dipyrrin core out towards the phenyl ring.  This shift in electron density 

indicates that if the phenyl ring of the dipyrrinato ligand is functionalised with a suitable 

group for binding to TiO2 then electron injection may occur directly from the * 

excited state.  
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To the best of our knowledge, these are the first Ru(II)-dipyrrinato and Rh(III)-

dipyrrinato complexes tested in solar energy conversion.  Despite poor energy 

conversion efficiencies from this series of dipyrrinato dyes the results are promising 

since they indicate that electron injection into the TiO2 is occurring.   

 

4.7 Future work 

Optimising the testing conditions is required to fully evaluate this series of dipyrrinato 

solar cell dyes.  Different semiconductor surfaces (such as ZnO and SnO2), electrolytes, 

and solvent systems need to be explored to improve the solar conversion efficiencies.  

For reliable results each complex should be tested multiple times to ensure 

reproducibility.  From these results the position of the carboxyl binding group, the effect 

of the functional group on the dipyrrinato ligand can be fully evaluated and the best 

method of charge injection in dipyrrinato complexes can be inferred.   

Future synthetic targets include dipyrrinato ligands substituted with a diphenylamino 

functional group (Figure 4.38) to investigate the role charge separation plays in 

Ru(II)-dipyrrinato complexes as DSSC dyes.  

 

 

Figure 4.38. Structure of two future target complexes with diphenylamino substituents 

on the dipyrrinato ligand where charge separation should be more favourable. 

   

Metallophthalocyanine dyes sensitised onto TiO2 has shown that phthalocyanine dyes 

and their derivatives warrant investigation as solar cell dyes.
259, 263, 264

  Recall that 

azadipyrrin ligands can be considered to be half phthalocyanines.  As such suitably 
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designed azadipyrrin ligands complexed with Ru(II) are worthy targets to investigate for 

DSSC applications and water splitting devices (Figure 4.39).  Recently there has been a 

focus on producing light-harvesting complexes which absorb solar radiation in the red 

to IR wavelengths
21, 260, 263-265

 and it is anticipated that Ru(II)-azadipyrrinato complexes 

will have a significantly red shifted absorption maximum with respect to 

Ru(II)-dipyrrinato complexes.  The synthetic protocol established in this thesis and by 

past members should provide routes to these future target complexes. Post-synthetic 

modifications of the methyl substituents (in the β-positions) of the azadipyrrinato ligand 

could afford the appropriate groups for binding to TiO2. 

 

 

Figure 4.39. Structure of the target azadipyrrin ligands and future target 

Ru(II)-azadipyrrinato complexes. 

 

The long term focus for the synthesis and characterisation of new dipyrrinato complexes 

in solar energy applications requires fast and ultrafast kinetic measurements for 
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complexes reported in this thesis.  Information on the excited state lifetimes and excited 

state dynamics is crucial for designing next generation dipyrrinato complexes and 

improving the performances of these complexes in photochemical devices. 
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Chapter 5 

 

 

Luminescent Re(I)-dipyrrinato complexes and their applications 

 

5.1 Background to Re(I)-polypyridine complexes 

Re(I), a d
6
 metal in the third row of the periodic table, generally forms stable complexes 

with polypyridine or other diimine ligands often with three carbon monoxide 

co-ligands.
104, 266

  These types of Re(I) complexes have rich and well characterised 

photochemical properties and continue to be an intense area of research.
104, 266

  Upon 

light absorption, the Re(I) centre, can transfer electron density from its d orbitals to the 

low-lying * orbitals of aromatic ligands such as bipyridine to form a metal-to-ligand 

charge transfer (MLCT) excited state.  Irradiation into the MLCT manifold of many 

Re(I) complexes of the type [Re(bipy)(CO)3Cl] or [Re(bipy)(CO)3PR3]
+
 results in 

photochemical ligand substitution reactions.
104, 267-271

  

Re(I)-polypyridine complexes and their derivatives have interesting photophysical 

properties such as intense luminescence
269, 270, 272-276

 and have found applications in 

solar energy conversion
277

 and photocatalysis.
198, 278, 279

   

 

5.1.1 Applications of Re(I)-polypyridyl complexes 

5.1.1.1 Catalytic reduction of CO2 

Complexes of the type fac-[Re(bipy)(CO)3L]
n+

 where L = NCS
-
, Cl

-
, P(OEt)3, P(O-iPr)3 

are known to catalytically reduce CO2 to CO upon absorption of visible light.
278-281

 The 

proposed mechanism for this catalytic cycle (Figure 5.1) begins with the reductive 

quenching of the triplet (
3
MLCT) excited state by triethanolamine (TEOA), to produce 

the one electron reduced (OER) species, [Re(bipy)(CO)3L]
•-
.  Elimination of L

-
 from the 

OER species, to give [Re(bipy
•-
)(CO)3], is a key step in the photocatalytic reaction.  It is 

assumed the CO2 coordinates in the vacant coordination site resulting in the CO2 

adduct.  At this point the OER species donates an electron to the CO2, to produce CO 

and 0.5O2.  The starting material (58) is regenerated by the re-coordination of the 

eliminated L anion.
279

  Recently, binuclear and tetranuclear Ru(II)- and Re(I)-
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polypyridine complexes have also shown capacity to catalytically reduce CO2
199, 281

and 

in some cases these complexes are remarkably efficient.
282

 

 

Figure 5.1. The catalytic reduction of CO2 by a Re(I)-polypyridine complex (58).  

 

5.1.1.2 Photochemical ligand substitution (PLS) reactions 

Efficient photochemical ligand substitution is observed for fac-[Re(bipy)(CO)3(PR3)]
+

 

complexes.  This yields cis-trans-[Re(bipy)(CO)2(PR3)L]
n+

 where PR3 is a tertiary 

phosphine or phosphite and the entering ligand L is chloride, pyridine, or CH3CN.
269

  

The substitution reaction occurs by the loss of the CO group trans to the axial PR3 

ligand.  Labelling studies (
13

CO) were consistent with a dissociative mechanism where 

the axial CO trans to the phosphorus ligand was labilised.
270

  Mechanistic studies 

strongly suggest that the photochemical ligand substitution reaction occurs from an 

excited state (probably 
3
MC) which is thermally accessible from the lowest 

3
MLCT 

excited state (Figure 5.2), particularly when the photosubstitution reaction involves a 

dissociative mechanism.
283
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Figure 5.2. A simplified Jablonski diagram describing the activated loss of the carbonyl 

ligand trans to the PR3 of fac-[Re(bipy)(CO)3(PR3)]
+
. 

  

Moderately efficient photochemical ligand substitution was also reported recently by 

Ishitani and others for  fac-[Re(bipy)(CO)3Cl] and fac-[Re(bipy)(CO)3Y]
+
 to yield 

fac-[Re(bipy)(CO)2LCl] where Y is pyridine or CH3CN and the entering ligand L is 

pyridine or CH3CN. Mechanistic studies illustrated that in this case the photochemical 

ligand substitution differs from previously described studies in that it does not proceed 

from the lowest 
3
MLCT excited state.  Rather the reactions probably proceed from 

higher vibrational levels of the 
1
MLCT state or higher electronic states such as * or 

higher lying Re-bipy or Re-CO 
1
MLCT states.

268
 

 

5.1.1.3 Solar cells 

Re(I)-diimine complexes have been successfully incorporated into solar cells.  While 

there are limited examples of applications as photosensitisers in DSSCs,
284

 there are 

multiple instances of applications in bulk heterojunction solar cells.
277, 285, 286

 

 

5.2 Objectives of this work and target complexes 

The applications of Re(I)-polypyridyl complexes combined with the strong light 

absorbing properties of dipyrrin ligands (ε ≈ 20 000 M
-1

 cm
-1

 in the visible region) 

provide the rationale for exploring Re(I)-dipyrrinato complexes.  Such complexes are 

expected to have interesting spectroscopic properties with potential applications in 
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catalytic reduction of CO2 and as sensitisers in DSSCs or water splitting devices.  The 

incorporation of dipyrrinato ligands has the advantage over Re(I)-polypyridyl systems 

in that it will move the light absorption into the visible region of the spectrum, which is 

crucial for further development of devices which rely on solar radiation.  

In exploratory work in our group, the coordination of dipyrrinato ligands to Re(I) was 

achieved to prepare the first known Re(I)-dipyrrinato complexes (Figure 5.3).  There is 

one example of a non-emissive Re(I)-azadipyrrinato complex in the literature.
85
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Figure 5.3. First generation Re(I)-dipyrrinato complexes 59 and 60. 

 

As an extension to this exploratory work in our group, further Re(I)-dipyrrinato 

complexes were targeted with a variety of different dipyrrin ligands (Figure 5.4).  This 

chapter focuses on the synthesis, characterisation, and spectroscopic properties of a 

series of new Re(I)-dipyrrinato complexes. It was anticipated that the electronic (and 

redox) properties of the complexes could be tuned by incorporating different functional 

groups on the aryl substituent of the dipyrrin ligand (Figure 5.4A).  The ester functional 

group in ligand 34 is electron withdrawing.  The methoxy and diphenylamino 

substituents in ligands 52 and 61, respectively, are both electron donating groups.  

Diphenylamino substituents are also well known for extending the charge separation 

distance in complexes in DSSCs.
21, 287

  The rotation of the meso-phenyl substituent is an 

important non-radiative pathway for the relaxation of dipyrrin-centred excited states.
41, 

48, 90, 231
  Re(I)-dipyrrinato complexes of ligand 56 were targeted since the rotation of the 

phenyl ring is restricted using the mesityl functional group.  This is one common 

method employed in the literature
41, 48, 50, 90, 91

 for enhancing the emission of dipyrrinato 

complexes.   
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Figure 5.4. (A) Structure of the dipyrrin ligands (LH) employed in this chapter and (B) 

target Re(I)-dipyrrinato complexes.  The ligand is deprotonated to give L
-
 before 

coordination to the Re(I) centre. 

 

5.3 Experimental details 

5.3.1 Computational procedures 

All calculations were performed using Gaussian 03
232

 or Gaussian 09.
145

  Calculations 

were carried out by using density functional theory (DFT), with the B3LYP exchange-

correlation functional.  The SDD basis set was used for all calculations.  Self-consistent 
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reaction field methods, more specifically the polarisable continuum model (C-PCM) of 

Barone,
151

 were used to model solvent effects.  All calculations were carried out using 

the C-PCM model.  Attempts were made to optimise the full structure of 60 and 65, 

using a SDD basis set with the C-PCM model.
151

  However, the calculations failed to 

converge for complexes 60.  This is most likely due to the phenyl rings on the triphenyl 

phosphine rotating and preventing the calculation from finding the minimum on the 

potential energy surface or there are a number of equivalent minima.  There is good 

agreement between bond lengths and angles of the calculated structure and the crystal 

structure of 60 therefore it is sufficient to use the crystal structure in place of the 

optimised geometry calculation.  Following this, the optimised geometry of 60 and the 

crystal structure geometry of 65
32

 was used to perform time-dependent DFT 

calculations.  All further calculations were carried out using the C-PCM solvent model.  

Excited-state energies and oscillator strengths were calculated using time-dependent 

methods with the basis set described above. Electron density difference maps were 

generated by subtracting the ground-state one-particle total density from the one-particle 

densities for selected excited-states using the Cubeman utility in Gaussian 03.  

 

5.3.2 Experimental procedures  

5.3.2.1 Synthesis of dipyrrin ligands 

The synthesis and purification of the ligands, 34-35 and 52 and 56 are outlined in the 

relevant sections of chapter 2 and 4.  The synthesis of ligand 61 is outlined in the 

literature.
32

 

 

5.3.2.2 Synthesis of fac-[ReL(CO)3Cl][NEt3H], 59 and fac-[ReL(CO)3PR3] 60 and 62-

66 

The synthesis (via conventional heating) and purification of 59, 60 and 64 were 

established by previous members of the group and are outlined in the literature.
32

 These 

characterisation data have been included here for comparison purposes.  Both 

conventional and microwave heating methods (as outlined below) have been developed 

in the synthesis of 60 and 62-66 (Figure 5.5). 
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Conventional method (method A) 

Re(CO)5Cl (0.70 mmol) and LH (1 equiv.) were dissolved in dry toluene (15 mL) and 

heated to 100 °C under argon. Dry NEt3 (~2 equiv.) was added via a syringe and heating 

continued for 1 h. PR3 (PPh3 or n-PBu3) (1 equiv.) was then added and heating 

continued for a further 1 h. All volatiles were removed under reduced pressure before 

the product was obtained as an orange crystalline solid by chromatography on neutral 

deactivated alumina. 

 

Microwave method (method B) 

Re(CO)5Cl (0.354 mmol) and LH (1.25 equiv.) were dissolved in dry toluene (5 mL).  

Dry NEt3 (~2 equiv.) was added and the reaction was heated to 100 °C for 15 mins in a 

microwave synthesizer (open vessel mode) under argon. PR3 (PPh3 or n-PBu3) (1 

equiv.) was then added and heating continued for a further 15 mins. All volatiles were 

removed under reduced pressure before the product was obtained as an orange 

crystalline solid by chromatography on neutral deactivated alumina. 

 

Synthesis of 59 

Yield: 75%.  
1
H NMR (400 MHz, CDCl3, 25 °C): δ 

(ppm) 1.26 (t, J = 7.20 Hz, 9H), 2.93 (q, J = 7.20 Hz, 

6H), 3.97 (s, 3H), 6.35 (dd, J = 4.20, 1.60 Hz, 2H), 6.45 

(dd, J = 4.20, 1.60 Hz, 2H), 7.44 (dd, J = 7.80, 1.60 Hz, 1H), 7.59 (dd, J = 7.80, 1.60 

Hz, 1H), 8.05 (m, 3H), 8.09 (dd, J = 7.80, 1.60 Hz, 1H); 
13

C NMR (100 MHz, CDCl3, 

25 °C): δ (ppm) 8.66, 46.22, 52.29, 117.86, 128.18, 128.49, 129.83, 130.08, 130.72, 

130.82, 136.24, 143.75, 146.45, 154.02, 166.87, 193.48, 198.89; Anal. Calcd for [59] 

C26H29ClN3O5Re: C, 45.58; H, 4.27; N, 6.13. Found C, 45.77; H, 4.38; N, 6.12; UV-Vis 

(DMSO): λmax / nm (ε / L mol
-1

 cm
-1

):  487 (33 800), 308 (10 100); ESI-MS (-ve mode): 

m/z 583.7 ([M
-
]); IR (cm

-1
): 729 (m), 762 (m), 829 (w), 897 (w), 995 (m), 1030 (s), 

1242 (m), 1279 (m), 1340 (m), 1377 (m), 1551 (m), 1716 (m), 1863 (s), 1888 (s), 2004 

(s).  
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Synthesis of 60, via Method A 

Purification was achieved by chromatography on neutral 

deactivated alumina, eluting with CH2Cl2/hexane (1/7).  Yield: 

87%.  
1
H NMR (500 MHz, CDCl3, 25 °C): δ (ppm) 3.96 (s, 

3H), 6.38 (m, 2H), 6.42 (m, 2H), 6.78 (dd, J = 7.9, 1.4 Hz, 1H), 7.01 (m, 6H), 7.37 (m, 

6H), 7.48 (m, 3H), 7.52 (dd, J = 7.9, 1.4 Hz, 1H), 7.78 (d, J = 1.4 Hz, 2H), 8.01 (dd, J = 

7.9, 1.4 Hz, 1H), 8.09 (dd, J = 7.9, 1.4 Hz, 1H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 

52.24, 119.16, 128.14, 128.36, 128.45, 129.80, 129.83, 129.99, 130.01, 130.42, 130.83, 

131.58, 133.42, 133.53, 136.10, 143.14, 146.39, 154.63, 166.94, 189.53, 196.4; 
31

P 

NMR (161.9 MHz, CDCl3): δ (ppm) 11.26;  Anal. Calcd for [60] C38H28N2O5PRe: C, 

56.36; H, 3.49; N, 3.46. Found C, 56.62; H, 3.70; N, 3.47; UV-Vis (CH2Cl2) λmax/nm (ε 

/ L mol
-1

 cm
-1

): 491 (36 600), 302 (sh, 11 100), 262 (sh, 18 100); MALDI-MS: m/z = 

809.2 ([M
+
]); IR (cm

-1
): 723 (m), 750 (m), 829 (m), 893 (w), 993 (s), 1036 (s), 1099 

(w), 1240 (m), 1277 (m), 1342 (m), 1381 (m), 1541 (m), 1727 (m), 1880 (s), 1913 (s), 

2015 (s).  

 

Synthesis of 62, via Method B 

Purification for this complex was achieved by dissolving the crude 

product in minimal hexane/CH2Cl2 (1/2) and loading onto neutral 

deactivated alumina and eluting with CH2Cl2/hexane (1/7).  The 

gradient was gradually increased to CH2Cl2/hexane (1/5).  Further purification was 

achieved by recrystallisation from hot hexane and CH2Cl2.  Yield: 37%. 
1
H NMR (500 

MHz, CDCl3, 25 °C): ppm6.29 (d, J = 4.4 Hz, 2H), 6.40 (d, J = 4.4 Hz, 2H), 6.53 

(d, J = 7.6 Hz, 1H), 6.93 (m, 6H), 7.24 (m, 7H), 7.36 (m, 6H), 7.68 (m,  2H); 
13

C NMR 

(125 MHz, CDCl3): (ppm) 118.59, 126.69, 127.06, 128.00, 128.32, 128.39, 129.70, 

129.91, 130.24, 130.56, 130.88, 131.87, 133.45, 133.54, 136.68, 138.54, 147.84, 154.21 

196.51; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 19.80; Anal. Calcd for [62] 

(C36H26N2O3PRe): C, 57.51; H, 3.49; N, 3.73. Found: C, 57.22; H, 3.45; N, 3.70; UV-

Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 489 (38 100), 316 (sh, 7 400), 270 (sh, 13 900); 

ESI-MS (+ve mode): 753.8 m/z ([M + H]); IR (cm
-1

): 697 (m), 722 (m), 744 (s), 773 

(w), 837 (w), 872 (w), 885 (w), 993 (s), 1030 (s), 1091 (w), 1193 (w), 1206 (w), 1240 

(m), 1341 (m), 1379 (m), 1407 (w), 1435 (w), 1544 (s), 1890 (s), 1909 (s), 2010 (s). 

Synthesis of 63, via Method A 



165 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2 and adsorbing to neutral deactivated 

alumina and eluting with CH2Cl2/hexane (1/7).  The gradient 

was gradually increased to CH2Cl2/hexane (1/5).  Further purification was achieved by 

recrystallisation from hot hexane and CH2Cl2.  Yield: 49%. 
1
H NMR (500 MHz, CDCl3, 

-10 °C):  (ppm) 3.86 (s, 3H), 6.30 (dd, J = 1.5, 4.4 Hz, 2H), 6.36 (dd, J = 2.4, 8.4 Hz, 

1H), 6.46 (dt, J = 1.5, 4.4 Hz, 2H), 6.79 (dd, J = 2.4, 8.4 Hz, 1H), 6.89 (m, 7H), 7.23 

(td, J = 2.2, 8.0 Hz, 6H), 7.30 (dd, J = 2.4, 8.4 Hz, 1H), 7.35 (m, 3H), 7.69 (d, J = 1.5 

Hz, 2H); 
13

C NMR (125 MHz, CDCl3):  (ppm) 55.32, 112.32, 118.46, 128.30, 128.37, 

128.88, 128.89, 130.57, 130.90, 131.02, 131.84, 133.45, 133.54, 137.00, 147.90, 

154.03, 159.54, 196.51; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 11.31; Anal. Calcd for 

[63] (C37H28N2O4PRe) · 0.25C6H14: C, 57.56; H, 3.95; N, 3.49. Found: C, 57.32; H, 

3.66; N, 3.64; UV-Vis (CH2Cl2) λmax / nm (ε / L mol
-1

 cm
-1

): 488 (37 700), 357 (5 700), 

274 (13 700); ESI-MS (+ve mode): 783.7 m/z ([M + H]); IR (cm
-1

): 694 (m), 729 (m), 

750 (m), 769 (m), 820 (m), 888 (w), 993 (s), 1034 (s), 1092 (w), 1175 (m), 1239 (s), 

1290 (w), 1340 (m), 1379 (m), 1410 (w), 1434 (w), 1537 (m), 1883 (s), 1910 (s), 2013 

(s).  

 

Synthesis of 64, via Method A 

Yield: 93%.  
1
H NMR (500 MHz, CDCl3, 25 °C):  (ppm) 1.63 

(s, 3H), 1.94 (s, 3H), 2.33 (s, 3H), 6.18 (dd, J = 1.5, 4.4 Hz, 2H), 

6.37 (dt, J = 1.5, 4.4 Hz, 2H), 6.82 (s, 1H), 6.86 (s, 1H), 7.04 (m, 

6H), 7.23 (tt, J = 2.0, 6.5 Hz, 6H), 7.33 (m, 3H), 7.47 (d, J = 1.5 Hz, 2H); 
13

C NMR 

(125 MHz, CDCl3):  (ppm) 19.40, 19.57, 21.08, 118.73, 127.30, 127.66, 128.29, 

128.37, 129.96, 130.15, 130.74, 131.07, 133.64, 133.72, 135.23, 135.73, 136.03, 

137.01, 137.06, 146.98, 153.96; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 12.97; Anal. 

Calcd for [64] (C39H32N2O3PRe): C, 59.00; H, 4.06; N, 3.49. Found: C, 59.28; H, 4.20; 

N, 3.53; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 490 (42 100), 280 (11 600); ESI-MS 

(+ve mode): 833.7  m/z ([M + K]); IR (cm
-1

): 695 (m), 723 (m), 729 (m), 746 (m), 772 

(m), 836 (m), 864 (w), 887 (w), 993 (s), 1031 (s), 1092 (w), 1194 (w), 1244 (m), 1342 

(m), 1378 (m), 1409 (w), 1436 (w), 1548 (s), 1885 (s), 1916 (s), 2012 (s).  
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Synthesis of 65, via Method A 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2 and adsorbing to neutral deactivated 

alumina and then eluting with CH2Cl2/hexane (1/7).  Further 

purification was achieved by recrystallisation from hot hexane and CH2Cl2.  Yield: 

36%. 
1
H NMR (500 MHz, CDCl3, -10 °C): ppm6.26 (dd, J = 2.0, 8.30 Hz, 1H), 

6.34 (dd, J = 1.50, 4.40 Hz, 2H), 6.56 (dt, J = 1.50, 4.40 Hz, 2H), 6.84 (m, 6H), 6.91 

(dd, J = 2.0, 8.30 Hz, 1H), 7.03 (dd, J = 2.0, 8.30 Hz, 1H), 7.08 (t, J = 7.3 Hz, 2H), 7.16 

(m, 4H), 7.22 (m, 7H), 7.32 (m, 7H), 7.69 (d, J = 1.5 Hz, 2H); 
13

C NMR (125 MHz, 

CDCl3): ppm 118.43, 123.34, 124.86, 128.28, 128.36, 129.41 129.88, 129.89, 

130.55, 130.88, 131.78,  132.19, 133.44, 133.53, 136.82, 147.51, 147.83, 148.01, 

153.98, 196.43; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 11.35; Anal. Calcd for [65] 

(C48H35N3O3PRe) · 0.33C6H14: C, 63.55; H, 3.92; N, 4.66. Found: C, 63.36; H, 4.22; N, 

4.44; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 490 (40 500), 302 (34 800); ESI-MS 

(+ve mode): 920.7 m/z ([M + H]); IR (cm
-1

): 697 (s), 717 (m), 733 (m), 758 (m), 821 

(m), 889 (w), 994 (s), 1035 (s), 1092 (w), 1192 (m), 1239 (m), 1282 (w), 1331 (m), 

1341 (m), 1379 (m), 1409 (m), 1435 (w), 1486 (m), 1533 (m), 1590 (m), 1881 (s), 1912 

(s), 2011 (s). 

 

Synthesis of 66, via Method B 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2/hexane (1/4) and loading onto neutral 

deactivated alumina and eluting with CH2Cl2/hexane (1/7).  

The gradient was gradually increased to CH2Cl2/hexane (1/3).  Further purification was 

achieved by recrystallisation from hot hexane and CH2Cl2.  Yield: 78%. 
1
H NMR (500 

MHz, CDCl3, 25 °C): ppm0.83 (t, J = 7.1 Hz, 9H), 1.12 (m,  12H), 1.43 (m, 6H) 

3.97 (s, 3H), 6.40 (dd, J = 1.4, 4.4 Hz, 2H), 6.50 (d, J = 1.1, 4.4 Hz, 2H), 7.37 (d, J = 

7.9 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.96 (q, J = 1.4 Hz , 2H), 8.10 (m,  2H); 
13

C NMR 

(125 MHz, CDCl3): (ppm) 13.59, 23.47, 23.66, 24.43, 24.53, 25.09, 25.11, 52.32, 

118.68, 128.40, 128.63, 129.68, 130.11, 130.65, 131.38, 136.12, 143.30, 146.05, 

154.66, 166.75, 196.69; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) -7.60; Anal. Calcd for 

[66] (C32H40N2O5PRe): C, 51.26; H, 5.38; N, 3.74. Found: C, 51.37; H, 5.37; N, 3.74; 

UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 485 (36 400), 303 (8 700); ESI-MS (+ve 
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mode): 789.8 m/z ([M+K]); IR (cm
-1

): 727 (m), 759 (w),  781 (w), 832 (w),  893 (w), 

966 (w), 986 (m), 994 (m), 1034 (s), 1112 (w), 1194 (w), 1241 (m), 1282 (m), 1343 

(m), 1378 (m), 1410 (m), 1436 (w), 1539 (m), 1569 (m), 1609 (w), 1723 (m), 1881 (s), 

1910 (s), 2010 (s), 2873 (w), 2934 (w), 2960 (w). 

 

5.3.2.3 Synthesis of [ReL(CO)2(PR3) (PR'3)], 67-73 

Both conventional and microwave heating methods (as outlined below) have been 

developed in the synthesis of 67-73 (Figure 5.5). The synthesis and purification of 70 

was established by previous members of the group and is outlined in the literature.
32

 

These characterisation data have been included here for comparison purposes. 

 

Conventional method (method C) 

[ReL(CO)3PR3] (0.027 mmol) and PR3 (PPh3 or n-PBu3) (~2.5 equiv.) were combined 

in dry toluene (11 mL).  The reaction was heated to 100 °C for ~48 hours. The reaction 

was monitored by TLC to check for the disappearance of [ReL(CO)3PR3].  All volatiles 

were removed under reduced pressure and the crude product was obtained as a red or 

brown solid by chromatography on deactivated neutral alumina. 

 

Microwave method (method D) 

[ReL(CO)3PR3] (0.185 mmol) and PR3 (PPh3 or n-PBu3) (~5.5 equivalents) were 

combined in dry toluene (5 mL).  The reaction was heated to 130 °C for 45 mins in a 

microwave synthesizer (closed vessel mode, power = 200 W, pressure = 250 psi).  All 

volatiles were removed under reduced pressure and the crude product was obtained as a 

red or brown solid by chromatography on deactivated neutral alumina. 

 

Synthesis of 67, via Method C 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2 and adsorbing to neutral deactivated 

alumina and then eluting with CH2Cl2/hexane (1/7).  Further 

purification was achieved by recrystallisation from hot hexane and CH2Cl2.  Yield: 

49%. 
1
H NMR (500 MHz, CDCl3, 25 °C):  (ppm) 3.97 (s, 3H), 5.84 (dd, J = 1.3, 4.3 
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Hz, 2H), 6.07 (dd, J = 1.3, 4.3 Hz, 2H), 6.93 (d, J = 8.3 Hz, 2H), 7.09 (m, 14H), 7.17 (t, 

J = 7.4 Hz, 12H), 7.25 (t, J = 7.4 Hz, 6H), 7.98 (d, J = 8.3 Hz, 2H); 
13

C NMR (125 

MHz, CDCl3):  (ppm) 52.30, 118.77, 127.77, 127.81, 127.84, 128.17, 129.01, 129.43, 

129.90, 130.40, 133.10, 133.22, 133.44, 133.58, 133.61, 133.66, 135.22, 144.04, 

144.46, 153.87, 166.93, 203.90; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 19.79; Anal. 

Calcd for [67] (C55H43N2O4P2Re): C, 63.27; H, 4.15; N, 2.68. Found: C, 63.24; H, 4.19; 

N, 2.54; UV-Vis (CH2Cl2) λmax / nm (ε / L mol
-1

 cm
-1

): 480 (25 500), 307 (16 300); ESI-

MS(+ve mode): 1045.7 m/z ([M + H]); IR (cm
-1

): 693 (s), 723 (m), 746 (m), 827 (m), 

893 (w), 990 (s), 1032 (s), 1092 (m), 1193 (w), 1243 (s), 1274 (m), 1343 (m), 1378 (m), 

1410 (w), 1433 (m), 1482 (w), 1550 (m), 1724 (m), 1836 (s), 1912 (s).  

 

Synthesis of 68, via Method D 

Purification for this complex was achieved by dissolving the crude 

product in hexane/CH2Cl2 (1/2) and loading onto neutral deactivated 

alumina and eluting with CH2Cl2/hexane (1/7).  The gradient was 

gradually increased to CH2Cl2/hexane (1/3).  Further purification was achieved by 

recrystallization from hot hexane and CH2Cl2.  Yield: 80%. 
1
H NMR (500 MHz, CDCl3, 

25 °C):  (ppm) 5.81 (d, J = 4.2 Hz, 2H), 6.13 (d, J = 4.2 Hz, 2H), 6.89 (d, J = 7.8 Hz, 

2H), 7.03 (s, 2H), 7.10 (m, 12H), 7.16 (t,  J = 7.8 Hz, 12H), 7.23 (m, 6H), 7.30 (m, 2H), 

7.35 (m, 1H); 
13

C NMR (125 MHz, CDCl3):  (ppm) 118.36, 126.75, 127.56, 127.73, 

127.76, 127.80, 128.92, 129.84, 130.72, 133.19, 133.36, 133.53, 133.60, 133.64, 

133.68, 135.80, 139.34, 145.82, 153.47;  
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 19.86; 

Anal. Calcd for [68] (C53H41N2O2P2Re) · 3H2O: C, 61.20; H, 4.55; N, 2.69. Found: C, 

61.16; H, 4.28; N, 4.66; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 481 (27 300), 312 (14 

600); ESI-MS (+ve mode): 986.8 m/z ([M
+
]); IR (cm

-1
): 695 (s), 721 (m), 743 (m), 771 

(w), 836 (w),  993 (m), 1031 (s), 1093 (w), 1195 (w), 1244 (m), 1282 (w), 1343 (m), 

1378 (m), 1410 (w), 1432 (w), 1481 (w), 1552 (m), 1827 (s), 1906 (s). 

 

Synthesis of 69, via Method D 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2 and adsorbing to neutral deactivated 

alumina and then eluting with CH2Cl2/hexane (1/7).  Further 

purification was achieved by recrystallisation from hot hexane and CH2Cl2.  The 
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gradient was gradually increased to CH2Cl2/hexane (1/4).  Yield: 86%. 
1
H NMR (500 

MHz, CDCl3, 25 °C):  (ppm) 3.87 (s, 3H), 5.83 (dd, J = 1.3, 4.2 Hz, 2H), 6.20 (d, J = 

4.2 Hz, 2H), 6.83 (m, 4H), 7.04 (s, 2H), 7.09 (m, 12H), 7.16 (t, J = 7.4 Hz, 12H), 7.23 

(t, J = 7.4 Hz, 6H); 
13

C NMR (125 MHz, CDCl3):(ppm) 55.32, 112.21, 118.24, 

127.71, 127.75, 127.78, 128.91, 130.71, 131.71, 131.85, 133.21, 133.38, 133.55, 

133.61, 133.65, 133.69, 136.16, 145.87, 153.41, 159.28, 204.03; 
31

P NMR (161.9 MHz, 

CDCl3): δ (ppm) 19.76; Anal. Calcd for [69] (C54H43N2O3P2Re) · 3H2O: C, 60.65; H, 

4.44; N, 2.57. Found: C, 60.61; H, 4.62; N, 2.62. UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 

cm
-1

): 481 (25 400), 321 (12 200); ESI-MS (+ve mode) 1016.6 m/z ([M
+
]); IR (cm

-1
): 

695 (s), 727 (m), 771 (w), 803 (m), 813 (m), 887 (w), 899 (w), 994 (m), 1030 (m), 1093 

(m), 1172 (w), 1248 (m), 1292 (w), 1343 (m), 1377 (m), 1410 (w), 1432 (w), 1481 (w), 

1554 (m), 1610 (w), 1822 (s), 1904(s).   

 

Synthesis of 70, via Method C 

Yield: 95% 
1
H NMR (500 MHz, CDCl3, 25 °C):  (ppm) 1.57 (s, 

6H), 2.30 (s, 3H), 5.87 (d, J = 5.0 Hz, 2H), 6.14 (d, J = 5.0 Hz, 

2H), 6.78 (s, 2H), 6.99 (t, J = 5.0 Hz, 2H), 7.06 (m, 12H), 7.15 (t, J 

= 10.0 Hz, 12H), 7.22 (t, J = 10.0 Hz, 6H); 
13

C NMR (125 MHz, CDCl3):  (ppm) 

19.64, 21.01, 29.71, 118.88, 127.41, 127.74, 127.78, 128.95, 133.16, 133.33, 133.85, 

133.89, 133.93, 135.00, 135.83, 136.60, 153.42, 194.83; 
31

P NMR (161.9 MHz, 

CDCl3): δ (ppm) 18.89; Anal. Calcd for [70] (C56H47N2O2P2Re) · 0.25CH2Cl2 
. 

0.33C6H14: C, 64.89; H, 4.87; N, 2.60. Found: C, 64.63; H, 5.05; N, 2.53; UV-Vis 

(CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 487 (27 600), 315 (12 600); ESI-MS (+ve mode): 

1067.7 m/z ([M + K]); IR (cm
-1

): 696 (s), 741 (m), 774 (w), 834 (m), 864 (w), 885 (w), 

985 (m), 1030 (m), 1090 (w), 1193 (w), 1242 (m), 1343 (m), 1376 (m), 1410 (w), 1433 

(w), 1481 (w), 1550 (m), 1834 (s), 1909 (m). 

 

Synthesis of 71, via Method D 

Purification for this complex was achieved by dissolving the 

crude product in CH2Cl2 and adsorbing to neutral deactivated 

alumina and then eluting with CH2Cl2/hexane (1/7).  Further 

purification was achieved by recrystallisation from hot hexane and CH2Cl2.  Yield: 

59%. 
1
H NMR (500 MHz, CDCl3, 25 °C): δ (ppm) 5.88 (dd, J = 1.4, 4.3 Hz, 2H), 6.32 
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(d, J = 4.3 Hz, 2H), 6.78 (d, J = 6.6 Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 7.07 (m,  2H), 

7.10 (m, 14H), 7.17 (t, J = 7.4 Hz, 16H), 7.24 (t, J = 7.7 Hz, 6H), 7.32 (m, 4H); 
13

C 

NMR (125 MHz, CDCl3): δ (ppm) 118.21, 121.40, 123.17, 124.70, 127.73, 127.77, 

127.80, 128.94, 129.40, 130.67, 130.96, 133.20, 133.25, 133.54, 133.62 133.66, 133.70, 

135.96, 145.94, 147.39, 147.67, 153.34; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) 19.80; 

Anal. Calcd for [71] (C65H50N3O2P2Re): C, 67.69; H, 4.37; N, 3.64. Found: C, 67.55; H, 

4.42; N, 3.73; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 481 (27 200), 303 (39 500); IR 

(cm
-1

): 695 (s), 722 (m), 808 (m), 889 (w), 986 (s), 1023 (s), 1091 (w), 1180 (w), 1194 

(w), 1245 (m), 1282 (w), 1342 (m), 1379 (m), 1410 (w), 1432 (w), 1485 (w), 1543 (m), 

1589 (w), 1832 (s), 1907 (m).  

 

Synthesis of 72, via Method D 

Purification for this complex was achieved by dissolving the 

crude product in minimal hexane/CH2Cl2 (2/1) and loading onto 

neutral deactivated alumina and eluting with CH2Cl2/hexane 

(1/7).  Yield: 92%. 
1
H NMR (500 MHz, CDCl3, 25 °C): ppm0.82 (t, J = 7.1 Hz, 

18H), 1.19 (m,  24H), 1.45 (m, 12H) 3.96 (s, 3H), 6.35 (dd, J = 1.3, 4.4 Hz, 2H), 6.43 

(dd, J = 1.3, 4.3 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 7.95 (t, J = 1.3 Hz, 2H), 8.08 (d,  J = 

8.2 Hz, 2H); 
13

C NMR (125 MHz, CDCl3): (ppm) 13.71, 24.51, 24.55, 24.60, 25.00, 

25.11, 25.15, 25.20, 52.26, 118.18, 128.42, 129.77, 130.06, 130.37, 135.88, 144.08, 

144.62, 153.59, 166.84, 204.32; 
31

P NMR (161.9 MHz, CDCl3): δ (ppm) -5.87; Anal. 

Calcd for [72] (C43H67N2O4P2Re): C, 55.88; H, 7.31; N, 3.03. Found: C, 56.16; H, 7.57; 

N, 2.87; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-1

): 474 (40 900), 300 (9 500); 

MALDI-MS: 924.51 m/z ([M
+
]); IR (cm

-1
): 723 (m), 760 (m),  774 (w), 826 (w), 873 

(w), 893 (w), 985 (m), 1027 (s), 1097 (w), 1111 (w), 1191 (w), 1209 (w), 1240 (m), 

1275 (m), 1340 (m), 1376 (m), 1407 (w), 1436 (w), 1544 (m), 1569 (w), 1610 (w), 1729 

(m), 1825 (s), 1903 (s), 2871 (w), 2932 (w), 2957 (w). 

 

Synthesis of 73, via Method D 

Purification for this complex was achieved by dissolving the 

crude product in ethyl acetate/hexane (1/1) and loading onto 

neutral deactivated alumina then eluting with ethyl 

acetate/hexane (1/40).  Further purification was achieved by recrystallisation from hot 
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methanol and H2O.  Yield: 47%. 
1
H NMR (500 MHz, CDCl3, 25 °C): ppm0.83 (t, J 

= 6.7 Hz, 9H), 1.21 (m, 12H), 1.52 (m, 6H), 4.00 (s, 3H), 6.14 (dd, J = 1.3, 4.4 Hz, 2H), 

6.28 (dd, J = 1.3, 4.4 Hz, 2H), 7.03 (dd, J = 1.8, 7.9 Hz, 1H), 7.12 (m, 6H), 7.21 (m, 

6H), 7.26 (m, 3H), 7.35 (dd, J = 1.8, 7.9 Hz, 1H), 7.54 (t, J = 1.3 Hz, 2H), 8.06 (m, 2H); 

13
C NMR (125 MHz, CDCl3): (ppm) 13.66, 24.46, 24.55, 24.88, 25.09, 52.26, 118.48, 

127.73, 127.80, 128.29, 128.33, 128.86, 129.61, 129.80, 130.14, 130.40, 130.49, 

133.57, 133.89, 135.56, 144.03, 144.51, 153.76;  
31

P NMR (161.9 MHz, CDCl3): δ 

(ppm) 21.46, 20.19, -4.70, -5.92; Anal. Calcd for [73] (C49H55N2O4P2Re): C, 59.80; H, 

5.63; N, 2.85. Found: C, 59.79; H, 5.60; N, 2.86; UV-Vis (CH2Cl2) λmax (ε / L mol
-1

 cm
-

1
): 474 (32 200), 301 (14 000); MALDI-MS: 984.4 m/z ([M+]); IR (cm

-1
): 723 (m), 760 

(m),  774 (w), 826 (w), 873 (w), 893 (w), 985 (m), 1027 (s), 1097 (w), 1111 (w), 1191 

(w), 1209 (w), 1240 (m), 1275 (m), 1340 (m), 1376 (m), 1407 (w), 1436 (w), 1544 (m), 

1569 (w), 1610 (w), 1729 (m), 1825 (s), 1903 (s), 2871 (w), 2932 (w), 2957 (w). 

 

5.3.2.4 Photochemical synthesis of [ReL(CO)2(PPh3)(CD3CN)], 74 

60 (~ 0.0070 g, ~ 8.6 mol) was dissolved (with sonication) in 

CD3CN (~ 0.8 mL).  The sample was irradiated (with stirring) 

using 355 nm excitation from a Quantel Brilliant B Nd:YAG 

pulsed laser (10 ns pulses) with a power output of 40-45 mW for 2-2.5 hours.  The 

sample was half wrapped in aluminium foil to improve the efficiency of the reaction.  

The progress of the reaction was monitored by 
1
H NMR, UV-Vis and IR spectroscopy.  

After 2.5 hours ~ 95% conversion was observed by NMR.  Exhaustive attempts to 

isolate the product for a full characterisation were made, however the product is 

unstable.  
1
H NMR (500 MHz, CD3CN, 25 °C): ppm 3.92 (s, 3H), 6.15 (dd, J = 1.3, 

4.1 Hz, 2H), 6.22 (dd, J = 0.9, 4.4 Hz, 2H), 7.07 (m, 6H), 7.10 (d, J = 7.1 Hz, 1H), 7.22 

(td,  J = 1.6, 7.2 Hz, 6H), 7.28 (tq,  J = 1.3, 7.1 Hz, 3H), 7.44 (dd,  J = 2.0, 8.8 Hz, 1H), 

7.62 (s, 2H), 8.02 (d,  J = 8.4 Hz, 2H); 
13

C NMR (125 MHz, CD3CN): (ppm) 51.89, 

118.32, 127.81, 127.89, 128.06, 128.13, 129.18, 129.86, 130.13, 130.27, 130.56, 

131.66, 131.74, 133.06, 133.13, 134.72, 135.10, 135.71, 143.66, 145.68, 153.83, 

159.68, 166.52, 203.13;  
31

P NMR (161.9 MHz, CD3CN3): δ (ppm) 29.92;  UV-Vis 

(CD3CN) λmax: 472, 300; IR (cm
-1

) (C≡O only): 1833 (s), 1913 (s). 
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5.3.3 General procedures 

5.3.3.1 Resonance Raman solutions 

The weak fluorescence of the Re(I)-dipyrrinato complexes did not prevent resonance 

Raman measurements.  Solutions of the Re(I)-dipyrrinato complexes were prepared in 

dichloromethane with concentrations ranging between 367 – 778 M for resonant 

Raman measurements at excitation wavelengths of 458 nm, 488 nm, and 514.5 nm.  

Only 458 nm and 488 nm wavelengths are presented in this thesis.  

 

5.3.3.2 Fluorescence protocol 

All samples were subjected to 3-4 freeze pump thaw (FPT) cycles to removed dissolved 

oxygen before the emission spectrum was recorded.  Fluorescence cells were dried, 

fitted with a septum, and purged with argon, before the sample was introduced.  For 

complexes 59-60 and 62-65 an excitation wavelength of 485 nm was used with slit 

widths of 7 nm.  For complexes 66 and 70, an excitation wavelength of 480 nm was 

used with slit widths of 10 nm. 

 

5.3.3.3 Relative quantum yield measurements 

With an emission maximum of ~640 nm cresyl violet perchlorate is an ideal standard 

for emission in the red region of the spectrum.  The absolute quantum yield of cresyl 

violet was reported at room temperature, in a variety of solvents, using multiple 

techniques with an average quantum yield of 0.54 ± 0.03.
288, 289

  This value is reported 

to be insensitive to oxygen.
288

 

Relative quantum yields were determined in dichloromethane relative to cresyl violet in 

methanol (ФF = 0.54 ± 0.03, excitation 540 nm)
288

, using equation 1.10: 

                                         

2

( ) ( )
S X X

F X F S

X S S

A F n

A F n

   
     

   
                                  (1.10) 

where F  is the emission quantum yield, A is the absorbance at the excitation 

wavelength, F is the area under the emission curve, and n is the refractive index of the 

solvents used. The subscripts s and x refer to the standard and the unknown, 

respectively.   
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A solution of cresyl violet (2 mg) was prepared in methanol (500 mL).  This solution 

was diluted 10-fold and the absorbance value at the excitation wavelength (540 nm) was 

typically recorded as ~ 0.037, followed by a further dilution (4 mL into 100 mL) to give 

a typical absorbance value of ~ 0.0015.  This solution was used for quantum yield 

measurements.  The relatively large slit widths required for a respectable emission 

spectrum of the Re(I)-dipyrrinato complexes proved problematic when measuring the 

emission spectrum of the standard.  To avoid saturating the detector on the fluorimeter, 

the absorbance of the cresyl violet had to be significantly below the ideal 0.04 – 0.05 

absorbance units. 

Typically, the ideal absorbance for fluorescence measurements is between 0.04 – 0.05.  

This absorbance is best achieved by obtaining a solution around 0.5 absorbance units 

followed by a careful 10-fold dilution.
143

  However, owing to the extremely low 

emission intensity from the Re(I)-dipyrrinato complexes the optimum absorbance was 

determined to be around 0.1 ± 0.02 after FPT cycles.  At these absorbance values we 

can possibly expect that the emission intensity is no longer proportional to the 

concentration of the sample.  This can result in lower emission intensities as a result of 

self-absorption. [Self-absorption occurs at higher concentrations where the analyte can 

absorb some of the emission].  The Re(I)-dipyrrinato samples were all prepared in 

dichloromethane for the relative quantum yield measurements.     

The emission quantum yields could not be measured using the integrating sphere 

attachment of the fluorimeter due to the very weak emission intensity of these 

complexes combined with the number of reflections which take place in an integrating 

sphere before the photons reach the detector.  

 

5.3.3.4 Quenching studies 

After recording the emission spectra of 60 and 62-65 2 mL of air was pumped into each 

sample using a syringe and needle, and the emission spectrum was re-recorded. 

A solution of methyl viologen (49 mg, 0.19 mmol, Sigma) was prepared in methanol 

(25 mL).  Each Re(I)-dipyrrinato complex was prepared in methanol and the dissolved 

oxygen removed by FPT cycles. 3 mL of each sample was injected into the argon-filled 

fluorescence cell (fitted with a septum).  Using Beer’s Law (A = 0.1 ± 0.02), the 

concentration of each complex was determined (after FPT cycles) and therefore the 

number of moles of the complex were determined.  After recording the emission spectra 
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of 60 and 62-65 in methanol, methyl viologen was titrated into the sample using a 25 μL 

syringe.  After each titration, the sample was mixed via gentle shaking and the emission 

spectrum re-recorded.  Titrations were continued until the emission was quenched.  

From the fluorescence intensity and using (5.1):
290, 291

 

                                                          

0

1 [ ]SVK Q



                                                    (5.1) 

the Stern-Volmer quenching constant, KSV, could be obtained from the Stern-Volmer 

plots ( 1




0

- as a function of [Q]), where 0 
is the quantum yield in the absence of 

methyl viologen and  is the quantum yield in the presence of methyl viologen, and [Q] 

is the concentration of the methyl viologen. 

 

5.3.3.5 Photochemical ligand substitution (PLS) reactions 

A ModuLaser Stellar-Pro argon laser (458 nm, 488 nm, and 514.5 nm excitation), a 

Quantel Brilliant B Nd:YAG pulsed laser (355 nm excitation) and a mercury arc lamp 

(200 nm and 250 nm excitation) were all used as irradiation sources in the 

photochemical ligand substitution reactions of the Re(I)-dipyrrinato complexes.  These 

sources typically provided 40-50mW of power at the sample. 

 

5.4 Results and Discussion 

5.4.1 Synthesis  

The general synthetic routes to the three families of complexes ([HNEt3][ReL(CO)3Cl], 

[ReL(CO)3PR3], and [ReL(CO)2(PR3)(PR'3)] where R and R' are either phenyl or n-

butyl) are given in Figure 5.5.  Each complex was obtained in moderate to excellent 

yields.  Conducting these reactions using microwave irradiation rather than 

conventional heating shortened the reaction times and generally led to improved yields. 

The reaction between [Re(CO)5Cl], a dipyrrin ligand (LH), and triethylamine in hot 

toluene yields fac-[ReL(CO)3Cl][HNEt3] as a deeply coloured orange crystalline solid 

(Figure 5.5).  This complex is formed by the displacement of two CO ligands from 

[Re(CO)5Cl].  The dipyrrinato ligand coordinates in the cis position relative to the 

chloride ligand.  These complexes show a tendency to decompose over a few weeks at 
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room temperature; therefore, these complexes were not isolated for each dipyrrin ligand.  

Rather, the in situ displacement of the chloride ligand in fac-[ReL(CO)3Cl] [HNEt3] by 

PR3 (R = phenyl, n-butyl) in hot toluene was found to reliably produce 

fac-[ReL(CO)3PR3] complexes (Figure 5.5).  These complexes can be isolated as 

orange/green dichroic crystals, which are stable at room temperature when stored in the 

dark.  The addition of further PR'3 (R' = phenyl, n-butyl) in hot toluene results in the 

displacement of the CO ligand trans to the coordinated phosphine ligand to produce 

[ReL(CO)2(PR3)(PR'3)] (Figure 5.5) as crystalline red or brown solids.  Typically, PR3 

= PR'3; however, mixed phosphine complexes such as 73 can be prepared.  

 

 

Figure 5.5. The synthetic routes to Re(I)-dipyrrinato complexes 59-60 and 62-73. 

 

The synthetic methodology that we have established for the Re(I)-dipyrrinato 

complexes shares similarities with Re(I)-bipyridine chemistry.
266, 292

 For example, the 

reaction between [Re(CO)5Cl] and bipyridine in hot toluene yields fac-

[Re(bipy)(CO)3Cl] and further reaction with a phosphine ligand (PR3) furnishes 

fac-[Re(bipy)(CO)3PR3]
+
.  In the latter step Ag(I) salts are typically employed to assist 

in the displacement of the chloride ligand from [Re(bipy)(CO)3Cl];
274, 280, 293

 however, 

this is not required for the above Re(I)-dipyrrinato complexes.  Synthetic routes to 
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[Re(bipy)(CO)2(PR3)2]
+
 complexes are highly varied, and both thermal and 

photochemical pathways have been employed from [Re(bipy)(CO)3Cl].
269, 272, 294-296

  A 

two-step procedure employing both photochemical and thermal synthesis has been 

employed to efficiently obtain mixed phosphine products, 

[Re(bipy)(CO)2(PR3)(PR'3)]
+
.
269

   

 

5.4.2 NMR spectroscopy  

The structure of the fac-[ReL(CO)3PR3] complexes was determined in solution by 
1
H 

NMR spectroscopy in CDCl3.  The 
1
H NMR and 

31
P NMR spectra of all the fac-

[ReL(CO)3PR3] complexes are consistent with the anticipated Cs symmetry of these 

complexes.   

 

Figure 5.6.  Labelling scheme adopted in the discussion of the 
1
H NMR spectra of the 

Re(I)-dipyrrinato complexes.  For complexes 60 and 62-66, X = CO, Y = PR3 and 

complexes 67-73, X = PR3 and Y = PR'3.  Note that protons H
d/d'

 are replaced by methyl 

groups in 64 and 70. 

 

The average Cs symmetry is reflected by the magnetic equivalence of the H
a-c

 and H
a'-c'

 

protons (Figure 5.6).  In all cases the six pyrrolic protons are observed as three sets of 

peaks; two peaks corresponding to four protons (H
b
/H

b'
 and H

c
/H

c'
) are found between 

6.18 – 6.50 ppm and a third peak, corresponding to two protons (H
a
/H

a'
), is shifted 

downfield in the range 7.47 – 7.96 ppm.  However, the chemical shifts of the phenyl 

ring protons of the dipyrrinato ligand are rather varied and distinctive for each complex.  

Rapid rotation of the phenyl ring (and hence magnetic equivalence of H
d
/H

d'
 and H

e
/H

e'
)

 

is not observed in the NMR spectra for most of the complexes at room temperature (25 

°C).  This indicates that the transannular torsion angle () averages 90°, however, the 

phenyl ring most likely rocks about this angle.  In the NMR spectra of 63 and 65, the 
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phenyl ring resonances are broad and unresolved, which indicates that the phenyl ring 

rotation occurs on the NMR timescale in these cases.  The rotation of the phenyl ring 

can be frozen out using low temperature NMR (-10 °C) to give four distinct peaks 

(Figure 5.7 and Figure E1).  One of the phenyl ring protons (H
d'
) of 60, 62-63 and 65 

experiences a significant upfield shift (to ~ 6.26 − 6.78 ppm) compared to the 

corresponding resonances in 59 and 66.  This is a consequence of its proximity to the  

clouds of the PPh3 ligand.   

 

 

Figure 5.7. The aromatic region of the 
1
H NMR spectrum of 63 in CDCl3 at (A) room 

temperature (25 °C); and (B) low temperature (-10 °C). Labelling scheme is given in 

Figure 5.6.  The unlabelled peaks correspond to the PPh3 resonances. 

 

The 
1
H NMR and 

31
P NMR spectra of the [ReL(CO)2(PR3)(PR'3)] complexes (67-73) 

are consistent with their expected C2h point group symmetry (Figure E2 for a 

representative example).  With the exception of 73, these complexes have two-fold 

rotational symmetry and therefore H
a-c

/H
a'-c'

 and H
d-e

/H
d'-e'

 are magnetically equivalent.  
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The symmetry in 73 is broken by the coordination of two different phosphine (PPh3 and 

n-PBu3) ligands.  Therefore its 
1
H NMR spectrum resembles the spectra of 60 and 62-66 

(discussed above) where the protons H
a-c

/H
a'-c'

 are magnetically equivalent and protons 

H
d-e

/H
d'-e'

 give rise to four distinct peaks. 

 

5.4.3 Electronic and vibrational spectroscopy and TD-DFT calculations 

All complexes were further characterised in the solid state by IR spectroscopy (Table 

5.1).  Three strong bands are observed in the IR spectrum in the range 1880–2012 cm
-1

, 

for 59-60 and 62-66 which is consistent with the facial disposition of the carbonyl 

ligands about a pseudo-octahedral metal centre.
297

  These vibrations are assigned as a 

totally symmetric in-phase vibration, A′(1), an out-of-phase totally symmetric vibration, 

A′(2), and an out-of-phase anti-symmetric vibration A″ (Figure 5.8A).
298

  For 

complexes 67-73, two strong bands are observed between 1822–1912 cm
-1

 which 

parallels [Re(bipy)(CO)2(PPh3)2]
+
 and [Re(bipy)(CO)2(PR3)2]

+
 type complexes.

272, 294
  

These vibrations are assigned as an out-of-phase totally symmetric vibration, A′(2) and 

an out-of-phase anti-symmetric vibration A″ (Figure 5.8B). By comparison with related 

complexes,
43

 all of the prominent peaks in the 1727 − 995 cm
-1

 region are attributable to 

vibrational modes of the dipyrrinato ligands and their functional groups.  

 

 

Figure 5.8. Vibrational modes of the carbonyl ligands in (A) [ReL(CO)3PR3] and (B) 

[ReL(CO)2(PR3)2] complexes. 
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The electronic absorption spectra of 59, 60, and 67 are presented in Figure 5.9 as a 

representative selection of the complexes in each family.  All complexes display an 

intense band centred between 480 – 491 nm (Table 5.1) which may be ascribed to an 

intraligand * transition (S0  S1) on the dipyrrinato ligand but also involves some 

orbital contribution from the phenyl ring (refer to chapter 2 and chapter 4).
53, 92

  The 

position of the * absorption bands are similar to those observed for other dipyrrinato 

complexes and are relatively insensitive to the identity of the metal ion (refer to chapters 

3 and 4).
24, 26, 42, 43, 48, 50, 88, 91

  Exciton coupling
88

 is not observed in these complexes 

since the complexes only contain a single dipyrrinato ligand.  Some vibronic structure is 

apparent on the high energy side of the * band, particularly for the complexes 59-60 

and 62-66.  Vibronic structure is commonly observed as a shoulder on the high energy 

side of the dominant absorption feature for many other dipyrrinato complexes
26, 31, 88, 90

 

as well as BODIPY type complexes.
58

  

 

 

Figure 5.9. Representative absorbance spectra of each family of Re(I)-dipyrrinato 

complexes recorded in CH2Cl2; [ReL(CO)3Cl][NEt3H] (59, black), [ReL(CO)3PPh3] 

(60,
 
red), and [ReL(CO)2(PPh3)2] (67, blue). 

 

There are subtle differences between the absorption spectra of [ReL(CO)3PR3] and 

[ReL(CO)2(PR3)(PR'3)] complexes: the absorption band for the * transition is 

broadened, slightly blue-shifted, and has a reduced intensity for [ReL(CO)2(PR3)(PR'3)] 

complexes.  There is also a clear trend in the absorption spectra of the complexes that 
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possess PBu3 ligands (66, 72, and 73) where the * transition is slightly blue-shifted 

with respect to their PPh3 counterparts.  The absorption spectrum of 66 parallels that of 

other [ReL(CO)3PR3] complexes in terms of peak intensity although the vibronic 

structure is less prominent in this case (Figure E3).   

Minor peaks (or shoulders) are observed in the absorption spectra of the complexes 

around 300 nm.  Similar spectral features have been observed for Ir(III)-dipyrrinato and 

certain BODIPYs complexes
50, 188

 (including diphenylamino-substituted BODIPYs
299

) 

where this has been ascribed to a dipyrrin-centred S0  S2 transition.  This assignment 

can be made for the Re(I)-dipyrrinato complexes on the basis of the excitation spectra 

(see later).  The  intensity of this S0  S2 transition is attributed to the rotation of the 

phenyl substituent where hindering the rotation of the phenyl ring reduces the 

probability of the transition.
188

 However, only a minor peak or a shoulder is observed in 

the absorption spectra of all Re(I)-dipyrrinato complexes even in complexes 62 and 68, 

where the rotation of the phenyl ring would be completely unhindered (Figure E4).  

Therefore this trend does not appear to exist for the Re(I)-dipyrrinato complexes. 

The exception to this is the diphenylamino-substituted dipyrrinato complexes (65 and 

71) which both display a prominent peak at 302 nm in the absorption spectra (Figure 

5.10).  The intensity of this peak has a similar magnitude to the dipyrrin-centred * 

(S0  S1) transition.    In addition to higher order * transitions (S0  S2), the lone 

pair of electrons on the nitrogen atom of the diphenylamino ligands enable the 

possibility of a n→* transition for these Re(I)-dipyrrinato complexes.
138

  n→* 

transitions occur when the electron is promoted from the non-bonding orbital of N, O, 

and S atoms to an antibonding  orbital.
139, 300

  Each transition is characterised by 

remarkably different properties.
139

  n→* transitions typically have low oscillator 

strengths and can be hidden by the intensity of the * transition.
138

  A charge transfer 

transition should also be possible for complexes 65 and 71 since resonance forms of the 

diphenylamino complexes exist (Figure 5.11). 
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Figure 5.10. Absorption spectra of 65 (black solid line) and 71 (red solid line) and 

emission spectra of 65 (black dotted line, ex = 485 nm) in CH2Cl2. 

 

Figure 5.11. Illustration of the resonance forms of diphenylamino substituted 

Re(I)-dipyrrinato complex 65. 

 

The electronic absorption spectra of literature examples containing diphenylamino 

substituted ligands show absorption bands in the region of 300-400 nm.  Intense 

absorption bands in this region have been assigned to * transitions
301, 302

 while the 

weaker absorption band is assigned as a n→* transition.
302

  The intensity of the 

transition centred at 302 nm in these complexes suggests that the origin of the transition 

is not n→* transition,
138

 however, a weaker n→* transition coincident with this 

strong transition cannot be eliminated. 

Resonance Raman spectroscopy with excitation wavelengths of 458 and 488 nm were 

used to confirm that the dominant transition in the visible region of the absorption 

spectra is localised on the dipyrrinato ligand.  Resonance Raman spectra for 60 and 67 

are presented as representative examples for all the complexes in Figures 5.12 and 5.13, 

respectively.  All other resonance Raman spectra are present in the Appendix E (Figures 
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E5-E15).  These spectra closely resemble the resonance Raman spectra of ligand 

(chapter 2) and related complexes (at these wavelengths) already presented.   Table E1 

displays the Raman shifts of complexes 60 and 67 against the Raman shifts of 

Ru(II)-dipyrrinato complex 46 and dipyrrin ligand 34.  All of the prominent peaks in the 

region 400 – 1620 cm
-1

 are attributable to vibrational modes of the dipyrrinato ligand
42, 

53
 (also refer to chapter 2), while in the region 1620 – 2200 cm

-1
 weak overtones and 

combinations are present.   

 

 



Table 5.1. Summary of optical properties (in CH2Cl2) and IR bands of Re(I)-dipyrrinato complexes. 

 Absorption Emission IR 

Complex Abs. max. 
(nm) 

λmax 
(L mol-1 cm-1) 

Em. Max a 
(nm) 

Фem 
 

Stokes shift b 
(cm-1) 

CO modes 
(cm-1) 

59 487c 33 800 708d <0.001e 
6410 1863, 1888, 2004 

60 491 36 600 706, 762 0.0014 6202 1880, 1913, 2015 
62 489 38 100 694, 755 0.0026 6041 1890, 1909, 2010  
63 488 37 700 694, 751 0.0060 6083 1883, 1910, 2013 
64 490 42 100 688, 754 0.0051 5873 1885, 1916, 2012 
65 490 40 500 691, 751 0.0099 5936 1881, 1912, 2011 
66 485 36 400 711, 764 <0.001 e 6554 1881, 1910, 2010 
67 480 25 500 no emission   1836, 1912 
68 481 27 300 no emission   1827, 1906 
69 481 25 400 no emission   1822, 1904 
70 487 27 600 706d < 0.001 e 6370 1834, 1909 
71 481 27 200 no emission   1832, 1907 
72 474 40 900 no emission   1825, 1903 
73 474 32 200 no emission   1825, 1903 

74 472 - not 
measured 

  1834, 1914 

a The excitation wavelength was 485 nm for 59-60 and 62-65 and 480 nm for 66 and 70. 
b The Stokes shifts are calculated using the absorption maximum and the high energy emission peak. 

c Recorded in DMSO. 
d Emission is very weak and the long wavelength emission peak is not visible. 
e Emission was too weak to allow a more accurate estimation of the quantum yield. 

1
8
3
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Table E1 shows that most of the peaks that appear in the resonant Raman spectra of the 

Ru(II)-dipyrrinato complex (46) (and dipyrrin ligand 34) also appear in the resonant 

Raman spectra of all the Re(I)-dipyrrinato complexes.  Substantial structural 

reorganisation of the phenyl ring occurs in the * excited state for the uncoordinated 

dipyrrin ligand 34 (chapter 2) and Ru(II)-dipyrrinato complex 46 (chapter 4).  This 

indicates that the same vibrational modes of the dipyrrinato ligand are involved in 

transforming the Re(I)-dipyrrinato complexes from the ground state geometry to its 

excited state geometry.  The intensity patterns observed in the resonant Raman spectra 

of the Re(I)- and Ru(II)-dipyrrinato complexes are significantly different.  For example, 

the modes at 872 and 898 cm
-1

, which can be assigned (by comparison to the 

assignments given in chapters 2 and 4) as dipyrrin (including the phenyl group) 

deformations, are significantly enhanced for the Re(I)-dipyrrinato complexes relative to 

the Ru(II)-dipyrrinato complexes.  The different intensity patterns indicate that the 

dipyrrin * transitions in the Ru(II)- and Re(I)-dipyrrinato complexes do result in 

slightly different excited state dipyrrin geometries. 

 

 

Figure 5.12. Resonance Raman spectra of 60 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 
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Figure 5.13. Resonance Raman spectra of 67 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

Re(I)-dipyrrin MLCT electronic transitions may be expected to be accessible in these 

complexes.  For MLCT transitions, the enhancement of the CO vibrational modes via  

backbonding to the Re(I) centre
303

 can typically be observed in the resonance Raman 

spectra.  However, strong enhancement of the CO vibrational modes is not observed in 

the resonance Raman spectra (Figures 5.12/5.13 and E5-15) and therefore this would 

seem to rule out the coincidence of any such transitions with the * transition.   

TD-DFT calculations provide further insight.  The results of TD-DFT calculations of 60 

are presented as representative examples for all complexes (except complexes 65 and 

71).  Table 5.2 shows that multiple configurations contribute to the electronic 

transitions.  The molecular orbitals (Figure E16) are similar to the dipyrrinato 

complexes already presented in this thesis, where the occupied orbitals have amplitude 

centred only on the dipyrrin core and the unoccupied orbitals have amplitude on the 

dipyrrin core and extending out onto the phenyl ring.  The multiple configurations make 

a simple interpretation difficult and therefore the electron density difference (EDD) 

plots are used to simplify the analysis.   

The large oscillator strength (412 nm,  = 0.340) transition confirms the nature of the 

transition assigned as * in the experimental absorption spectrum (491 nm).  This 
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transition has contributions from the HOMO-2, HOMO, and LUMO orbitals.  In 

particular, the HOMO-2 orbital has mixed Re(I), CO, dipyrrinato ligand character.  The 

EDD plots for this transition (Figure 5.14) shows the electron density shifts away from 

the dipyrrin core (green) out towards the phenyl ring (blue).   There is also some change 

in electron density at the Re centre indicating a significant degree of MLCT character.  

Metal contribution is also observed in the * transition of 46 (chapter 4) and in the 

Re(I)-azadipyrrinato complex.
85

 

The calculations predict closely spaced transitions at 444 nm ( = 0.039) and 435 nm ( 

= 0.088).  Electron density centred on the d orbitals of the Re centre (green) shifts 

predominantly onto the  orbitals of dipyrrin core with minimal density on the phenyl 

ring and functional group (blue), strongly suggesting MLCT character (Figure 5.14).  If 

the MLCT transition is coincident with the  transition of the dipyrrin enhancement 

of the CO modes is expected.
303

  The absence of the CO vibrational modes in the 

resonance Raman spectra can be rationalised as follows.  Resonance Raman intensities 

are related to the square of the transition dipole moment and the calculations predict the 

oscillator strengths of the MLCT transitions to be significantly lower than the nearby 

dipyrrin centred * transition.  Enhancements of the CO vibrational modes are 

unlikely to be observed in the resonance Raman spectra over the dominant vibrations 

associated with the dipyrrin core.  Therefore resonance Raman spectroscopy is 

inconclusive in determining the position and relative contribution of the MLCT 

transition. 

The calculations also reveal an intraligand charge transfer (ILCT) transition localised 

entirely on the dipyrrinato ligand (360 nm,  = 0.043) (Figure 5.14).  This transition 

may contribute to the observed shoulder generally attributed to vibronic effects, on the 

high-energy side of the * band in the absorption spectrum. 
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Calculated Experimental 
λ

(nm) 
Configuration 

(% contribution) 
Oscillator 
strengtha 

Assignment λ  
(nm) 

 
(M-1 cm-1

 ) 

444 HOMO-2→LUMO (63), 
HOMO-1→LUMO (-18), HOMO→LUMO (13) 

0.039 MLCT 
(Re-dipyrrin) 

  

435 HOMO-2→LUMO (11), HOMO-1→LUMO (75) 0.088 MLCT 
(Re-dipyrrin) 

  

412 HOMO-2→LUMO (-21), HOMO→LUMO (56) 0.340 π-π* 491 36 000 
360 HOMO→LUMO+1 (96) 0.043 ILCT   

a Only calculated oscillator strengths of greater than 0.03 are reported.
 

 

 

 

          444 nm                  435 nm                  412 nm               360 nm 

Figure 5.14. Electron density difference plots for the strongest transitions of 60.  Green 

represents depletion of electron density and blue represents accumulation of electron 

density. 

 

TD-DFT calculations were investigated to gain insight into the transitions expected for 

the diphenylamino substituted complexes 65 and 71.  The results of the calculations of 

65 (Table E2 and Figures E17-18) are discussed here as a representation of both 

diphenylamino substituted complexes (65 and 71).  Again the multiple configurations 

make for a difficult analysis which is further complicated by the diphenylamino 

substituent.  The large oscillator strength (396 nm,  = 0.362) transition correlates with 

the dominant band in the experimental absorption spectrum (490 nm) and is consistent 

with the previous assignment of a * transition centred on the dipyrrinato ligand.  

However, this transition appears to be slightly different from the other dipyrrin centred 

* transitions already presented in this thesis, in that the electron density is 

Table 5.2. Calculated and experimental absorption parameters for 60. 
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reorganised on the dipyrrin core and there is minimal accumulation of electron density 

on the phenyl ring. The EDD plots also indicate some MLCT character is expected for 

this transition.  Two closely spaced MLCT transitions are also predicted at 444 nm ( = 

0.031) and 440 nm ( = 0.077). 

The intensity of the transition (302 nm) in the absorption spectra of 65 and 71 suggests 

that the transition cannot be n → * transition.  An n → * transition is characterised by 

electron density shifting from the lone pair of electrons on the nitrogen of the 

diphenylamino substituent. However, the calculations show no evidence of such a 

transition.  The EDD plots for 65 show high energy transitions with significant 

oscillator strengths (288 nm,  = 0.139; 284 nm,  = 0.050; and to some extent 285 nm, 

 = 0.192) have movement of electron density (green) from the diphenylamino 

substituent is accumulating on the dipyrrin (blue) during the transitions (Figure E18).  

These transitions can all be described as * in nature, or more specifically as 

intraligand charge transfer transitions.  A combination of these three transitions is 

probably responsible for the prominent peak observed at 302 nm in the experimental 

absorption spectrum of 65 and 71.  

The emission properties of all the complexes in CH2Cl2 were also studied and the data 

are summarised in Table 5.1.  Figure 5.10 displays the emission spectrum of 65 and 

Figure E19 displays the excitation spectrum of 64 as a representative example.  Other 

fluorescence spectra are presented in Appendix E (Figures E20-E25).  Upon excitation 

into the dipyrrinato * absorption band (ex = 485) nm a vibronically structured
48, 50

 

doublet emission profile was observed for all the [ReL(CO)3PR3] complexes, with the 

first intense emission peak centred between 688 – 711 nm and the second weaker 

emission peak observed between 751 – 762 nm.  This equates to a large Stokes shift in 

the vicinity of 6000 cm
-1

.  All of the [ReL(CO)2(PR3)(PR'3)] complexes were non-

emissive, except for 70, which exhibited very weak emission.  The excitation spectrum 

of 64 (em = 700 nm, Figure E19) displays two prominent peaks at 490 nm and 299 nm.  

Assuming that the emission is from the dipyrrinato ligand, the peak at 490 nm (in the 

excitation spectrum) coincides with the transition (at 490 nm) assigned as a dipyrrin 

centred * transition in the absorption spectrum.  The peak at 299 nm can probably 

be attributed to the dipyrrinato S0 → S2 transition.  The excitation spectrum in the 

region of 250-300 nm is vastly different from the same region of the absorption 

spectrum.  This indicates that the higher energy electronic transitions are not emissive.  
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These transitions may be localised on regions of the complex that are electronically 

insulated from the dipyrrinato ligand. 

The relative emission quantum yields of all the [ReL(CO)3PR3] complexes were 

determined to be between 0.0014 and 0.0099 at room temperature in deoxygenated 

CH2Cl2 solution.  As established by many groups (including ours), one key non-

radiative pathway for the relaxation of dipyrrin-centred excited states involves the 

rotation of the meso-phenyl substituent.
41, 48, 53, 90, 231

  Enhanced emission is observed 

where this motion is hindered, for example in mesityl dipyrrinato complexes
41, 48, 50, 90, 91

 

or BODIPY complexes with substituents in the  or  positions.
231

  The relatively high 

emission quantum yield observed for 64 complements these earlier studies.  The 

quantum yields of the [ReL(CO)3PR3] complexes are similar to other dipyrrinato 

complexes
48

 but significantly lower than others.
40, 41, 49, 50, 90, 91, 304

 Re(I)-bipyridine 

complexes, where emission is from a 
3
MLCT state rather than a 

3
*, also typically 

have higher quantum yields.
269, 274, 305

 

 

 

Figure 5.15. Emission spectra of 65 in CH2Cl2 (ex = 485 nm).  The solid curve was 

measured following rigorous deoxygenation of the solvent, while the dotted curve after 

2 mL of air was bubbled through the sample. 
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The large Stokes shift is immediately suggestive of emission from a triplet excited 

electronic state where intersystem crossing from an initially formed singlet state is 

likely to be promoted by the heavy atom effect.
306

  This has previously been observed in 

both dipyrrinato complexes and BODIPYs.
48, 50, 307-309

  Emission from a triplet state is 

further supported by the dependence of the emission intensity on presence of both 

dissolved oxygen
140

 and methyl viologen (MV
2+

).  Emission intensity was greatest for 

rigorously degassed samples of 60 and 62-65; however it was significantly reduced 

when air was bubbled through the solution (Figure 5.15).  Titrations of methyl viologen 

(MV
2+

) into 65 (Figure 5.16A) revealed that Stern-Volmer kinetics (Figure 5.16B) are 

obeyed for this quencher.  Other spectra are given in Figures E20-25.  The two peaks in 

the emission spectrum are quenched at the same rate by MV
2+

, which strongly implies 

that the emission is arising from the same excited state.  MV
2+

 acts as a quencher by 

oxidizing the excited state of complexes 60 and 62-65.  This is an exciting observation 

in the context of employing these complexes as photocatalysts for the reduction of CO2 

or as dyes in dye-sensitised solar cells.  However, reductive quenching of the excited 

state of 60 and 62-65 by triethanolamine (TEOA) was not observed. 
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Figure 5.16. (A) Emission spectra of 65 in CH2Cl2 (ex = 485 nm) as a function of 

added methyl viologen (MV
2+

, 1-30 molar equivalents). (B) Stern-Volmer plot showing 

the quenching of emission from 65 by MV
2+

.  o 
is the quantum yield in the absence of 

MV
2+

 and  is the quantum yield in the presence of MV
2+

. 
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5.4.4 Photochemical ligand substitution (PLS) reactions 

Photochemical ligand substitution (PLS) reactions of many transition metal complexes, 

including Re(I)-polypyridyl complexes, are well known in the literature.
106, 257-261, 287

  

When a ligand such as bipyridine is coordinated to the Re centre the CO ligand trans to 

the axial PR3 ligand is labilised presumably via a metal-centred triplet excited state 

(
3
MC).  This state can be populated by internal conversion from the MLCT excited 

states (refer to Figure 5.2).
283

 

 

 

Figure 5.17. The proposed photoproducts from the photochemical ligand substitution 

reactions of 60 and 66.  Irradiation of 60 and 66 with 355 nm excitation is proposed to 

generate complexes 74 and 75, respectively.  Further reactions of 74 with PBu3 and 75 

with PPh3 produce complex 73. 

 

The PLS reactions of Re(I)-dipyrrinato complexes were briefly investigated using 

visible radiation (458 nm, 488 nm and 514.5 nm), a mercury arc lamp (200 nm and 250 

nm), and a pulse laser (355 nm, 40-45 mW average power).  No reaction was observed 

using visible excitation and the reaction was very slow using the mercury arc lamp.  The 

proposed reaction is given in Figure 5.17 to give the products where the CD3CN is trans 

to the phosphine ligand.  During the irradiation of a (deuterated) acetonitrile solution of 

60 significant changes were observed in the 
1
H NMR and 

31
P NMR spectrum (Figure 

5.18, Figure E26-27).  A laser-induced thermal (rather than photochemical) reaction can 

probably be ruled out on the basis of the low power input (40-45 mW) into the sample.  

The temperature of the sample, recorded during the reaction, did not rise above 30 °C 

during the photolysis reaction.  

After ~2.5 hours, approximately 95% of the starting material was consumed and a new 

set of peaks corresponding to a new complex were evident (Figure 5.18B).  Trace 

quantities of 67 are also observed by NMR.  A 
13

C NMR spectrum collected 
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immediately after the reaction shows that initially only one product is formed.  

Exhaustive attempts to isolate and purify the product were made; however the product is 

unstable and decomposes rapidly over a period of ~24 hours to give 60 (starting 

material), 67 and at least one other (unidentifiable) product on the basis of 
1
H NMR 

(Figure E28) and 
31

P NMR spectroscopy (Figure E27).  Presumably the starting 

material (60) is reformed by a thermal reaction of 74 with dissolved CO.  Free PPh3 

probably arises from the decomposition of 74, which provides a source of PPh3, to form 

67 (and a source of dissolved CO). 

 

 

Figure 5.18. Aromatic region of the 
1
H NMR spectrum of 60 (A) before and (B) after 

two hours irradiation with 355 nm laser light in CD3CN to give the proposed product 

74. 

 

The structure of the photolysis product is proposed to be 74 (Figure 5.17).  
1
H NMR 

(Figure 5.18), 
31

P NMR (Figure E27) and 2D-COSY NMR (Figure E29) spectra support 

this conclusion by indicating that the PPh3 ligand remains coordinated and the dipyrrin 

core retains its mirror symmetry.  Although mass spectrometry proved fruitless, this 
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conclusion is further supported by IR spectroscopy (Figure 5.19).  The peaks 

corresponding to 60 disappear, while peaks at 1840 cm
-1

 and 1920 cm
-1

 gradually grow 

into the spectrum.  These are assigned as the out-of-phase totally symmetric and anti-

symmetric vibrational modes expected for cis coordinated CO ligands (Figure 5.8B), as 

expected for 74.  Modest changes are also evident in the electronic absorption spectrum 

(Figure 5.20).  The vibronic structure of the * absorption band of 60 disappears, and 

this band broadens and shifts slightly blue shifted.  

 

 

Figure 5.19.  The photochemical conversion of 60 to 74 monitored by IR spectroscopy 

over a period of 150 minutes. 
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Figure 5.20. The photochemical conversion of 60 to 74 in CD3CN monitored by 

absorption spectroscopy over the period of 150 minutes.  Note that the spectra have 

been normalized. 

 

The PLS reaction of 60 was repeated in the presence of free PBu3.  In this case, 74 was 

anticipated to form as an intermediate; and that it would subsequently react with PBu3 

to yield complex 73 (Figure 5.17).  This reaction proceeds smoothly, and the 

characterisation of 73 produced in this manner was aided by comparison with the 

spectral data of thermally prepared material.  A PLS reaction also occurs if complex 66 

is irradiated in CD3CN, and it is assumed that this yields 75 (Figure 5.17).  73 is formed 

when this PLS reaction is conducted in the presence of PPh3.  A PLS reaction also takes 

place when 60 was irradiated in deuterated acetone which eventuated in the formation 

of 67.  It is proposed that the CO ligand trans to the PPh3 ligand in 60 is initially 

labilised and [ReL(CO)2(PPh3)((CD3)2CO)] is formed as an intermediate species.  Since 

the (CD3)2CO is likely to be weakly bound, this complex may decompose to liberate 

free PPh3, which subsequently reacts with further [ReL(CO)2(PPh3)((CD3)2CO)] to 

produce 67 (Figure E30). 
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For Re(I)-dipyrrinato complexes such as 60 and 66, suitable triplet excited states from 

which internal conversion to 
3
MC excited states could occur include the dipyrrinato 

centred 
3
*, the assumed 

3
MLCT (Re(I)-dipyrrin) state, and higher energy 

dipyrrinato centred states.  Unfortunately, the precise energy of these states is unknown.  

The 
3
* state that is responsible for the observed emission from the [ReL(CO)3PR3] 

complexes is probably too low in energy for internal conversion to a 
3
MC state to occur.  

This is supported by no observed PLS reaction using visible wavelength excitation into 

the * transition.  An alternative possibility is the direct population of the 
3
MC states, 

albeit with limited efficiency given the typically low oscillator strengths of d-d 

transitions.  In the case of PLS reactions described here there is only very limited 

absorption at 355 nm (Figure 5.9,  = 1000 M
-1

 cm
-1

 for 60).  The use of a pulse laser as 

an intense light source may compensate for the low efficiency of light absorption.  

 

5.5 Summary 

The synthesis and characterisation of the first Re(I)-dipyrrinato complexes have been 

achieved.  Complexes with the general formulae fac-[ReL(CO)3Cl][NEt3], 

fac-[ReL(CO)3PR3], and [ReL(CO)2(PR3)(PR'3)] have been prepared with a series of 

meso-substituted aryl dipyrrin ligands.  The complexes have prominent bands in the 

visible region of their absorption spectra which are ascribed to a * transition centred 

on the dipyrrinato ligand.  TD-DFT calculations indicate there may be a Re(I)-

dipyrrinato MLCT transition coincident with the * transition centred on the 

dipyrrinato ligand.  However, resonance Raman spectroscopy is dominated by 

vibrational modes associated with the dipyrrinato ligand and is inconclusive in 

determining the position of the MLCT transition.  TD-DFT calculations of the 

diphenylamino substituted dipyrrinato complex suggests that the intense high energy 

peak in the experimental absorption spectrum is an ILCT transition where the electron 

density shifts from the diphenylamino substituent to the dipyrrin core.  The calculations 

confirm there is no evidence of an n → * transition on the diphenylamino substituent. 

Excitation into the * band of the [ReL(CO)3(PR3)] complexes results in weak 

emission (quantum yields < 0.01) centred around 700 nm, and the large Stokes shift 

(~6000 cm
-1

) indicates emission from a triplet excited state.  Emission from these 

complexes is quenched by dissolved oxygen and methyl viologen (obeying Stern-

Volmer kinetics).  The ability of these complexes to harvest visible light and the 
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oxidation potential of their excited states (as estimated by quenching studies with 

methyl viologen) indicates that Re(I)-dipyrrinato complexes warrant further 

investigation as photocatalysts for the photochemical reduction of CO2 and water and as 

dyes for dye-sensitized solar cells.   

 

5.6 Future work 

The quenching of the emission of the Re(I)-dipyrrinato complexes by methyl viologen 

is an exciting observation.  This suggests that the reduction potential of the excited state 

is more negative than the reduction potential of methyl viologen.  Establishing the redox 

potential of these Re(I)-dipyrrinato complexes is an important step in confirming that 

these complexes are suitable candidates for catalysts in the reduction of CO2.  The redox 

potentials of the ground-state can be determined using electrochemical methods.  The 

redox potentials of the ground state together with the excited-state energy, which can be 

determined spectroscopically by extrapolation from the electronic absorption spectrum 

or as an output from the resonance Raman intensity analysis (RRIA), the excited-state 

redox potentials can then be estimated.  Furthermore, the redox process must be 

reversible to be efficient photocatalysts, but this can only be established by examining 

the products of the photoinduced redox processes. 

The nature of the electronic excited states and photophysical properties of these 

Re(I)-dipyrrinato complexes are important in the application of these complexes for 

solar energy conversion applications.  To further probe the electronic structure of the 

Re(I)-dipyrrinato complexes a detailed analysis of the absorption spectra, quantitative 

analysis of the resonance Raman (RRIA) in combination with a detailed computational 

chemistry analysis is underway. 
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Appendix A 

(Chapter 1) 

 

 

A1 Resonance Raman theory 

A1.1 Albrecht theory of resonance Raman  

Resonance Raman spectroscopy can only be understood by examining the coupling 

between the ground and electronic excited states, and consequently, is more closely 

related to absorption or fluorescence spectroscopy than to IR spectroscopy.  The formal 

theory underlying resonance Raman spectroscopy was developed by Albrecht.
170

  The 

following section is a summary from Long.
119

 For the resonance Raman case, the 

transition polarisability is given by: 
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The A term (given in A2 and sometimes called the Condon term) is non-zero, when two 

conditions are met. The transition dipole moments, 
0( )

g re e

p  and 
0( )

r ge e

p must be non-
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zero.  This condition requires the resonant electronic transition, g re e , to be 

electric-dipole allowed.  To observe strong scattering, the transition dipole moments 

should have considerable magnitudes.  For example, excitation into a charge transfer or 

a π-π* transition would result in a strong scattering, whereas excitation into a weak band 

such as a d-d transition would have a small A term and therefore negligible scattering 

(as a result of the A term).  The second condition requires the vibrational overlap 

integrals, ( ) ( ) ( ) ( )f g r r r r i g

k k k k    , to be non-zero for at least one value of ( )r r

k .  There 

will be no contribution from the A term if the electronic states ge  and re  are 

identical and therefore the vibrational overlap integrals are orthogonal and will be zero 

unless ( ) ( )f g r r

k k   and ( ) ( )r r i g

k k  .  Non-orthogonality arises when the vibrational 

frequency is different in the electronic states ge  and re , so that r g

k k   or when 

there is a displacement  along the normal coordinate, kQ of the potential energy 

minimum between the electronic states ge  and re .  This means that either the shape 

of the potential energy surface is different in the two electronic states or there is a 

displacement of kQ  along the normal coordinate.  If r g

k k  and 0kQ   then for 

transitions which ( ) ( ) 1f g i g

k k   are allowed, then the A term contributes to Raman 

scattering of the fundamental frequencies.  However, resonance Raman can also be 

complicated by overtones and combinations.  If the magnitude of kQ  is adequate, then 

the product of the vibrational overlap integrals may have magnitudes significant enough 

to observe transitions from ( ) 0i g

k   to ( ) 2,3,4....f g

k    Only totally symmetric modes 

result from the A term when 0kQ   and as a result of the molecular symmetry in the 

ground and excited states.  Further details on this can be found in the literature.
119

 

The B term (given in A3 and sometimes called the Herzberg-Teller term) involves the 

vibronic coupling of the resonant excited state re  to one other excited state se . The 

B term is usually much smaller than the A term but it plays an important role in 

resonance Raman scattering when the A term is zero.  The B term can be non-zero for 

both totally symmetric and non-totally symmetric fundamental modes.  For symmetric 

modes the excited states re  and se  must have the same symmetry.  But it is rare for 

electronic states of the same symmetry to be close together in energy and therefore the 

B term is usually irrelevant for totally symmetric modes.  To observe a non-totally 

symmetric normal coordinate ( kQ ), then the vibronic coupling term s r

k

e e
h must be 

effective in coupling the resonant excited state re  to a second excited state se . The 
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B term only contributes to Raman scattering of the fundamental frequencies and the 

particulars of this is detailed in the literature.
119

 

The C term (given in A4) relates to vibronic coupling of the ground electronic state ge  

to an excited electronic state te  and D term (given in A5) relates to vibronic coupling 

of the excited electronic state re  to two other excited electronic states se  and se
 .  

Both terms are likely to be negligible and are not discussed further. 

 

A1.2 Resonance Raman Intensity Analysis (RRIA)  

Resonance Raman is probably the most powerful technique for probing the first 0-100 

femtosecond nuclear dynamics of a molecule and therefore determining changes in the 

nuclear geometry following the excitation.  Consequently useful information about the 

nuclear dynamics can be gained from resonance Raman intensity analysis (RRIA).  The 

time-dependent formulation (as developed by Lee and Heller
310

) has been employed (as  

summarized) by Myers and others
161, 311-313

 to simulate both absorption and resonance 

Raman intensities.  The central points of these works have been concisely condensed in 

the literature
248

 and are as follows. 

The Raman amplitude between the initial and final vibrational states for a single 

resonant electronic state,
if , is calculated from equation A6 as the half-Fourier 

transform of the time-dependent overlap of a wavepacket propagating on the resonant 

electronic excited and the v  = 1 ground electronic state vibrational wavefunction:  

 

                       
0

1
, expif L f i L idt t i t g t        



                      (A6) 

where L  is the incident laser frequency, i  is the energy of the initial vibrational 

level.  This is set to zero as it is assumed that scattering from all modes in the simulation 

occurs from the ground vibrational level.    is the zero-zero (0-0) electronic transition 

frequency,   is the electronic zero-zero frequency shift due to inhomogeneous 

broadening.  
0f f   and 0i i   are the multidimensional ground state 

vibrational wavefunctions multiplied by the transition dipole moment and 

   expi it iHt    is the initial vibrational wavefunction propagated for a time, 

t, on the electronic excited state surface, by the excited state vibrational Hamiltonian. 

g(t) is the solvent broadening function, modelled as an overdamped Brownian 
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oscillator.
314

 Separable harmonic oscillators, with frequencies taken from the ground 

state Raman modes were used in the model for the potential energy surfaces. The 

ground and excited state normal modes are assumed to have the same form (so 

Dushinsky rotation is not considered), and non-Condon effects were not included. 

The differential Raman cross-section (the experimental observable), is calculated as 

(equation A7): 

                
3

2

4
,S L

i s if L if L S

i f

d
B d d G L

d c

 
       






  
   

   
          (A7) 

where iB  is the Boltzmann population of the initial vibrational state (assumed to be 

unity here) and  if L SL    is a Raman line-shape function.  G   is a normalized 

inhomogeneous broadening function which is taken to be Gaussian.  

The absorption cross-section is calculated using the following (equation A8) where the 

real part of the Fourier transform is taken and n  is the refractive index of the solvent. 

         
2

4
Re exp

3

L

A L i i i L i

i

B d G dt t i t g t
n c

  
         

 

 
        

              (A8) 

In the case of two resonant electronic states the Raman amplitude is calculated for each 

excited state surface and then summed before taking the modulus square to obtain the 

Raman intensity.
313

 The absorption cross-section is a simple sum. The angle between 

the transition dipole moments of the electronic transitions can usually be obtained from 

DFT calculations or crystal structures.  It is possible for vibrational modes to have 

displacements of opposite signs in each electronic state, although only the relative sign 

carries any significance.  

 

A2 Albrecht theory applied to SERS 

Recently, a theoretical description of surface-enhanced Raman using Albrecht’s 

approach (for resonant Raman scattering) has been proposed and summarised below.
126, 

315
  This approach provides a lucid and unified expression to describe the SERS 

enhancement which considers all three enhancement mechanisms.  The expression for 

the polarisability (α) is analogous to the Albrecht term; however, the expression is 

extended to consider the coupling of the molecule-metal system and to include the filled 

and unfilled levels of the conduction band of the metal.  
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Away from any (molecule-to-metal) charge transfer or molecular resonance (e.g. * 

transition or MLCT), then the A term vanishes and the B and C term are responsible for 

SERS intensities.  On resonance (with a charge transfer or molecular resonance), the A 

term becomes quite large and therefore totally symmetric Raman modes are observed, 

yet the A term does not contribute to SERS intensities when only resonant with the 

plasmon resonance of the metal surface.  In this situation the B and C terms are 

important and make substantial contributions to the observed SERS (and SE(R)RS) 

intensities via charge-transfer transitions between the molecule and metal nanoparticle. 

The size of the enhancement, the relative contribution from each of the resonances, and 

the relative intensities in the Raman spectrum depend critically on the choice of the 

excitation wavelength, the size, shape, and Fermi level of the nanoparticle, and the 

position, width, and oscillator strength of the molecular resonance.  The three 

resonances which contribute to the SERS intensities cannot be considered separately.  

The plasmon resonance and the charge transfer are closely coupled to one another 

because the charge transfer transition is coupled with electric field of the plasmon 

resonance and therefore knowledge of the orientation of the molecule on the metal 

surface is required.  This means that these two components are not separable.  The 

charge transfer resonance and the molecular resonance are linked by the molecular 

transition dipole moment because they both refer to the same excited state.  This means 

that these two components are not separable.  The vibronic coupling constant links the 

charge transfer and the observed Raman modes observed.  To determine the 

contribution from each resonance, a complete description of each transition (in terms of 

the position, width, and oscillator strength) involved is required. 

The SERS spectrum of a molecule is often somewhat different to the non-resonant or 

resonant Raman spectrum.  Relative to non-resonant or resonant Raman spectrum, the 

frequencies of the modes are usually similar; however, the relative intensities are 

usually altered.  Totally symmetric modes dominate the spectrum far from charge 

transfer or molecular resonances while non-totally symmetric modes become prominent 

in the region of charge transfer or molecular resonances. 
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Appendix B 

(Chapter 2) 

 

 

B1 Basis sets and frequency calculations  

 

Figure B1. Experimental and calculated Raman spectra using different basis sets for 34.  

(A) Experimental spectrum in methanol; (B) DFT/B3LYP 6-311+G (2d,2p) and 

frequencies scaled by 0.9679,
153

 (C) DFT/O3LYP 6-311+G (2d,2p) and frequencies 

scaled by 0.9678,
154

 (D) DFT/M06 6-311+G (2d,2p) and frequencies scaled by 0.950.
155

 

 



Table B1. Experimental and calculated Raman frequencies and cross-sections for 34. 

 Experimental Calculatedb 
Mode Frequency 

 
 
 
 
 

[cm-1] 

a

nRRSd

d




 

 
[10-28 cm2 sr-1] 

DFT/B3LYP 6-311+G (2d,2p) DFT/O3LYP 6-311+G (2d,2p) DFT/M06 6-311+G (2d,2p) 
Frequency  
 

 
[cm-1] 

c

nRRSd

d




 

[10-28 cm2 sr-1] 

M 
A 
Dd 

Frequency  
 

 
[cm-1] 

c

nRRSd

d




 

[10-28 cm2 sr-1] 

M 
A 
Dd 

Frequency  
 

 
[cm-1] 

c

nRRSd

d




 

[10-28 cm2 sr-1] 

M 
A 
Dd 

66 1279 0.0850 1260 0.0801 19 1256 0.0653 23 1249 0.0736 30 
69 1331 0.1007 1316 0.1080 15 1321 0.0755 10 1290 0.1807 41 

71+72 1385 0.1094 1352+1368 0.0802 
33 

1356+1368 0.0773 
29 

1341+1361 0.0827 
44 

17 17 24 
74 1418 0.0418 1398 0.0364 20 1400 0.0248 18 1379 0.0060 39 
81 1560 0.0372 1515 0.0076 45 1511 0.0040 49 1502 0.0152 58 

82+83 1576 0.1125 1530+1544 0.1083 
46 

1528+1539 0.0888 
48 

1523+1537 0.1644 
53 

32 37 39 
84 1609 0.0261 1590 0.0478 19 1586 0.0361 23 1577 0.0570 32 
Average    27   28   40 
a Experimental Raman cross-sections were calculated using equation 1.9 
b Calculated frequencies are scaled by the appropriate scaling factor [B3LYP – 0.9679, O3LYP – 0.9678, M06 – 0.950] 
c Calculated Raman cross-sections were calculated using equation 2.1 with the local field correction factor applied 
d MAD = Mean Average Deviation = ǀExperimental Freq. – Calculated Freqǀ 
e NB: for the M06 mode 72 is actually mode 73 for this basis set  

2
2
4
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B2 Conversion of molar absorptivity () to oscillator strength (ƒ) 

The raw data from the spectrometer is given as absorbance versus wavelength (nm).  To 

find the oscillator strength the absorbance axis must first be converted to molar 

absorptivity (, L mol
-1

 cm
-1

) using Beer’s Law and the wavelength (nm) axis must be 

converted to wavenumber (ω, cm
-1

).  The next step is to plot molar absorptivity (, L 

mol
-1

 cm
-1

) divided by wavenumber (ω, cm
-1

) to give molar absorptivity (((ω), L 

mol
-1

) on the y-axis and wavenumber (ω, cm
-1

) on the x-axis.  Integrating to find the 

area under the absorption band (
 

d
 


 ) gives the square of the transition dipole 

moment (ǀμgeǀ
2
, in D

2
) using the following equation:

316
 

 2
39.185 10ge n d

 
 



    

where n is the refractive index of the solvent and 9.185 x 10
-3

 [D
2
] is the numerical 

value of constants from a similar equation given in reference 317.  Equation B1 is the 

simpler of the two equations and therefore was used in preference.   

From the transition dipole moment (μge), it is a straightforward task to obtain the 

oscillator strength (ƒ) using the following equation:
317 

 


 
 

  
 
 

2

2

4

3

ge
e

ge

m c
f

e

 

where me ≡ mass of an electron = 9.11 x 10-31 kg, c ≡ speed of light = 3.00 x 108 cm s-1, 

vge = centre of the absorption band (cm-1), e ≡ elementary charge = 1.602 x 10-19 C, and 

ħ ≡h bar = 1.055 x 10-34 J s.  It is important to note that the square of the transition 

dipole moment obtained in equation B1 has units of D2.  This needs to be converted 

from units of D2 to units of C2 cm2 (where 1 D = 3.33 x 10-30 C m and 1 m = 100 cm) 

before using equation B2.  

 

 

 

 

 

(B1) 

(B2) 
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B3 TD-DFT studies of 34 

 

 

Figure B2. Experimental and calculated absorption spectra for 34 with the C-PCM 

solvent model applied.  (A) Experimental in methanol; (B) DFT/B3LYP 6-311+G 

(2d,2p); (C) DFT/O3LYP 6-311+G (2d,2p); and (D) DFT/M06 6-311+G (2d,2p). 
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Figure B3. Calculated absorption spectrum of 34 using B3LYP/6-311+G(2d,2p) 

including C-PCM solvent model.  Neutral ligand (black), protonated ligand (red), 

deprotonated ligand (green). 



 

Table B2.  Experimental and calculated absorption parameters for 34 for all basis sets. 

Experimental Calculated 

 DFT/B3LYP 6-311+G (2d,2p) DFT/O3LYP 6-311+G (2d,2p) DFT/M06 6-311+G (2d,2p) 

λ / nm λ / nm Configuration 
(% contribution) 

λ / nm Configuration 
(% contribution) 

λ / nm Configuration 
(% contribution) 

432 408 HOMO→LUMO (95) 408 HOMO→LUMO (88) 407 HOMO→LUMO (98) 

300 339 HOMO→LUMO+1 (95) 365 HOMO-1→LUMO (14), 

HOMO→LUMO (-10), 

HOMO→LUMO+1 (75) 

320 HOMO→LUMO+1 (97) 

 

231 
313 HOMO-3→LUMO (97) 315 HOMO-4→LUMO (76), 

HOMO-2→LUMO (13) 

305 HOMO-2→LUMO (92) 

 

 311 HOMO-5→LUMO (-23), 

HOMO-2→LUMO (71) 

257 HOMO-4→LUMO+1 (71), 

HOMO-3→LUMO+2 (13) 

246 HOMO-4→LUMO+1 (46), 

HOMO-3→LUMO+1 (16), 

HOMO-1→LUMO+1 (19) 

 248 HOMO-7→LUMO (50), 

HOMO-3→LUMO+1 (-32), 

HOMO-2→LUMO+1 (-11) 

256 HOMO-7→LUMO (55), 

HOMO-4→LUMO+1 (12), 

HOMO-3→LUMO+1 (18) 

245 HOMO-7→LUMO (-42), 

HOMO-2→LUMO+1 (45) 

   243 HOMO-1→LUMO+2 (96)   
   241 HOMO-7→LUMO (22), 

HOMO-3→LUMO+1 (54) 

  

   228 HOMO-7→LUMO+1 (89)   

 

 

 

 

 

2
2
8
 



 

Table B3. Calculated and experimental absorption parameters for protonated and deprotonated 34. 

 Experimental  Calculated 

 λ / nm  / L mol-1 cm-1
  Oscillator 

strength 

() 

λ / nm Configuration  
(% contribution) 

Oscillator 

strength () 

Protonated 
ligand 

479 47 900 0.605 412 HOMO→LUMO (99) 0.566 
   369 HOMO-2→LUMO (96) 0.013 

 351 12 300 0.297 363 HOMO-1→LUMO (97) 0.463 
    330 HOMO-4→LUMO (97) 0.020 
 276 3 100  284 HOMO→LUMO+1 (99) 0.080 
 
 

   256 HOMO-7→LUMO (82), HOMO-1→LUMO+1 (12), 0.103 
   234 HOMO-7→LUMO (75), HOMO-1→LUMO+2 (10), 0.200 

Deprotonated 
ligand 

   445 HOMO→LUMO (76), HOMO→LUMO+1 (-22) 0.206 

   407 HOMO-2→LUMO (-21), HOMO-1→LUMO (-34), 
HOMO→LUMO+1 (38) 

0.123 

    390 HOMO-2→LUMO (16), HOMO-1→LUMO (26), 
HOMO→LUMO (18), HOMO→LUMO+1 (39) 

0.412 

    340 HOMO-3→LUMO (93) 0.023 

    323 HOMO→LUMO+2 (99) 0.028 

    280 HOMO-4→LUMO (79) 0.230 

 

 

2
2
9
 



 

 

                                         HOMO-7               HOMO-4               HOMO-2                HOMO-1 

 

                                       HOMO                  LUMO                   LUMO+1              LUMO+2 

Figure B4. Selected molecular orbitals involved in the absorption spectrum of 34 when protonated. 
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                                                    412 nm                   369 nm                      363 nm 

 

                                        330 nm                  284 nm                 256 nm                 234 nm 

Figure B5. Electron density difference plots for 34 when protonated.  Green represents depletion of electron density and blue represents 

accumulation of electron density. 
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                                             HOMO-4            HOMO-3            HOMO-2            HOMO-1 

 

                                               HOMO                LUMO                LUMO+1           LUMO+2 

Figure B6. Selected molecular orbitals involved in the absorption spectrum of 34 when deprotonated. 
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                                                               445 nm                         381 nm                      358 nm 

 

               

                                                  351 nm                      337 nm                        331 nm 

Figure B7. Electron density difference plots for 34 when deprotonated.  Green represents depletion of electron density and blue represents 

accumulation of electron density. 
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Appendix C 

(Chapter 3) 

 

 

C1 Resonance Raman of 43 

 

Figure C1. Experimental resonant Raman spectra in CH2Cl2 and calculated Raman 

spectra of 43 (A) 514.5 nm, (B) 568 nm, (C), 633 nm, and (D) calculated (DFT/B3LYP 

6-311+G (d, p) on the Cu(II) and the dipyrrin core atoms and 6-31G(d) on the phenyl 

ring atoms) with C-PCM solvent model included.  [S denotes solvent peaks (CH2Cl2)].  

Note that not all wavelengths are shown. 
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Appendix D 

(Chapter 4) 

 

 

D1 Electrochemistry methods 

Solution state (staircase) cyclic voltammetry (CV) measurements were performed using 

a three electrode system comprised of a macro platinum working electrode, a macro 

platinum auxiliary (counter) electrode and a silver wire (Ag wire)
 
as a pseudo-reference 

electrode.  CV measurements were performed on 0.5-1 mM solutions using 0.1 M tetra-

n-butylammonium tetrafluoroborate (TBABF4) as the supporting electrolyte.  A 

reference CV of ferrocene in 0.1 M TBABF4 was acquired.  Values are reported against 

NHE using literature values (relative to the Fc/Fc
+
 redox couple) after the addition of 

Fc/Fc
+
 in 0.1 M TBABF4 as a standard. Values for the Fc/Fc

+
 couple relative to NHE 

are +0.63 V (vs NHE) in MeCN
252

 and +0.40 V (vs NHE) in DMF.
253

 

To calculate electronic bandgaps for each molecule the HOMO potential was calculated 

from the cyclic voltammograms (with respect to Fc/Fc
+
).  To convert the Eonset

ox 
values 

into a HOMO potential, the following relationship was used (D1):
254, 255

 

 

                 Ionisation Potential (HOMO) = Eonset
ox

 (vs Fc/Fc
+
) + 4.5588 eV             (D1) 

 

The bandgap was estimated from onset wavelength (λonset) of the lowest energy band in 

the absorption spectra.  To calculate the bandgap, the UV-Vis onset wavelength was 

converted to energy (in eV) using Planck’s equation E = hυ (where 1243 is the 

conversion factor to energy in eV) (D2): 

                                             Band gap (eV) = 
)(

1243

nmonset
                                        (D2) 

This allowed a retrospective calculation of the LUMO potential of each dye.    
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D2 Cyclic voltammetry 

D2.1 Cyclic voltammograms of Ru(II)-dipyrrinato and Rh(III)-dipyrrinato complexes 

 

 

Figure D1. Cyclic voltammogram of 42 in MeCN. 

 

 

Figure D2. Cyclic voltammogram of 46b in MeCN.   
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Figure D3. Cyclic voltammogram of 47 in DMF. 

 

 

Figure D4. Cyclic voltammogram of 47a in MeCN.   
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Figure D5. Cyclic voltammogram of 49 in DMF. 

 

 

Figure D6. Cyclic voltammogram of 50 in DMF. 
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Figure D7. Cyclic voltammogram of 50a in MeCN. 

 

D2.2 Cyclic voltammograms of dipyrrin ligands 

 

 

Figure D8. Cyclic voltammogram of 34 in MeCN.  
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Figure D9. Cyclic voltammogram of 52 in MeCN. 

 

D3 Solid state absorption spectroscopy 

Solid state absorption spectra were acquired from sensitised TiO2 or NiO films 

deposited on to fluorinated-tin oxide electrodes.     

 

D4 Solar cell device fabrication 

An FTO-glass substrate was cut into 6.0 x 4.0 cm strip and then cleaned using the 

supercritical CO2 snow cleaner and 18 mins illumination in the UV-ozone cleaner.  

Transparent TiO2 paste from Solaronix (Nanoxide-T) was then deposited onto this 

cleaned substrate using the technique of doctor-blading with two scotch tape masking 

layers.  This layer was allowed to dry for approximately one hour, before a scattering 

layer consisting of Solaronix Nanoxide-R paste was deposited using a single two scotch 

tape masking layer.  This layer was allowed to dry for 24 hours.  The final film 

thickness was ~9 μm. 

The film was then sintered with the programmable hotplate using Temperature Program 

1 (five step ramp to a maximum temperature of 500 °C).  Once sintering was complete, 

the substrate was removed from the furnace and cut into 1.5 x 1.7 cm pieces.  A clean 

FTO-glass off-cut was used to scrape the film away from the edge of each substrate to 
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produce a film area of ~0.5 cm x ~0.5 cm.  Care was taken to place the TiO2 film 

towards a corner of the substrate, with 3 mm clearances towards two edges.   

The surface area of the films was accurately measured by scanning the substrates and 

using a digital image program (Image J) to calculate the TiO2 area with reference to a 

known standard.  ITO-glass with a platinum layer sputter coated onto the conductive 

side was used for the counter electrodes.  Holes were drilled into the counter electrodes 

in a position that would overlap with the TiO2 films (approximately 3 mm x 3 mm in 

from one corner).  Each film was then resintered using a fast ramp to 450°C to remove 

any adsorbed moisture or organic contaminants.  These prepared TiO2 films were then 

immersed in 2 x 10
-4

 M THF solutions of the dyes of interest and allowed to sensitise 

for a period of ~18 hours.  

The counter electrodes were cleaned using two successive 5 minute sonications in 

water, followed by five minutes of sonication in 0.1 M hydrochloric acid (prepared by a 

10-fold dilution from 1 M stock), and then one more sonication in water.  These counter 

electrodes were then placed in the oven and held at 120°C for ~30 minutes to remove 

any adsorbed moisture. 

Devices were prepared from the sensitised films by sealing the clean counter electrodes 

to the films using a 25 μm Himalin (surlyn) gasket pre-cut with a CO2 laser.  The 

sealing was performed with a particular orientation, such that the hole in the counter 

electrode was placed directly over the sealed space and close to the TiO2 film.  The final 

arrangement formed an L-shape as shown in Figure D10. 

 

 

 

  

 

Figure D10. Orientation of the electrodes once sealed together with a polymer gasket. 

 

After sealing the two electrodes together, an iodide/triiodide (I
-
/I3

-
) redox electrolyte 

was introduced into the sensitised cell through the hole in the counter electrode.  The 

mediator was composed of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide, (DMPII); 
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0.5 M tertiary butyl-pyridine, (HtBP); 0.1 M lithium iodide, (LiI); and 0.05 M iodine, 

(I2) in an 85:15 mixture of acetonitrile to valeronitrile.  Electrolyte was placed on the 

electrode surface and a vacuum system was used to fill the sealed space of the cell with 

electrolyte. 

Following this procedure the counter electrode hole was sealed by placing a surlyn 

gasket over the hole and sealing it under a No. 5 (19 mm) microscope cover slide.  The 

exposed edges (those not overlapping each other) of the conducting sides of both 

electrodes were then coated with solder in order to provide a good connection for 

characterisation.  The current-voltage curves for these devices were then measured on 

the solar simulator using a silicon diode to calibrate the light intensity of the instrument. 

The NiO films were prepared by screen printing and sintering for 30 minutes at 400 ºC, 

then for 10 minutes at 550 ºC, followed by dyed overnight (18 hours) in 0.2mM dye 

solution.  The redox electrolyte is composed of 0.5 M LiI, and 0.05 M I2 in propylene 

carbonate.  

Similar experimental protocol was followed in the testing of complex 49 at the Energy 

Materials Lab, Hanyang University. 
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D5 Current-voltage curves 

D5.1 Current-voltage curves on TiO2 

 

Figure D11. Current-voltage curve for the reference dye (N719) adsorbed to TiO2. 

 

Figure D12. Current-voltage curve for reference dye (395) adsorbed to TiO2. 
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Figure D13. Current-voltage curve for 46 adsorbed to TiO2. 

 

 

Figure D14. Current-voltage curve for 47 adsorbed to TiO2. 
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Figure D15. Current-voltage curves for 49 adsorbed to TiO2.  

 

 

Figure D16. Current-voltage curve for 50 adsorbed to TiO2. 
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Figure D17. Current-voltage curve for 51 adsorbed to TiO2. 

 

D5.2 Current-voltage curves on NiO 

 

Figure D18. Current-voltage curve for reference dye (395) adsorbed to NiO. 
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Figure D19. Current-voltage curve for reference dye (395) adsorbed to NiO. 

 

 

Figure D19. Current-voltage curve for 46 adsorbed to NiO. 
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Figure D20. Current-voltage curve for 46 adsorbed to NiO. 

 

 

Figure D21. Current-voltage curve for 50 adsorbed to NiO. 
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Figure D22. Current-voltage curve for 51 adsorbed to NiO. 

 

D6 Structure of the references dyes 

 

 

Figure D23. Structure of the references dyes N719 and 395 employed in solar cell 

testing. 
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Appendix E 

(Chapter 5) 

 

 

E1 
1
H NMR spectra 

 

Figure E1. The aromatic region of the 
1
H NMR spectrum of 65 in CDCl3 at (A) room 

temperature (25 °C); and (B) low temperature (-10 °C).  Orange arrows indicate the 

resonance for three of the four phenyl ring protons. 
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Figure E2. The aromatic region of the 
1
H NMR spectrum of 69 in CDCl3 at room 

temperature (25 °C). 

 

E2 Absorption spectra 

 

 

Figure E3. Absorbance spectra of 60 (black) and 66 (red) recorded in CH2Cl2. 
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Figure E4. Absorbance spectra of 62 (black), 64 (green), and 65 (red) recorded in 

CH2Cl2. 
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E3 Resonance Raman spectroscopy 

 

Table E1. Comparison of the observed resonance Raman shifts for Re(I)-dipyrrinato 

complexes (60, 67) and Ru(II)-dipyrrinato complex (46) and dipyrrin ligand (34) (in 

CH2Cl2).  Excitation wavelengths into the absorption band ascribed as a dipyrrin centred 

* transition. 

60a 67a 46b 34a 

  409 (vs)  
872 872 874  870 (w) 
900 898 900 (w) 895 (w) 
988 987 990 989 

1021(w)  1018 (w) 1007* 
1033 (w)  1033 (w) 1047* 

 1066 1058 (w)* 1074* 
1086 1085 1081 1099 (w)* 

   1123 (w) 
1161 (w) 1161 (w) 1175 (w)* 1178 (w)* 

1208 1208 1203 (w) 1222(w)* 
1239 1240 1245 (w) 1255 (w)* 
1285 1286 1287 1275 

   1329 
1344 1344 (w)  1355 
1386 1385 1380 1390 
1411 1410 1409 (w) 1410 (w) 
1446 1448 1447  

1483 (w) 1485 (w) 1486 (w)  
1520 1525 1519 (w) 1518 (w) 

   1538 (w) 
1552 (w) 1552 (w) 1555 (w) 1561* 

   1580 
1611 (w) 1612 (w) 1603 (w) 1612 (w) 

a 488 nm 

b 458 nm 
* possibly the same vibrational modes 
(w) denotes the intensity of the peak is weak 
(vs) denotes the intensity of the peak is very strong 
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Figure E5. Resonance Raman spectrum of 62 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

 

Figure E6. Resonance Raman spectrum of 63 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 
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Figure E7. Resonance Raman spectrum of 64 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

 

Figure E8. Resonance Raman spectrum of 65 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 



256 

 

Figure E9. Resonance Raman spectrum of 66 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

 

Figure E10. Resonance Raman spectrum of 68 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 
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Figure E11. Resonance Raman spectrum of 69 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

 

Figure E12. Resonance Raman spectrum of 70 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 
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Figure E13. Resonance Raman spectrum of 71 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

 

Figure E14. Resonance Raman spectrum of 72 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 
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Figure E15. Resonance Raman spectrum of 73 in CH2Cl2.  exc = 458 nm (top), 488 nm 

(bottom). 

 

E4 Time dependent DFT studies 

 

    HOMO-2        HOMO-1          HOMO          LUMO           LUMO+1           

Figure E16. Selected molecular orbitals involved in the absorption spectrum of 60. 
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Table E2. Calculated and experimental absorption parameters for 65. 

Calculated Experimental 
λ 

(nm) 
Configuration 

(% contribution) 
Oscillator 
strengtha 

Assignment λ 
(nm) 

 
(L mol-1 cm-1) 

529 HOMO→LUMO (97) 0.093    
444 HOMO-3→LUMO (22), HOMO-2→LUMO 

(71) 
0.031 Re-dipyrrin 

(MLCT) 
  

440 HOMO-3→LUMO (55), HOMO-2→LUMO 
(-10), HOMO-1→LUMO (27) 

0.077 Re-dipyrrin 
(MLCT) 

  

396 HOMO-3→LUMO (-18), HOMO-
2→LUMO (11), HOMO-1→LUMO (48) 

0.362 * 490 40 500 

321 HOMO→LUMO+4 (79) 0.049    
302 HOMO-8→LUMO (33), HOMO-6→LUMO 

(-33), HOMO→LUMO+8 (-19) 
0.048    

301 HOMO-6→LUMO (-15), 
HOMO→LUMO+8 (64) 

0.059    

288 HOMO→LUMO+9 (72), 
HOMO→LUMO+11 (15) 

0.139 ILCT  
(*)b 

302 34 800 

286 HOMO-2→LUMO+2 (32), HOMO-
1→LUMO+3 (11) 

0.047    

285 HOMO-11→LUMO (-15), 
HOMO→LUMO+11 (44) 

0.192 ILCT 
(*)b 

  

284 HOMO-11→LUMO (21), HOMO-
10→LUMO (10), HOMO-9→LUMO (18), 
HOMO→LUMO+11 (16) 

0.050 ILCT 
(*)b 

  

a Only calculated oscillator strengths of greater than 0.03 are reported. 
b A combination of these three transitions is probably responsible for the prominent peak observed        
  at 302 nm in the experimental absorption spectrum. 

 

 

      HOMO-3        HOMO-2       HOMO-1         HOMO          LUMO               

Figure E17.  Selected molecular orbitals involved in the absorption spectrum of 65. 
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                     444                           440                            396       

             

 

                        288                          285                       284 

Figure E18. Electron density difference plots for 65.  Green represents depletion of 

electron density and blue represents accumulation of electron density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



262 

E5 Excitation and emission spectra 

 

 

Figure E19. Excitation (red, λem = 700 nm) and absorption (black) spectra of 64 in 

CH2Cl2.  The excitation spectra has been normalised to the absorption spectra at 490 

nm. The * denotes where an artefact peak was removed. 



 

 

Figure E20. Absorption and emission spectra (ex = 485 nm) of 60 in CH2Cl2 (A) absorption spectra (black solid line) and emission spectra 

(black dotted line, ex = 485 nm) in CH2Cl2. (B) Emission spectra (ex = 485 nm) after rigorous deoxygenation of the solvent (solid black 

line) and after bubbling air (2 mL) through the sample (black dotted line). (C) Emission spectra (ex = 485 nm) as a function of added 

methyl viologen (MV
2+

, 1-30 molar equivalents). (D) Stern-Volmer plot showing the quenching of emission by MV
2+

.  0 
is the quantum 

yield in the absence of MV
2+

 and  is the quantum yield in the presence of MV
2+

. 

2
6
3
 



 

 

Figure E21. Absorption and emission spectra (ex = 485 nm) of 62 in CH2Cl2 (A) absorption spectra (black solid line) and emission spectra 

(black dotted line, ex = 485 nm) in CH2Cl2. (B) Emission spectra (ex = 485 nm) after rigorous deoxygenation of the solvent (solid black 

line) and after bubbling air (2 mL) through the sample (black dotted line). (C) Emission spectra (ex = 485 nm) as a function of added 

methyl viologen (MV
2+

, 1-30 molar equivalents). (D) Stern-Volmer plot showing the quenching of emission by MV
2+

.  0 
is the quantum 

yield in the absence of MV
2+

 and  is the quantum yield in the presence of MV
2+

. 

2
6
4
 



 

 

Figure E22. Absorption and emission spectra (ex = 485 nm) of 63 in CH2Cl2 (A) absorption spectra (black solid line) and emission spectra 

(black dotted line, ex = 485 nm) in CH2Cl2. (B) Emission spectra (ex = 485 nm) after rigorous deoxygenation of the solvent (solid black 

line) and after bubbling air (2 mL) through the sample (black dotted line). (C) Emission spectra (ex = 485 nm) as a function of added 

methyl viologen (MV
2+

, 1-30 molar equivalents). (D) Stern-Volmer plot showing the quenching of emission by MV
2+

.  0 
is the quantum 

yield in the absence of MV
2+

 and  is the quantum yield in the presence of MV
2+

. 

2
6
5
 



 

 

Figure E23. Absorption and emission spectra (ex = 485 nm) of 64 in CH2Cl2 (A) absorption spectra (black solid line) and emission spectra 

(black dotted line, ex = 485 nm) in CH2Cl2. (B) Emission spectra (ex = 485 nm) after rigorous deoxygenation of the solvent (solid black 

line) and after bubbling air (2 mL) through the sample (black dotted line). (C) Emission spectra (ex = 485 nm) as a function of added 

methyl viologen (MV
2+

, 1-30 molar equivalents). (D) Stern-Volmer plot showing the quenching of emission by MV
2+

.  0 
is the quantum 

yield in the absence of MV
2+

 and  is the quantum yield in the presence of MV
2+

. 

2
6
5
2
6
3
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Figure E24. Absorption and emission spectra (ex = 485 nm) of 65 in CH2Cl2 (A) absorption spectra (black solid line) and emission spectra 

(black dotted line, ex = 485 nm) in CH2Cl2. (B) Emission spectra (ex = 485 nm) after rigorous deoxygenation of the solvent (solid black 

line) and after bubbling air (2 mL) through the sample (black dotted line). (C) Emission spectra (ex = 485 nm) as a function of added 

methyl viologen (MV
2+

, 1-30 molar equivalents). (D) Stern-Volmer plot showing the quenching of emission by MV
2+

.  0 
is the quantum 

yield in the absence of MV
2+

 and  is the quantum yield in the presence of MV
2+

. 

 

2
6
7
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Figure E25. Absorption and emission spectra of 66 in CH2Cl2.  Absorption spectra (black 

solid line) and emission spectra (black dotted line, ex = 480 nm) 
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E6 Photochemical ligand substitution of 60 

 

Figure E26. Aromatic region of the 
1
H NMR spectrum (CD3CN) of the PLS reaction of 60. 

(A) Starting material, 60; (B) after 30 mins irradiation, (C) after 60 mins irradiation, (D) after 

90 mins irradiation, (E) after 120 mins irradiation, and (f) after 150 mins irradiation 

(proposed complex, 74). 
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Figure E27. The PLS reaction of 60 was monitored by 
31

P NMR spectroscopy. (A) Starting 

material, 60 (in CDCl3), (B) after 60 mins irradiation, (C) after 90 mins irradiation in CD3CN, 

(D) after 120 mins irradiation in CD3CN, (E) after 150 mins irradiation in CD3CN. (F) For 

comparison, the spectrum of 67 in CDCl3 is shown.  The peak at 0 ppm is the internal 

reference (H3PO4). 
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Figure E28. 
1
H NMR evidence (CD3CN, 25 °C) of the decomposition of 74 following its 

generation by the PLS reaction of 60. (A) Proposed complex 74 (B) 1 day after the reaction; 

(C) 2 days after the reaction; (D) 13 days after the reaction. 
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Figure E29. 2D-COSY NMR spectrum of 74 generated by irradiation of 60 with 355 nm 

excitation for 2 hours. 
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Figure E30. Aromatic region of the 
1
H NMR spectrum ((CD3)2CO) of the PLS reaction of 

60. (A) Starting material, 60; (B) 120 mins irradiation, (C) 67. 
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Appendix F 

 

 

General Experimental Details 

 

F1 NMR spectroscopy 

The first characterisation technique for the dipyrrin ligands and dipyrrinato complexes was 

1
H NMR, followed by 

13
C NMR.  Samples were prepared in CDCl3, d6-DMSO, D2O/NaOH, 

d6-acetone or CD3CN and spectra were recorded on 400 or 500 MHz Bruker Avance 

instruments utilising TOPSPIN 2.0 software. Spectra were calibrated using solvent peaks.  

Where appropriate COSY-
1
H NMR were collected. 

 

F2 Mass Spectrometry 

Mass spectrometry was used to confirm the identity of all dipyrrinato complexes.  Masses 

were obtained using either a Micromass ZMD 400 electrospray spectrometer in the 

appropriate mode or a Waters Micromass MALDI using a matrix system such as α-cyano-4-

hydroxycinnamic acid (CHCA), retinoic acid or 2-(4'-hydroxybenzeneazo)benzoic acid 

(HABA) were used.  

 

F3 Microanalysis 

Microanalysis of all dipyrrinato complexes was carried out by the Campbell Microanalytical 

laboratory at the University of Otago. 

 

F4 UV-Vis Absorption Spectroscopy 

Solution UV-Vis spectroscopy was recorded for all dipyrrinato complexes using either a 

Shimadzu UV-3101PC UV-Vis-NIR-scanning spectrophotometer or a CARY 100Bio UV-

Vis spectrophotometer.  Either 1 cm or 0.1 cm quartz cells were utilised for measurements.  

Solid state absorption spectroscopy was carried out on the Ru(II)- and Rh(III)-dipyrrinato 

complexes at the University of Wollongong. 
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F5 Fluorescence spectroscopy 

Emission spectra were collected for degassed CH2Cl2 solutions of the Re(I)-dipyrrinato 

complexes using FluoroMax-4 spectrofluorimeter from Horiba scientific running 

FluorEssence software. 

 

F6 Infrared spectroscopy (IR) 

IR spectra were recorded for all dipyrrinato complexes on a Nicolet 5700 FT-IR from 

Thermo Electron Corporation using an ATR attachment. 

 

F7 Electrochemistry 

Electrochemistry experiments were carried out for the Ru(II)- and Rh(III)- dipyrrinato 

complexes targeted as solar cell dyes.  An Autolab Potentiostat Galvanostat 

PGSTAT30 ADC 164 with Autolab GPES software (Eco Chemie B. V. Utrecht, The 

Netherlands, version. 4.9) was used to for electrochemistry experiments.  Solution state 

(staircase) cyclic voltammetry (CV) measurements were performed using a three electrode 

system comprised of a two platinum macro electrodes (one as the working electrode and one 

as the auxiliary electrode) and a silver wire (Ag/Ag
+
)
 
as a pseudo-reference electrode. 

 

F8 Raman spectroscopy 

Non-resonant Raman spectra (1064 nm) were collected at University of Otago by Dr Cushla 

McGoverin on powder samples and solutions in methanol, using a Bruker IFS-55 

FT-interferometer bench equipped with an FRA/106 Raman accessory and utilising OPUS 

(version 4.0) software. A Nd : YAG laser with 1064 nm excitation wavelength was used. An 

InGaAs diode (D424) operating at room temperature was used to detect Raman photons. 

Spectra were typically measured using 256 scans at a power of 90 mW and a resolution of 4 

cm
-1

. 

Resonance Raman spectra (413 nm, 444.2 nm, and 532 nm excitation at University of Otago) 

were collected using either a continuous-wave krypton-ion laser (413 nm) (Innova I-302, 

Coherent Inc.) or a solid-state 444 nm diode laser (Crystal Laser) or a solid state Nd:YAG 

laser (532 nm) (B & W Tec Inc.).  Resonance Raman and SERS spectra (458 nm, 488 nm, 

514.5 nm, and 633 nm excitation at Massey University) were collected using either a 
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ModuLaser Stellar-Pro argon laser (458 nm, 488 nm, and 514.5 nm) or a HeNe laser (633 

nm) (ThorLabs). Raman and Rayleigh scattering light were collected from the sample cell 

using either a 180° backscattering geometry or 135° back-scattering geometry. Rayleigh 

scattering was rejected using Raman edge filters from Iridian Technologies or notch filters 

from Kaiser Optical Systems.  The scattered photons were focused onto the entrance slit of an 

Acton Research SpectraPro® 2550i, 0.500 m imaging single stage 

monochromator/spectrograph and detected with a Roper Scientific Spec-10:100B CCD 

detector, controlled by WinSpec software. A combination of cyclohexane and a 50/50 v/v 

mix of toluene and acetonitrile (ASTM E 1840 Raman Shift Standard) were used for the 

frequency calibration. Frequency calibration was accurate to 0.5-1 cm
-1

. Resolution ranged 

from 2 – 4 cm
-1

 depending on spectral position. Peak positions were reproducible to within 1 

cm
-1

. 

Power at the sample ranged from 1 – 20 mW. Solutions for resonance Raman studies were 

typically prepared in dichloromethane or DMSO. Raman and Rayleigh scattering light were 

collected from the sample cell using either 180° back-scattering geometry or 135° 

back-scattering geometry. Rayleigh scattering was rejected using Raman edge filters from 

Iridian Technologies or notch filters from Kaiser Optical Systems.  The scattered photons 

were focused onto the entrance slit of an Acton Research SpectraPro® 2550i, 0.500 m 

imaging single stage monochromator/spectrograph and detected with a Roper Scientific Spec-

10:100B CCD detector controlled by WinSpec software. A combination of cyclohexane and a 

50/50 v/v mix of toluene and acetonitrile (ASTM E 1840 Raman Shift Standard) were used 

for the frequency calibration. Frequency calibration was accurate to 0.5-1 cm
-1

. Resolution 

ranged from 2 – 4 cm
-1

 depending on spectral position. Peak positions were reproducible to 

within 1 cm
-1

. 

 

F9 Solvents and reagents 

Unless specified, commercial reagents and solvents (typically Sigma-Aldrich) were used 

without purification. 
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