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Abstract 

 

This thesis concerns the design and synthesis of a new class of earth abundant redox-

active, hybrid inorganic-organic chromophores for use in second-order non-linear 

optics (NLO): organoimido polyoxometalates (POMs). It presents the first 

experimental measurements of 2
nd

 order NLO (frequency doubling) coefficients (β) 

(by hyper-Rayleigh scattering, HRS) and the first spectroelectrochemical 

measurements on such species. Towards the aim of producing practical miniaturized 

devices, the species characterised include systems functionalised with pyrrole and 

carbazole donors that can be electropolymerized to form potentially redox switchable, 

photoactive films. These are the first reported POM-containing electropolymers with a 

covalently attached POM, and indicate the potential of these materials for 

straightforward electrodeposition onto optically transparent, conductive surfaces. 

 

To investigate the structure-activity relationships of the β response, the series of 

organoimido-Lindqvist chromophores included organic groups with different electron 

donors (such as amino, dimethylamino, and diphenylamino functionalities), or 

acceptors (such as iodo, and nitro), and different π -conjugated bridges. Significant β-

values were obtained for derivatives with resonance electron donors, and result from 

strong ligand-to-polyoxometalate charge transfer transitions. No activity was observed 

for derivatives with resonance electron acceptors, indicating that the POM can only 

behave as an acceptor. β values increase steadily as the donor strength increases, 

and/or the π-conjugation extends, in similar fashion to organic systems.  Interestingly, 

the highest β0-values obtained these derivatives exceed those of any dipolar organic 

system with comparable donor, π-system and absorption profile, and thus they have 

much more favourable transparency/non-linearity trade-offs. Resonance Raman and 

Stark spectroscopy results have confirmed involvement of the POM in the charge 

transfer transition, which results in unusual dipole moment changes leading to high 

NLO activity based on the two state model.  
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NLO Non-linear optical 

POMs Polyoxometalates 

SHG Second harmonic generation 

SFG Sum frequency generation 

DFM Difference frequency mixing 

EFISHG Electric field induced second harmonic generation 

MPF Multi-photon fluorescence 

τ Fluorescence life-time 

MF Fluorescence wave 
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Introduction and Overview 
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Hybrid materials based on photo- and electro-active molecules or clusters have a 

wealth of potential applications in solar energy conversion, catalysis, optics and 

photonics, electronics, sensors, biomaterials and as molecular device components.
1-8

 

For eventual practical applications, the deposition of interesting materials on surfaces 

is essential and challenging. This can be achieved in the form of monolayers, 

multilayers, and polymeric thin films. Molecular non-linear optical (NLO) materials 

with the ability to respond to external stimulus are one such material, and attract 

attention for miniaturized devices with switching and memory functions. NLO effects 

arise from the interaction of intense, coherent laser light with matter in a non-linear 

function of the applied electromagnetic field. Examples of these effects are frequency 

doubling, frequency tripling, and two-photon absorption. Second Harmonic 

generation (SHG) arises from the modification of the incident beam by the induced 

dipoles in a medium irradiated with laser light resulting in doubling of the laser light 

frequency, Figure 1.1.  

 

 

 

Figure 1.1 Schematic representation of the formation of induced polarisation resulting in 

doubling the frequency of the incident light. 

 

 

NLO materials are technologically useful – they allow manipulation and exploitation 

of laser beams for diverse applications such as laser shows, scanning and imaging, 

telecommunications, photodynamic therapy, electro-optical/all optical data 

processing, and telecommunications.
9-12
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In this thesis, we will be discussing the synthesis of derivatised polyoxometalates 

(POMs), their NLO properties, and deposition into polymeric thin films. Specifically, 

we will be developing organoimido polyoxometalates (POMs), based on earth 

abundant elements, as redox-active NLO chromophores that can be 

electropolymerized to form redox switchable, photoactive films. The properties of 

these materials are little investigated and in addition to non-linear optics and 

molecular electronics, may find applications in photovoltaics, photocatalysis, or 

electrocatalysis.  

In the following introduction, several areas relevant to this project will be discussed:  

including NLO, optical switching, conducting polymers, and polyoxometalate 

chemistry. 

 

 

1.1. Second-order NLO materials 

The study of NLO effects started with the discovery of SHG shortly after 

demonstration of the first laser, from a quartz crystal pumped by a ruby laser in 

1961.
13

 The generation of SHG – in other words doubling the frequency of laser light 

- is the most widely used application for non-linear materials. Figure 1.2 illustrates the 

frequency doubling or SHG that occurs by simultaneously combining two photons at 

ω through virtual transitions while a single photon at 2ω is generated in a single 

quantum mechanical process.  

 

Figure 1.2 Representation of second-harmonic generation (right) and Jablonski diagram of 

second harmonic generation (left).
14
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1.1.1 Physical Background 

It is important first to understand the concepts ‘light’ and ‘matter’ before explaining 

the interaction between them. According to Maxwell’s theory, light consists of two 

oscillating fields, electric (E) and magnetic (B), oriented orthogonally to each other 

and perpendicular to the direction of propagation. Matter consists of atoms, with 

negatively charged electrons bound to a positively charged nucleus.  When light 

interacts with matter, its electric field (E) displaces (polarizes) the electron density of 

the atom. An induced dipole moment is formed because of this interaction that 

oscillates with the same frequency as the applied optical field. A linear relationship 

(α) between the induced electric-dipole moment and the electric field is obtained 

when the intensity of the incident light is relatively low (equation 1.1).  

                                                Polarization = μ = αE                                                (1.1) 

For bulk or macroscopic materials, the linear susceptibility (χ) of a collection of 

molecules is used (equation 1.2). 

                                                             P = χ E                                                          (1.2) 

The polarization acts as a source of radiation at the frequency that describes all the 

optical properties of a material and the corresponding phenomena such as absorption, 

reflection, refraction, and diffusion. When the electric field of the light is intense, the 

relationship between the induced dipole moments and the electric field is no longer 

linear and the optical susceptibility (χ) becomes dependent on the applied electric 

field. The polarization thus can be expressed in a power series of the applied electric 

field.
14-16

 

                                                      P = P
L
 + P

NL
                                           (1.3) 

                                     P = χ
(1)

E + χ
(2)

EE +χ
(3)

EEE+…                            (1.4) 

or  

                                          μ = αE + βEE + γEEE+…                              (1.5) 

 

Where α is the linear polarizability, β is the second-order polarizability or the first 

hyperpolarizability, and γ is the third-order polarizability or the second 

hyperpolarizability. The non-linear polarisation of a material with a second-order non-
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linear susceptibility irradiated with an optical field at two frequencies (ω1, ω2) will act 

as a source of radiation at new frequencies; 2ω1, 2ω2, ω1+ω2, |ω1-ω2|, which describe 

the origin of non-linear phenomena such as second harmonic generation (SHG), sum 

frequency generation (SFG), difference frequency mixing (DFM), and optical 

rectification (OR). The focus of this work is frequency doubling, SHG.  

 

The first hyperpolarizability, β is a third rank tensor containing 27 elements which are 

not independent and in which symmetry plays a crucial role. For example, some of 

these 27 elements disappear depending on the symmetry of the molecule; the first 

hyperpolarizability, β becomes zero for centrosymmetric materials. These 27 elements 

correspond to the possible combinations of the three Cartesian components of the 

polarisation and of the two interacting electric fields. Molecular symmetry can be 

used to reduce these 27 elements so typically, only a few components are non-zero. In 

this work, for all the molecules studied there is usually only one component much 

larger than the others, which allow us to neglect them and reduce the 27 tensors to 

only one component.  

 

 

1.1.2 The two state model 

The two state model of Oudar and Chemla
13,17

 relates the first hyperpolarizability β 

and molecular parameters which can be used to help design molecules as NLO 

chromophores. The first hyperpolarizability β can be resonantly enhanced due to 

enhancement of higher excited states when the studied molecule has an absorption 

band close to the fundamental or second-harmonic (SH) wavelength. Thus the static 

(off-resonance) first hyperpolarizability β0, is useful for comparison of the quadratic 

NLO properties at different wavelengths, and can be calculated by the two state model 

assuming only one transition contributes to the NLO properties.  
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                                                                                            (1.6) 

 

Where μ12 is the electronic transition dipole moment, Emax of the optical transition 

between ground and excited state, and Δμ12 is the change in dipole moment between 

ground and excited state. β0 is β extrapolated to zero frequency, by definition does not 

vary with frequency (β does vary with frequency), and is measured under non-

resonant conditions where there is no reabsorption of SH which can lead to dramatic 

over or underestimates of β due to involvement of higher excited states. It can be 

clearly seen from equation (1.6) that β0 will generally increase with the decrease of the 

energy Emax (the intramolecular charge-transfer (ICT)).  

 

Equation 1.7 can be used to calculate the static first hyperpolarizability β0 from the 

experimental first hyperpolarizability β under non-resonant conditions: 

 

                                                       (1.7) 

 

Where λmax is the wavelength at maximum absorption and λ is the wavelength of the 

incident light (laser) that was used during the measurement. This model is only valid 

in the off-resonant regime, i.e. when the second-harmonic wavelength is much longer 

than λmax (the wavelength at maximum absorption).  

 

 

1.1.2 Measuring NLO effects 

There are four techniques that can be used to measure the first hyperpolarizability β: 

(i) second harmonic generation (SHG), (ii) electric field-induced second harmonic 

generation (EFISH), (iii) hyper-Raleigh scattering (HRS), (iv) stark spectroscopy. The 

last three methods are molecular level techniques and the former is a macroscopic 
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level technique. Franken et al. first demonstrated SHG in 1961 after the invention of 

the first laser.
13

 In recent years, SHG has been used in high-resolution optical 

microscopy in biological and medical science. SHG is a coherent, fast, and electronic 

in origin re-emission process of one photon by non-centrosymmetric solids (crystals) 

after excitation process with two photons with the same frequency. It can be used for 

single crystals as well as for oriented thin films. However, this limits its use for solids 

only. EFISH is the original method used for determination of β in solution which 

requires alignment of molecules in a solvent by applying a static electric field giving 

rise to a strong NLO response.
18,19

 Since an external electric field is required, this 

method cannot be used for charged compounds.  

 

An additional technique, Stark spectroscopy can be used to indirectly determine the 

first hyperpolarizability β, which has recently been used by many groups.
20-22

 It also 

provides information about the change in dipole moment and polarization associated 

with a transition, which reflects the degree of charge separation. This technique is 

used to measure the change in the charge transfer spectral profile while a strong DC 

external electric field is applied. In order to obtained high β values, large transition 

dipole moment and dipole moment change are needed based on the two state model.  

Stark has the advantage of avoiding complications from resonance enhancement and 

reabsorption, however, Stark calculated values often appear to be overestimated 

compared to real measurements of SH light obtained from EFISH or HRS.
23

  

Furthermore, care must be taken to avoid mistakenly adding together contributions 

from geometrically opposed dipoles. 

   

 Hyper-Rayleigh scattering (HRS) is a newer technique that enables direct and 

accurate measurement of the first hyperpolarizability β at the molecular level. In 

addition, it can be used without applying an electric field to determine the molecular 

and supramolecular symmetry.
24

 HRS has some advantages over the older technique 

of EFISH. HRS is spontaneous, weak, non-coherent, isotropic, and dephased re-

emission process of one photon by the randomly oriented molecules in a liquid 
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solution after excitation process with two photons.
25

 HRS is far more straightforward 

to interpret than EFISH and can be used for all structure types, including octupoles
26-

28
 and V-shapes as well as dipoles. 

The intensity of the scattered light of a single molecule can be calculated by taking an 

orientational average over all possible orientations for β (equation 1.8): 

 

                                                                                     (1.8) 

 

HRS measurement is usually performed using an intense laser beam at a single 

wavelength in the near infrared resulting in an incoherently scattered frequency-

doubled light at an angle of 90º from the incident light beam from an isotropic 

solution (Figure 1.3).
29-31

 In other words, the fundamental incident light is passing 

through the sample in the x-direction, and polarizes it in the z-direction while the 

scattered light is collected in the y-direction. Thus, the sample will have a polarization 

state with x and z components and βHRS will be the sum of both polarizations in the x 

and z-directions: 

 

                                                                          (1.9)                           

 

 

Scheme 1.3 90° angle HRS geometry with Iω the incident laser beam and I2ω the second-

harmonic signal.
32

 Reproduced with permission from reference 32. 

Iω 

I2ω 
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For a polar molecule with C2 symmetry (linear) and only 2 independent and non-zero 

tensor components, and also assuming that βzzz is much larger than βxzz which is true 

for most molecules with a Z molecular dipole axis, βHRS can be calculated by equation 

1.10: 

 

                                                                                     (1.10) 

 

Moreover, βzzz is directly comparable with βEFISH (β obtained using EFISH method, 

where dipoles are aligned). It is important to understand the factors that may 

contribute to the magnitude of the first hyperpolarizability β, as it is a critical 

parameter for use of NLO materials in various applications and devices. These are 

chemical structure-NLO property relationships, molecular orientation, and resonance 

enhancement. The latter, resonance enhancement, is predicted by the same theory that 

predicts resonance-enhanced Raman scattering. This can occur when the SH 

frequency is close in energy to the electronic transitions of the chromophore leading 

to greatly enhanced NLO response. In other words, the origin of this effect lies in 

matching the SH frequency with an allowed dipole transition from the ground state.  

In order to study the involvement of higher excited states (resonance effects) on the 

first hyperpolarizability, both Wang and co-workers and Shoute and co-workers 

reported the performance of HRS measurements at a number of different 

wavelengths.
33-40

 They outlined that the first hyperpolarizability increases in 

magnitude when the SH frequency approaches resonance. On the other hand, first 

hyperpolarizability β decreases to reach a particular frequency independent value 

when the SH frequency moves far away from the resonance, called off-resonant (non-

resonant conditions) first hyperpolarizability β. In this thesis, two different 

wavelengths were used 800 and 1064 nm to explore such effects on the first 

hyperpolarizability β. 
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1.1.3 Organic /Metallo-organic molecular chromophores 

 

1.1.3.1 Neutral Organic Chromophores 

Initial studies of NLO materials were focused purely on inorganic and organic 

systems. Inorganic crystals of LiNbO3 and KH2PO4 were the first solids to 

demonstrate second-order NLO properties.
13,41,42

 There followed studies on inorganic 

semiconductors such as GaAs, which are used in commercial applications such as 

optical switches and modulators.
43

 However, crystals of these inorganic materials 

faced a “trade-off” problem between response time and the magnitude of optical non-

linearity. The response time, which sets the applications of these materials, is 

determined by the mechanism of the charge transport process - the way of charge 

displaced in the material in response to light. The nature of charge transport varies 

strongly, for instance, in inorganic crystals; ionic displacements are the dominant 

process. This is normally slow, compared to other mechanisms such as electronic 

displacements within the molecular structure as in organic/organometallic molecular 

materials. Semiconducting inorganic crystals are also costly and difficult to produce, 

and finally they absorb strongly in the visible region. All these drawbacks discounted 

many possible applications of these materials. As an alternative, organic materials 

were investigated due to their fast and large NLO response over a broad frequency 

range, versatility, ease of fabrication and integration into composites.
44,45

 Since 

second-order NLO activity requires a non-centrosymmetric system, most NLO 

chromophores have been designed as one-dimensional charge transfer molecules. It 

was demonstrated that any system composed from a benzene backbone with the 

presence of an electron-donor group on one end and electron-accepting groups on the 

other end would produce an SHG signal. These groups form a non-centrosymmetric 

molecule resulting in a permanent dipole moment. Typically, NLO molecules consist 

of an electron donating group (such as N(CH3)2, NH2, OCH3, OH) and an accepting 

group (such as NO, NO2, CHO, CN) connected by π-electron conjugated segments 

which serves as a charge transmitter, shown schematically in Figure 1.4.  

 



Introduction                                                                                                       Chapter 1 

 

 

11 

 

 

 

Figure 1.4 Schematic presentation of NLO molecule, where D is donor group and A is 

acceptor group. 

 

 

Table 1.1 gives examples of selected organic chromophores with different donor and 

acceptor strength, and conjugation length, with their β0 values.
41

  

 

Table 1.1 The effect of the donor and the acceptor groups on β0.
41 

Compound β0 (10
-30

 esu) 

 

 

1.1 

 

2.2 

           

9.2 

         

12.0 

      

15.0 

   

28.0 

 

46.0 

  

53.0 
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Several studies have been carried out to find the optimum combinations of acceptor, 

donor, and the length of the conjugation bridge.
46

 It has been argued that for a given 

conjugation bridge length there is an optimal combination of donor and acceptor 

strengths and beyond this point, changing donor or acceptor strengths will lower the 

NLO response.
47,48

 Bourhill and co-workers demonstrated that  bond length 

alternation (BLA) is a relevant parameter in the optimization of the first 

hyperpolarizability which can be understood within the context of the two state 

model.
49

 BLA, the average length difference between single and double bonds in π-

conjugation of the molecule, are affected by the energetics of resonance structures in 

the ground state of a dipolar chromophore. Aromaticity is one of the contributing 

terms affecting these energetic of resonance structures, which can be destabilized by 

charge separation within molecules. Moreover, charge separation can be enhanced or 

interrupted by aromaticity. Increasing aromaticity of the acceptor or introducing 

heteroaromatic rings such as thiophene in place of phenyl group in the conjugated 

bridges would enhance the degree of ground-state polarization (namely the degree of 

charge separation) and hence enhance the NLO activity. 

 

 

1.1.3.2 Charged Organic Chromophores 

Neutral Organic Chromophores show lower thermal and photochemical stability. 

Until the mid-nineties, there had not been much research investigating charged 

organic compounds as NLO chromophores. As stated before, HRS is the only 

technique that can be used to measure the NLO properties of such kind of materials. 

Duan et al. reported the first study on the second-order hyperpolarizabilities (β) of 

ionic species of sodium p-toluenesulfonate (pTSNa) compared to neutral species of 

similar structure.
50

 They found that the ionic species have higher β values than the 

neutral ones. Stilbazolium compounds showed extremely high non-linearities. 

Because of this and the possibilities of incorporating them into different macroscopic 

structures through anion variation or inclusion complexes (zeolites), they have 

attracted considerable interest. Dimethyl-amino-stilbazolium tosylate (DAST), the 
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only commercially exploited organic NLO chromophore as a THz-wave generation 

source, is an example of these compounds with a significant static β value.
51

 

 

 

 

Figure 1.5 Structure and static first hyperpolarizability of DAST, β0  = 25 x 10
-30

 esu (non-

resonant conditions).  

 

 

1.1.3.3 Transparency-Efficiency Trade-Off  

Intramolecular charge-transfer (ICT) is a process of excitation of a chromophore by 

absorption of a photon, causing electron transfer from the donor (through the 

conjugated chain in case of organic chromophores) to the acceptor. This process is the 

origin of the intense visible colours of such chromophores. Organic NLO 

chromophores show large first hyperpolarizabilities, but absorb in the visible region 

(intense CT bands in the visible region). A red shift in the CT bands usually occurs in 

simple one-dimensional dipoles as β increases, causing re-absorption of the SH visible 

photons by the chromophore and hence causing a decrease in the optical transparency.  

 

In order to completely avoid such problems, chromophores with CT band below 400 

nm are preferable; however, this would lower the β responses, leading to a 

transparency-efficiency trade-off problem. This can be avoided by designing 

molecules with high β responses, and with absorption bands lay far from the visible 

region (λmax below 400 nm). The aim therefore, is to design molecules where an 

increase in β is not accompanied by, or at least a small shift of   λmax. This has been 

achieved through octupolar and multi-dimensional chromophores,
52-55

 which are often 

synthetically complex, or through dipolar organic materials with unusual electronic 

structures such as unconventional twisted (“tictoid”) π-bridges (see Figure 1.6),
56

 or 
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unusual donor sets.
57

 In the case of tictoid, the increase in β is ascribed to the high 

charge separation, which relates to the two state model. 

 

 

Figure 1.6 Structures of unconventional twisted π-electron system/tictoid chromophore.
58

 

 

 

1.1.3.4 Metallo-organic chromophores  

While many studies were carried out on inorganic and organic NLO materials, 

organometallic compounds were not investigated until the early nineties. Metals can 

introduce new features into organometallic systems such as metal to ligand (MLCT) 

or ligand to metal (LMCT) charge transfer bands in the visible region, with large 

transition dipole moments and low transition energies, which should result in  higher 

hyperpolarizabilities by the two-state model.
59,60

 They can also introduce redox 

activity that leads to switching properties (vide infra). Since metals can be electron-

poor or electron-rich depending on oxidation state and ligand environment they can be 

used in donors or acceptors. In comparison to some organic systems, they can be 

stronger donors or acceptors leading to large hyperpolarizabilities. However, these 

materials usually show two optical transitions; an intra-ligand charge-transfer (ILCT) 

which is an analogous to the CT-band in benzene-based compounds and an MLCT. 
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These transitions make the validity of the two-state model questionable in determining 

the overall β0 values of a compound. However, it is possible to extract β0 via assuming 

only the MLCT transition contributes to the NLO properties. 

 

The most investigated class of organometallics are metallocene-based compounds, 

where the metallocene acts as the donor group. Green and co-workers first 

demonstrated the second-order NLO properties of organometallic compounds, they 

reported that a ferrocene derivative had a good SHG activity.
61

 Other groups have also 

reported several studies on similar ferrocenyl compounds.
62,63

 Other organometallic 

systems such as organoruthenium complexes have been investigated where ruthenium 

have been utilized as a donor (Ru
II
), an acceptor (Ru

III
), and even as a bridge 

(linker).
64,65

 Examples of selected organometallic chromophores with their first 

hyperpolarizability β0 are presented in Table 1.2.
66

 

 

The push-pull {5-[4-(dimethylamino)phenylethynyl]-15-(4-nitrophenylethynyl)-10,20 

diphenylporphinato}Zn
II
 complex showed extremely high β value measured by HRS 

at 830 and 1064 nm and exceptional thermal stability, shown in Figure 1.7.
67

 Other 

studies have been investigated similar D–porphyrin–A systems such as phenyl-

bridged metalloporphyrins, exhibit rather lower β compared to acetylenyl-bridged 

systems.
68

 In conclusion, introducing metals, compared to that of the free ligand, 

increases the first hyperpolarizability β. This enhancement is attributed to the change 

in dipole moments upon excitation within the context of the two-state model (due to 

the presence of the metal d-electrons that enhances the charge transfer of the excited 

state) as well as two-photon resonance enhancement. 
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Table 1.2 Examples of selected organometallics chromophores with their β0 values.
66

 

Compound β0 (10
-30

 esu) 

 

 

31 

 

40 

 

49 

           

119 

     

 

 

 

232 

 

 

 

Figure 1.7 Structure of the push-pull {5-[4-(dimethylamino)phenylethynyl]-15-(4-

nitrophenylethynyl)-10,20 diphenylporphinato}Zn
II
 complex (λmax = 475 nm), β0  = 800 × 10

-

30
 esu (resonant conditions). 
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Metal-based compounds have been also used as acceptors to build NLO 

chromophores such as metal complexes of nitrogen heterocyclic ligands, pyridines 

and oligopyridines. Over the last twenty years, these classes of NLO chromophores 

have been received significant attention, studied by several groups specifically the 

substituted pyridine and stilbazole metal complexes.
66

 Figure 1.8 shows an example of 

a substituted stilbazole Iridium complex reported by Bruce and co-workers.
69

 They 

outlined that upon coordination of the ligand to the [IrCl(CO)2] fragment, which 

behaves as an electron acceptor, a bathochromic shift of the ILCT was observed 

resulting in a significant enhancement of β values (using EFISH) from 35 × 10
-30

 esu 

for ligand to 67 × 10
-30

 esu for the complex. 

 

 

 

Figure 1.8 4-Donor stilbazole Iridium complex. 

 

 

Ratner et al. investigated the NLO properties of complexes of [4-

(dimethylamino)stilbazole]M(CO)5 complexes (M is Cr or W).
70

 Similar trend to the 

Iridium complex was seen, an increase in the EFISH β value (61 × 10
-30

 esu) of two 

times of the organic stilbazole ligand, which was in excellent agreement with the 

calculated β value (67 × 10
-30

 esu). Vinylpyridine
71,72

, bipyridine
73

, and terpyridine
74

 

metal complexes have been also studied, which showed an enhancement in β values 

upon coordination of the ligand to the metal fragments. However, most of these 

complexes showed red shift of the ILCT, they absorb in the visible region and this 

decreases their optical transparency. 
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1.1.4 Switching properties 

Light is faster than anything else, needs much less power to be transmitted through 

optical fibre lines compared to electrical current through wires, and is also much less 

distorted during transmission. Therefore, optoelectronic and all-optical computing and 

telecommunications promise revolutionary increases in performance: through greater 

speed, higher parallelism and lower energy consumption. The potential is well 

illustrated by fibre optic telecommunications, which greatly expand signal bandwidth 

and increase speed compared to copper wire. Presently, fibre optics are used in data 

transmission in computing and communications, but switching is done electronically. 

Therefore, processing times are still relatively slow and the conversion process still 

consumes a great amount of energy.  

 

The electro-optical (EO) effect is an important effect of SHG, which utilizes a DC 

electric field to change the refractive index of the medium, or the intensity of the SHG 

light. However, the latter can only modulate intensity, there is no complete “on” and 

“off” switching phenomena. Other methods must be investigated to provide an “on” 

and “off” switch, such as redox switching. Materials with switching capabilities have 

been used in the construction of many types of light modulators and switches,
75,76

 To 

realise light-based devices, new materials are still required for construction of 

miniaturized optical and optoelectronic components.  

 

Molecular switches can be defined as molecules that have at least two stable forms 

with different properties (e.g. optical, electrical, etc.) which can be reversibly 

switched by using stimuli such as light, electrical field, pH, reduction or oxidation 

(redox), and magnetism. Since NLO materials enable manipulation of laser light, so it 

can be used to form the basis of optical switches. However, materials with the 

required combination of a rapid and strong NLO response, rapid, high contrast photo- 

or redox switching, near infinite stability to on-off cycling, and low cost are elusive. 

Optical or electro-optical switches allow the possibility of easily switching and 

modifying light signals in response to an external electrical or optical stimulus with 
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lower energy consumption and greater speed. NLO-active polymers promise potential 

use in many photonic systems such as high-speed optical modulators, ultra-fast optical 

switches, and optical data storage. 

  

 

1.1.4.1 Redox- Switched NOL materials  

For device applications, designing new materials with large NLO responses is not the 

only factor that must be taken into consideration; there are other factors that also must 

be considered such as thermal stability, the orientation of molecular dipoles in a bulk 

material, and properties such as redox chemistry (redox-switching abilities). 

Currently, redox-switchable molecular NLO materials rely upon either oxidation or 

reduction of organic groups, or coordinated precious metals (eg. Ru).
77,78

 Hence, they 

suffer from instability, high cost, and difficulty in fabrication.  

 

In 1999, Coe defined three ways of realizing a NLO switching in D‐π‐A molecules, 

which are schematically represented in Figure 1.9.
79,80

 In type I, the donor capacity of 

the donor moiety is reduced by proton transfer or oxidation of the donor resulting in a 

competing acceptor moiety A’. While in type II, the alteration of the 

hyperpolarizability is caused by the changes in the acceptor. A competing donor 

moiety D’ is formed after either removing a proton or reducing the acceptor moiety. 

In type III, the alterations to the conjugated π-bridge such as isomerization, or 

cyclization can diminish the hyperpolarizability.  
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Figure 1.9 Schematic representation of three types of NLO switching possibilities. 

 

 

As mentioned before, different stimuli can be applied to perform switching. Chemical 

switching has attracted considerable attention in the research of molecular switches. 

For instance, it has been shown that ruthenium acetylide complexes can be reversibly 

switched to the vinylidene form by modifying solvent polarity, with significant 

changes in their NLO responses.
81

 Optically switchable compounds such as 

photochromic molecules are another important group that also attracted much interest 

in the field of molecular electronics and optical communications. Lehn et al. 

demonstrated the switching of NLO response of bis(3-thienyl)ethane derivative after 

30 second of irradiation at 365 nm where the molecule undergoes photocyclisation 

with colour change from yellow to deep blue.
82

 This process is reversed upon 

exposure to visible light of wavelength > 600 nm for about 5 minutes (Figure 1.10). 

However, the switching process takes relatively long time, and hence limits the use of 

these materials in actual devices. Delaire et al. investigated the SHG switching in 

poled films derived from a PMMA polymer that contains the typical azobenzene-
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derived NLO chromophore disperse red one (DR1), as shown in Figure 1.11. They 

reported that irradiation at 488 nm of the prepared film causes an irreversible decrease 

(ca. 30%), followed by a reversible decrease (ca. 30%) in the intensity of 532 nm 

SHG.
83

 These decreases are attributed to the partial trans to cis photoisomerisation of 

the DR1 molecules. 

 

 

 

 

Figure 1.10 Photocyclisation of the bis(3-thienyl)ethane. 
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Figure 1.11 Photoisomerisation of DR1. 

 

 

In 1999, Coe showed the possibility of electrochemical switching of the NLO 

properties using ruthenium ammine complexes of 4,4'-bipyridinium ligands (Figure 

1.12) using the HRS technique, which was the first documented study of a type I 

switch.
84

 The NLO properties were switched “on” and “off” using their well-defined 

reversible redox chemistry at accessible potentials of 0.46 and -0.48 V versus 

saturated calomel electrode (SCE). Upon oxidation, the molecule was changed from a 

D-π-A to A-π-A system due to the oxidation of Ru
II
 to Ru

III
. The latter (oxidised 

form) was shown to have no second-order NLO response whereas the reduced (Ru
II
) 

form showed a good response. 
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Figure 1.12 Redox switching of ruthenium ammine based complexes, R = Me, Ph, Ac. 

 

 

A few years later, Coe et al in another paper demonstrated the redox switching of 

SHG responses of LB thin films containing a ruthenium(II) ammine complex.
85

 They 

showed that the first hyperpolarizability β response of a deposited film of these 

complexes on ITO-coated glass decreases 50 % upon oxidation and the signal can be 

reversed and restored on reduction. 

 

In a study built upon the work of Coe et al., Malaun et al. reported the synthesis of 

another molecule that can undergo NLO switching via its redox chemistry.
86

 In their 

study, they reported the synthesis of molecule containing an octamethylferrocene 

donor linked to a nitrothiophene acceptor via an ethenyl linker, which showed a static 
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first hyperpolarizability β0 of 95 (±10) × 10
-30

 esu using HRS technique. Upon 

oxidation of the octamethylferrocene unit, the static first hyperpolarizability β0 was 

reduced to 10 (±2) × 10
-30

 esu. Further studies by Coe and Malaun,
87

 Powell,
88,89

 

Weyland and Sporer,
90

 and Cifuentes
91

 have all continued investigating new systems 

with electrochemical switching abilities. One aim of this work lies in electrochemical 

redox switching which will be discussed in the next section.  

 

 

1.1.5 NLO active polymers 

Organic molecules and polymers show large optical non-linearities that make them a 

suitable alternative to inorganic crystals as the crystalline state imposes limitations on 

applications. Therefore, many attempts have been made to produce thin film systems 

and explore their NLO activities. At present, there is a great demand for new materials 

with enhanced second-order NLO properties; which can be achieved by synthesizing 

highly efficient, noncentrosymmetric molecules and finding methods for assembling 

and integrating these materials into noncentrosymmetric bulk materials such as 

polymeric films or single crystals depending on the target application. Many 

approaches can be utilized to make noncentrosymmetric thin films such as epitaxy, 

Langmuir-Blodgett (LB) layers, intermolecular charge transfer layers (ICTL), and 

functionalized polymers.
92-95

 Among all these approaches, functionalized polymers 

are the most successful approach as all others show problems such as light scattering 

by crystallites (epitaxy and LB), and temporal stability (ICTL).
96-99

  

 

Polymeric materials for second-order NLO can be classified into five types depending 

on the distribution and bonding types: - (i) host-guest; (ii) linear (side-chain and main-

chain); (iii) cross-linked; (iv) hyperbranched and dendric; (v) organic-inorganic 

hybrids. The host-guest protocol, illustrated in Figure 1.13, is the easiest to prepare, 

NLO chromophores are entrapped inside the polymer matrix, and aligned using 

different poling methods (such as static field, photo-assisted, and all optical poling)
98

 

to obtain noncentrosymmetric films and hence non-zero second-order 
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hyperpolarizability. However, poor temporal stability of the molecule after alignment 

and low percentage load of the NLO chromophores are the main problems with such 

systems.  

 

 

Figure 1.13 Schematic representations of different kinds of functionalization of polymeric 

materials: (a) host- guest system, (b) side-chain polymer (c), cross-linked polymer, and (d) 

main-chain polymer. 

 

 

Havenga and co-workers first introduced the host-guest approach making thin 

electroluminescencent films, taking advantage of the very good optical properties of 

amorphous polymers.
100

 The matrix polymer provides a good optical propagation 

while the NLO active chromophores would provide the second-order NLO response. 

In 2000, Khalil et al. reported the use of para-nitro aniline chromophore, grafted 

polymethyl methacrylate (PMMA) thin film in optical parametric amplification 

(OPA).
101

 Recently, cross-linkable polymers of polyene-based push-pull 

chromophores with enhanced thermal orientation stability were reported for second-

order NLO applications.
99
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It was shown that incorporating heterocyclic conjugating units such as thiophene with 

electron-acceptors in guest-host polymers would lead to increased non-linearities 

compared to polyene-based chromophores, they behave as very efficient electron 

relays.
102-107

 Jen et al. reported the synthesis of heteroaromatic chromophores with 

large non-linearities using donor-acceptor substituted thiophene-containing 

conjugated units hosted in a polyimide matrix with enhanced stability, Figure 1.14.
108

  

 

 

 

Figure 1.14 Example of a thiophene-containing NLO chromophore. 

 

 

On the other hand, covalently-based NLO polymers were shown to be the best choice 

as these chromophores are covalently linked to the polymer backbone and hence 

allow a high percentage load and better stability. The cross-linked method has been 

utilized as an effective method to prevent the relaxation of aligned NLO 

chromophores in the polymer matrix; the main problem with the guest-host system; 

and to increase the long-term stability of the NLO activity.
109,110

 However, the optical 

loss in such systems is significant and hence limits their practical use in many 

applications.  

 

In the main chain, the chromophores are chemically incorporated in the polymer 

backbone itself, Figure 1.13. Despite their stability (temporal and alignment), main-

chain polymers show relatively poor processability and low NLO responses compared 

to the side-chain systems. Therefore, the side-chain is the main focus of current 

research in the NLO polymer field. In the side-chain system, the NLO chromophores 

are covalently attached to the polymer backbone, as illustrated in Figure 1.13. Several 
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studies investigating this system have been carried out using many different polymers 

such as polyquinolines, polyester, polyethers, polyacrylamides, polyurethates, 

polymethacrylates, and polystyrenes.
111,112

 Polyurethanes and polyimides have shown 

better properties, such as excellent thermal stability among all others, and therefore, 

attracted more attention in the fabrication of practical electro-optical (EO) polymers.  

 

 

1.2. Polyoxometalates 

Polyoxometalates are a well-known class of discrete early transition metal-oxide 

clusters having a huge variety of shapes, sizes, compositions and chemical and 

physical properties: from Mo6 and smaller anions to truly nanosized molecules.
113-115

 

POMs are mainly formed from the transition metals vanadium (V), tungsten (W), and 

molybdenum (Mo) in high (V/VI) oxidation states which form polyoxoanions 

primarily by edge, and occasionally, corner sharing of MO6 octahedra resulting in 

approximately spherical cages.
113

 These structures are stable and have wide-spread 

applications, mainly in catalysis, electro-catalysis, analytical chemistry, medicine, 

materials science, and molecular devices.
113,116,117 

Generally, POMs are divided into 

three types, heteropolyanions, isopolyanions, and giant nanosized polymolybdate 

clusters, which are shown in Figure 1.15.
113 

Heteropolyanions are typically formed  

from a high proportion of one type of transition metal, which is called the “addenda 

atom” such as W, Mo, V, and from a smaller proportion of the other type of atoms 

which are called “heteroatoms” such as transition metals or nonmetals.
113

 Among 

heteropolyanions, Keggin and Dawson structures are the most common species.
113

 In 

1826, Berzelius isolated the phosphomolybdate of formula [PMo12O40]
3−

,
118

 and in 

1933, Keggin reported the X-ray crystallographic structure of the related anion 

[PW12O40]
3−

.
119

 These POMs, especially the Keggin heteropolyanions with W and 

Mo, have been extensively studied during the last two decades.
120

 They have the 

general formula [XM12O40]
3-/4- 

, where X is heteroatom, M is addenda atom. Modified 

POMs with different electrochemical and catalytic behaviour can be obtained by 

replacing W(VI) or Mo(VI) ions by a transition metal (addenda) ion.
120

 In 1945, the 



Introduction                                                                                                       Chapter 1 

 

 

28 

 

Wells-Dawson structure [X2M18O62]
n- 

was first suggested by Wells, afterwards in 

1953 Dawson confirmed the positions of the W atoms in [P2W18O62]
6-

 using single-

crystal X-ray diffraction.
120 

 

 

Isopolyanions contain only one type of high-valent group 5 or group 6 transition 

metal ions. So far, more than 30 isopolyanions are reported, and the Lindqvist and 

octamolybdate are the most studied among them. The Lindqvist structure, 

hexamolybdate ion [Mo6O19]
2-

, has a good thermal and chemical stability and can be 

easily prepared following the synthetic method reported by Klemperer and co-

workers.
121

 Its structure consists of a compact arrangement of six edge-shared MoO6 

octahedra. The overall structure has octahedral symmetry. These are attractive units 

for use as building blocks due to their interesting properties such as redox properties 

and the ability to accept one electron (electron-relay).
113,122,123

  

 

 

Figure 1.15 Structures of : (A) [Mo6O19]
n−

; (B) Keggin-type [XM12O40]
3−/4

; (C) Wells-

Dawson type [X2M18O62]
n−

; (D) Preyssler-type [MP5W30O110]
14/12−

; (E) Keplerate [Mo132O372 

(CH3COO)30(H2O)72]
42−

.
113

 Figure was reproduced with permission from reference 113. 
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1.2.1 Covalent Polyoxometalate-organic hybrid materials 

The modification of POMs with organic species has received increasing interest in 

recent years, producing organic-inorganic hybrid materials with enhanced properties 

and possible synergistic effects.
124 

Organic-inorganic POM-based materials may 

provide easier integration of POMs into functional architectures and devices. The 

immobilisation of POMs can be achieved by either non-covalent interactions with the 

support or by covalent interactions. Most immobilisation of POMs onto supports is 

based on non-covalent interactions between POMs and their supports. However, 

electrostatically immobilised POM-based materials often display POM leaching.
125

 

Covalently-linked organic-inorganic POM-based hybrid materials show enhanced 

stability towards leaching and improved performance compared to non-covalently-

linked materials.
125

 In addition, hybrid organic-inorganic POM-based materials would 

be expected to display novel combinations of properties having application in diverse 

areas such as non-linear optics, catalysis, electrochemistry, sensors, and 

photochemistry. Recently, charge-transfer hybrids based on organic donors and 

inorganic acceptors such as POMs have received great attention as they have potential 

applications in solar energy conversion and storage, and NLO materials.
116,126,127

 

 

 

1.2.1.1 Lindqvist derivatives 

The terminal metal-oxo groups in the Lindqvist structure are moderately active and 

can be replaced by various nitrogen-containing groups such as imido, diazoalkyl, and 

diazenido.
126

 The best developed class of POM derivatives are the organoimido 

Lindqvist derivatives, which were first described by Kang and Zubieta.
128

 The 

chemistry of organoimido derivatization of polyoxometalates has received increasing 

interest in the last decade owing to the interesting properties of the resulting 

derivatives. The covalent linking approach provides a fine control of the interaction 

between different components, improvement of the long-term stability of the 

assembly, and better dispersion of POMs in materials.
125 

The hexamolybdate cluster 

can be partially or completely substituted with one or more of these organo-imido 
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ligands resulting organoimido derivatives.
126

 Recently, many of these derivatives have 

been synthesised and structurally characterised.  

 

Maatta reported the synthesis of monosubstituted organoimido derivatives of 

hexamolybdate using phosphinimines as imido-releasing reagents.
126

 Two years later, 

Proust and co-workers developed this reaction using anhydrous acetonitrile instead of 

pyridine under nitrogen gas and argued that the molybdyl in the hexamolybdate ion 

behaves like the carbonyl of aldehydes, ketones or esters to some extent. It can 

undergo Schiff base reactions similar to those between primary amines and aldehydes 

or ketones, which involves nucleophilic addition of an amine to the carbonyl followed 

by the elimination of water molecules.
126

 Therefore, in some cases, organic synthetic 

techniques can be extended into the chemistry of POMs derivatives. 

 

In the meantime, Errington reported other organoimido derivatives of hexamolybdate, 

by reaction of alkyl and aryl isocyanates with hexamolybdate ions at elevated 

temperatures in acetonitrile.
129

 Removing the resulting water from the reaction 

mixture is the critical step to complete the reaction successfully.
 
Afterwards, Peng and 

Wei used the most widely-used dehydrating reagents in organic chemistry such as 

DCP (N,N’-diisopropylcarbodiimide) and DCC (N,N’-dicyclohexylcarbodiimide) in 

the reaction of hexamolybdate with amines and developed a novel DCC-dehydrating 

synthetic protocol to afford arylimido derivatives of POMs (Figure 1.16).
130

 Other 

dehydrating reagents have been explored by these groups including magnesium 

sulphate, calcium chloride, 4 Å zeolite, phosphorus pentoxide, and calcium hydride 

which all showed less activating effect than DCC. That suggests DCC does not only 

serve as dehydrating reagent only but also activates the terminal Mo≡O bond 

increasing the electrophilicity of the molybdenum atom. However, side reactions with 

the molybdate ions and the initial products to give by-products may occur if an excess 

of DCC is added. Though, the synthesis of organoimido derivatives of hexamolybdate 

from aromatic amines with electron-withdrawing substituents such as nitro, fluoro, 
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and chloro groups using DCC-dehydrating protocol is very difficult due to the weak 

nucleophilicity or basicity.
131

 

 

 

Figure 1.16 Schematic synthesis of organoimido Lindqvist derivatives. 

 

 

In recent years, many synthetic protocols have been reported adapting classical 

reactions from organic synthesis for the synthesis of POM derivatives such as 

palladium-catalysed C-C bond coupling; particularly Sonogashira coupling.
132

 The 

latter allows the grafting of organic moieties with a controlled directionality under 

mild conditions, has been already used successfully.
133,134

 

 

Disubstituted derivatives have also been explored as potential building blocks for 

constructing POM-based hybrids. These derivatives were first synthesised by Maatta 

using (n-Bu4N)2[Mo6O19] with two equivalents of 2,6-diisopropylphenyl isocyanate in 

refluxing pyridine for 8 days.
135,136

 However, this method is an inefficient and time-

consuming process and the crude products contained a mixture of higher- and lower-

substituted hexamolybdates. Peng and Wei group reported the synthesis of 

difunctionalized arylimido derivatives of hexamolybdate with good yield and high 

purity using (n-Bu4N)2[α-Mo8O26] with DCC and 4-iodo-2,6-diisopropylaniline or 4-

ethynyl-2,6-dimethylaniline at the ratio of 1 : 2 : 2 in refluxing dry acetonitrile for 6 to 

12 hours.
137-139

 

 

In general, d–p π electronic interactions may occur in the organoimido derivatives of 

POMs via the extension of the organic π electrons in the arylimido unit to the 

inorganic framework, which dramatically modifies the electronic structure and redox 
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properties of the corresponding parent POMs. These derivatives show strong 

electronic coupling through strong charge transfer bands (absent in the isolated 

clusters and organic groups) and shifted electrode potentials, as shown in Figure 

1.17.
140

 The incorporated organic ligands provide great potential in the controllable 

synthesis of organic-inorganic hybrids by using well-developed common organic 

methods such as coordination, addition polymerisation, carbon-carbon couplings, and 

esterification.
126

 Various organic synthesis methods have been utilised, such as Pd-

catalysed carbon-carbon coupling and esterification, to construct novel nanostructured 

organic-inorganic hybrids materials using organoimido substituted POMs as building 

blocks (Figure 1.18 ).
126,133

 Both post-functionalization and direct functionalization 

can be applied to the synthesis of POMs-based materials, however, post-

functionalization is more attractive for such functionalization as the complexity of the 

target increases.
125 

 

 

 

 

Figure 1.17 UV/Vis absorption spectra of 1, [Bu4N] [a], and [Bu4N] [b].
140

  Figure was 

reproduced with permission from reference 140. 

1 

a 

b 

λ / nm 

A 
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Figure 1.18 Synthesis of a molecular hybrid containing POM clusters.
133

 

 

 

1.2.1.2 Keggin derivatives  

By altering the stoichiometric and pH conditions, various lacunar POM species can be 

synthesized; however, some of these lacunaries are not stable thermodynamically and 

can often revert to their parent anion. Keggin “lacunary” derivatives can be prepared 

by removing one, two, or three oxo-metal vertices from the [XM12O40]
n-

 parent. A 

cavity is formed after this removal leaving five oxygen-donors, which can be utilized 

for incorporating an added [ML]
n+

 unit in a pseudo-octahedral geometry. An 

enormous range of complexes have been synthesized utilizing such vacant sites.
141,142

. 

In 1976, Klemperer is credited for reporting the first example of a polyoxometalate 

covalently bound to an organometallic group ([(CpTi)PW11O39]
4-

).
143

 Since then a 

relatively large number of organometallic-substituted polyoxometalates have been 

prepared such as organosilanes, organotin, etc.
144

 These are obtained by reaction of 

organometallic fragments with lacunary anions filling the gap left by the removal of 

oxo-metal octahedra from the parent anion. Knoth first reported the organosilyl 

Keggin cluster α-[SiW11O40{O(SiR)2}]
4-

 (Figure 1.19) by reacting RSiCl3 (R = C2H5, 

CH=CH2, C10H21, Ph, NC(CH2)3, C3H5) with [α‐SiW11O39]
8‐ in unbuffered 

solutions.
145
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Figure 1.19 Schematic synthesis of organosilyl-[XW11O39]
7-

. 

 

 

Judenstein et al. extended these reactions to prepare analogues from the [α‐PW11O39]
7‐ 

parent.
146

 Moreover, Proust et al. outlined that hydrosilylation can be used to extend 

the organic part of these derivatives.
147

 Subsequently, Proust and co-workers focused 

their attention on the synthesis of organo-silyl derivatives of the redox active Keggin 

and Dawson POMs.
148-150

 They reported the synthesis of two Keggin clusters of 

amino and alkyne aryl-silyl derivatives with potential possibility for 

postfunctionalization to address a large range of building blocks.
149

 Subsequently , a 

terminal alkyne functionalized organosilyl Keggin derivative was successfully grafted 

to heteroleptic cyclometalated iridium complexes.
151

 Electrochemical measurements 

of these derivatives revealed a poor electronic interaction between the POMs and the 

organic chromophores. Weak electronic communication (coupling) between the 

organic part and the POMs was indicated as well by UV-Vis spectrum, which is 

essentially a sum of the spectrum of the two components (there is no new charge 

transfer transition). Such weak coupling was also noted in their parent derivatives, the 

Keggin clusters of amino and alkyne aryl-silyl derivatives, as well as in other 

analogous compounds. While electron transfer can occur between the organic or 

metal-organic groups and the POM, the weak electronic coupling means that the 

observed behaviour is simply an enhancement of phenomena that occur with no 
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covalent linkage. This means such systems are not of interest for NLO, where strong 

donor-acceptor communication is essential. 

 

 

1.2.2 POMs in films and at surfaces 

POMs have been utilised for modifying surfaces with potential application in 

heterogeneous or homogenous catalysis and have been extensively explored as 

photocatalysts or electrocatalysts.
152-154 

Due to their
 
interesting electronic and optical 

properties, POM could be used to build new materials with magnetic, electronic and 

optical properties. For such practical applications, strategies on the fabrication of 

POM-based organic-inorganic films are required.
155-157

 Many strategies have been 

developed to prepare such films by either non-covalent interactions with surface; such 

as layer-by-layer (LBL),
158

 Langmuir-Blodgett (LB),
159,160

 or by covalent interactions 

through organic derivatization strategies (including polymeric films), for example- 

Proust and co-workers have synthesized and electrografted new organosilyl/-germyl 

Keggin-type polyoxotungstates onto Si surfaces resulting in an electro-active films .
161

 

To date, non-covalent POM-based hybrid materials have been developed much more 

than covalent hybrids.  

 

Kurth et al. reported the fabrication of electrochromic devices (EC) utilizing LBL of 

europium-containing POM clusters, poly(allylamine hydrochloride), and 

poly(styrenesulfonate) with high electrochemical contrast, adequate response time, 

low operation voltage, and low power consumption.
158

 These films showed excellent 

stability; like transition metal oxides and the function of the POMs could be turned 

via molecular design. Several groups have focused their attention on the fabrication of 

POM-based thin EC films.
162-166

 Recently, Han et al. reported the vanadium-

containing POM-based pure inorganic multi-colour EC thin film fabricated by a facile 

solution-based electrodeposition method. They found that colour modulation from 

transparent to blue and purple can be achieved by using an electrodeposited film of α-

P2W15V3 as EC material and nano-TiO2 as a substrate.
155
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Generally, a carrier matrix such as polymer or organic species is usually required to 

prepare POM thin films as POMs themselves are poor film formers.
113,167

 Conducting 

polymers can feature reversible redox chemistry and ionic transport and also can 

provide ideal network where polyoxoanions are incorporated.
113,167

 In recent years, 

modified electrodes with conducting polymers doped with electroactive species have 

been of growing interest in the field of analytical chemistry. 
168-170

 Several studies 

have been made on the application of nanostructured hybrids of conducting polymers 

ranging from electrocatalytic activity, electrochemical supercapacitors, materials, 

photoelectrochemical and energy conversion and storage.
171-176

 These studies have 

been focused on the synthesis of nanostructured hybrids of conducting polymers 

(polypyrrole, polythiophene, polyaniline and their derivatives) with POMs and their 

applications.  

 

POMs can be trapped in a polymer matrix via either electropolymerisation of a 

polymerizable monomer to form a polymer film in the presence of POM anions; 

taking the advantage of the POM as an electrolyte (one-step method), or an 

electropolymerisation of a polymerizable monomer to form a polymer film first then 

soaking in the solution containing POMs to allow its passive diffusion into the 

polymer matrix (two-step method), illustrated in Figure 1.20. However, the main 

drawback of the two-step method is POMs leach from the film more than films 

prepared by one-step method.
113

  

 

 

Figure 1.20 Scheme representation of preparation of POM–polymer matrix via two-step (A) 

and one-step (B) methods.
113

 Figure is adapted with permission from reference 113. 
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The modification of electrode surfaces with POMs, mainly of Keggin and Dawson 

parent structures, has been quite well studied.
177,178

 For example, hybrid 

nanocomposites comprising polyaniline and H3[PMo12O40] as electrodes for solid-

state electrochemical capacitors have been studied by Gómez-Romero and co-

workers.
179

 Iron-substituted heteropolytungstates [PW11O39Fe
II
(OH2)]

4-
 entrapped in 

(N-methylpyrrole) films have been synthesised and their electro-chemical properties 

in presence of NO
2-

 have been also explored  by Bidun and co-workers.
180

 In addition, 

Lapkowski et al. have reported the synthesis of polyaniline films doped with 

H4PMo11Fe
II
O39 and H4PMo11Mn

II
O39.

168 
The electrogeneration and the 

electrochemical behaviour of polypyrroles doped with [PW12−xMoxO40]
3−

 

(x)=(0,3,6,12) has been reported by Cheng and co-workers.
120 

 

Polypyrrole and its derivatives are among the most studied conducting polymers. 

Anodic oxidation can be applied to synthesize polypyrrole from the monomer in 

solution, both in aqueous and non-aqueous media.
181

 Polypyrrole doped with anions 

can be obtained by the incorporation of anions via electrochemistry simultaneously 

with the polymer synthesis. Abrantes et al. reported the synthesis of Keggin-type 

heteropolyanions (HPA), the phosphotungstate ([PW12O40]
3-

) incorporated in 

polypyrrole during electropolymerisation in aqueous solution with its electrochemical 

quartz crystal microbalance (EQCM) studies.
182

 Incorporating iron-substituted 

heteropolytungstates [(H2O) Fe
III

SiW11O39]
5-

 in a polypyrrole film has been explored 

by Anson and co-workers. However, the resulting modified electrode showed poor 

electrocatalytic reduction activity to a substrate (electrocatalytic reduction of 

nitrite.).
177

 This suggests that the pyrrole matrix could impair the specific properties of 

these anions. Among different electronic conducting polymers, Faber and co-workers 

showed that [(H2O) Fe
III

PW11O39]
4-

  anion could be efficiently retained in a poly (N-

methylpyrrole) film and found to be electrochemically stable and the most suitable to 

achieve the electrocatalytic reduction of nitrite ions.
177 
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By controlling the polymerisation conditions, different spatial repetitions and 

structures of the POM-polymer composites can be obtained.
183

 In some cases, the 

polymer environment affects the electrochemical properties of the trapped POMs. 

Moreover, desired inherent morphological properties of the polymer can be obtained 

by a correct selection of the incorporated POMs. However, very few studies have 

been reported so far on conductive polymers containing POMs through covalent 

bonds. In 2005, Peng et al. first reported the synthesis of covalently attached 

Lindqvist clusters to the side chains of conjugated polymers with potential 

applications in photovoltaic (PV) cells.
184

 In this example, the {Mo6} cluster is linked 

to the conjugated backbone through either rigid conjugated bridge (Figure 1.21, a), or 

flexible alkyl chains (Figure 1.21, b). In a follow up study, they reported the use of 

these Lindqvist-based polymers in the fabrication of photovoltaic cells, which were 

sandwiched between a transparent anode and a cathode producing single-layer 

photovoltaic cells.  

  

 

Figure 1.21 Structures of Lindqvist-based polymers; (a) the {Mo6} cluster is linked to the 

conjugated backbone through the rigid conjugated bridge, (b) the {Mo6} cluster is linked to 

the conjugated backbone through the flexible alkyl chains.
184
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1.2.3 POMs-based hybrids as NLO chromophores 

POM-based organic and inorganic hybrid materials, especially organoimido-Lindqvist 

derivatives are excellent candidates as NLO materials due to their strong d-π 

interactions between the organic delocalised π electrons and the cluster empty d 

orbitals, intense electronic transitions, versatility via wide range of metals, and ease of 

modification to produce building blocks for targeted applications (non-

centrosymmetric molecules).
133,140,184-188

 However, their photonic properties have 

been very little addressed, so far only predicated by calculations that indicate 

significant second-order NLO coefficients.
189-195

 This prediction, combined with the 

well-defined, and fast electrochemistry of the Lindqvist anion, makes such materials 

attractive target for use as redox switchable NLO chromophores (type II), as 

illustrated in Figure 1.20. There is a possibility that the delocalisation of the added 

electron to POM cluster would result in a strongly enough interaction with the organic 

part leading to effective switching activity. The molecular non-linearities of such 

systems are primarily one-dimensional (1D) NLO chromophore. Therefore, the 

structure-property relationships (two-state model) could be helpful in designing these 

new organoimido POM-based NLO chromophores.  

 

 

Figure 1.20 Schematic representation of the proposed redox switching in organoimido 

Lindqvist hexamolybdate derivatives. 
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Janjua et al., in their computational studies, outlined that the organoimido ligand-to-

POM charge transfer (LPCT) is responsible for the NLO properties. They also found 

that lengthening of organoimido π-conjugation or increasing the donor strength of the 

organoimido would enhance the NLO properties, and the strong interaction generates 

a strong electronic communication between organoimido moiety and Lindqvist 

cluster.
196

  Surprisingly, though, in more recent work they have suggested that for 

systems where organoimido-substituted Lindqvist derivatives conjugated between the 

d-electron system of the POM and the p-π electron system of the aromatic rings, a 

polyoxometalate-to-ligand charge transfer (PLCT) was responsible for the NLO 

properties in such systems.
197,198

  Other organo-substituted POMs derivatives have 

also been investigated theoretically as NLO chromophores such as organo-substituted 

Keggin (XW11O39
n-

) and Dawson (X2W17O61
n-

) anions. However, as stated in section 

1.2.1.2, experimental observations in these materials indicate that the POM and the 

covalently attached organic subunit behave as separate electronic entities, making 

them unlikely NLO chromophores.
199,200

  

 

Lindqvist derivatives could potentially serve as excellent switchable NLO materials as 

they contain redox-active metal centres, i.e. the hexamolybdate cluster. The reversible 

redox properties of POMs provide an ideal route for redox-based switching of second-

order NLO activity; therefore, switching POM-based NLO materials may be 

constituted by combining their attractive redox properties and their potential NLO 

properties.  Song and co-workers have predicted the switching NLO properties of 

POM-based materials.
201

 In their study, the switched NLO properties of the two-

dimensional (2D) Λ-shape Phenanthroline-Lindqvist hybrids derivatives with C2v 

symmetry were investigated. They showed that the NLO responses could be switched 

“on” and “off” reversibly via the redox-couple of Mo
VI/V

 in the hexamolybdate 

cluster. The reversibility of active redox couple at readily accessible potentials has a 

great potential for the switching of bulk NLO properties in electrode-deposited films. 

Incorporating electron-accepting POMs with redox properties into a conjugated 
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polymer may result in photo and electro-active materials with new photochromic 

effects. 

 

 

1.3 Outline and aims of thesis 

For optical applications, a NLO chromophore should have the following properties: 

1- Fast optical response time 

2- Good temporal and thermal stability 

3- Easy of fabrication and production 

4- Ability to process into crystals, thin films, etc. 

5- Wide optical transparency area 

 

This project aims to explore both the photonic properties of POMs as NLO 

chromophores, and the production of photo and electro-active electropolymers of 

these materials with switchable NLO properties for various optoelectronic 

applications. We will present the first experimental study of POM derivatives as NLO 

chromophores, focusing on the synthesis, structure and 2
nd

 order NLO properties of 

new organoimido Lindqvist clusters with different organic donor/acceptor groups. 

 

Chapter 2 presents the synthesis of chromophores, monomers, and ligands including a 

description of experimental procedure and characterisation methodology. 

 

Chapter 3 describes the results and discussion of the design and synthesis of 

chromophores, monomers, and precursors. X-ray crystal structures, 
1
H, and 

13
C-NMR, 

MS spectra, and EA analysis results will be presented and discussed.  

 

Chapter 4 presents the electrochemical and optical properties of the synthesized 

chromophores. It also describes the first spectroelectrochemical studies of POM-based 

chromophores. 
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Chapter 5 describes for the first time the experimental non-linear optical properties of 

organoimido Lindqvist derivatives measured by HRS and Stark spectroscopy. It also 

presents the study of the electronic transitions of these materials using Raman 

spectroscopy. 

 

Chapter 6 describes the electropolymerisation and polymer characterisation of the 

polymerizable derivatives using different techniques such as SEM, TEM and 

reflectance FTIR. SEM and TEM images and reflectance IR of the surfaces will be 

presented to show specific features of the polymeric films. 
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2.1. Materials  

Tetrahydrofuran (THF) was distilled over sodium wire under nitrogen; triethylamine 

(TEA) was distilled at reduced pressure over NaOH and stored over NaOH under 

nitrogen; acetonitrile (MeCN) was distilled over CaH2 under nitrogen, diethyl ether 

was distilled over sodium wire under nitrogen, and dichloromethane was distilled over 

P2O5 and K2CO3 under nitrogen.
202

 Dry (sure seal) dimethyl sulfoxide (DMSO) was 

purchased from Sigma Aldrich. All other reagents and solvents were obtained as ACS 

grade from Sigma Aldrich, Alfa Aesar or Fisher Scientific and used as supplied. 

Deuterated solvents were obtained from Goss Scientific. 3-(pyrrole-1-

yl)propylamine
203

 were synthesized according to previously published methods and its 

identity was checked by IR and 
1
H-NMR. 

 

 

2.2. Methods 

Unless stated otherwise, all organic syntheses were carried out under an atmosphere 

of nitrogen or argon using standard Schlenk techniques. Organoimido hexamolybdate 

derivatives were synthesised using an adapted literature procedure,
204

 under an 

atmosphere of dry nitrogen or argon using standard Schlenk techniques. TLC plates 

were developed using an ultraviolet lamp, or iodine chamber.  

 

 

2.3. Instrumentation 

 

Elemental analysis Carlo Erba Flash 2000 Elemental Analyser. 

Mass spectrometry 

 

UK National Mass Spectrometry Service, Swansea 

University, Thermo Scientific LTQ Orbitrap XL 

FT-IR spectroscopy 

 

Perkin Elmer FT-IR spectrum BX and Bruker FT-

IR XSA spectrometers 

UV-vis spectroscopy Agilent Cary 60 UV-vis spectrophotometer 

NMR spectroscopy Bruker AC 300 (300 MHz) and Bruker Ascend 500 
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 (500 MHz) spectrometers. All shifts are quoted 

with respect to TMS using the solvent signals as 

secondary standard 

X-ray crystallography 

 

Oxford Diffraction XCalibur 3 diffractometer 

(UEA), or Rigaku AFC 12 goniometer (National 

Crystallography service) equipped with an 

enhanced sensitivity (HG) Saturn724+ detector and 

FR-E+ SuperBright molybdenum rotating anode 

generator with HF Varimax optics (100µm focus). 

Electrochemistry Autolab (PGStat 302N, and PGStat 30) 

potentiostat/galvanostat, and μ-autolab III for 

spectroelectrochemistry (SE).
205

 

Spectroelectrochemistry Honeycomb Spectroelectrochemical cell 

(AKSTCKIT3), Pine Research Instrumentation 

HRS  800 nm -high repetition rate femtosecond 

Ti:sapphire laser (Spectra Physics, Model 

Tsunami), 1064 nm -Spectra-Physics InSight 

DS+ laser (1W average power, sub-100 fs pulses, 

80 MHz). 

FIB 

 

FEI Nova200 dual beam SEM/FIB fitted with a 

Kleindiek micromanipulator. 

TEM Philips CM200 FEGTEM fitted with a Gatan 

SC200 Orius CCD camera and an Oxford 

Instruments 80 mm2 EDX SDD running AZtec 

software. 

XPS VG ESCAlab 250 with a monochromated Al Kα 

source. 

SEM-EDS Jeol JSM 5900LV SEM-EDS. 
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2.4. Compound numbering 

Organic compounds are numbered as precursors (P) in the order in which their 

synthesis are described in the ligand synthesis part of chapter, 2. POM compounds are 

given numbers in the order in which their syntheses are described in the 

polyoxometalates derivatives synthesis part of chapter 2. 

 

 

2.5. Notation for NMR, MS and IR spectra 

NMR: s – singlet; d - doublet; t – triplet; q – quartet; quin – quintet; sex – sextet; dd, 

dt, td, tt – doublet of doublets etc; p before any other letter signifies the prefix pseudo. 

ES-MS: [M]+ - molecular ion; [M-Na]+ - molecule plus a sodium ion. 

EI-MS: [M]+ - molecular ion; [M – X]+ - molecular ion minus fragment X.  

Fragments are identified wherever possible. 

IR: sh – shoulder; vw – very weak; w – weak; m – medium; s – strong; vs – very 

strong. 

 

Quaternary carbon signals were not observed for (2-5, 9-12) compounds even after 

1064 scans of saturated d6-DMSO and d3-MeCN solutions, which gave strong signal 

for all other 
13

C resonances.   

 

 

2.6. Electrochemical methods 

All electrochemical procedures were carried out using an Autolab PGStat 30 

potentiostat/galvanostat, using GPES software. Cyclic voltammetry (CV) experiments 

were performed in a single-compartment or a conventional three-electrode cell with a 

Ag/AgCl reference electrode (3M NaCl, saturated AgCl), glassy carbon (GC), 

Fluorine-doped tin oxide (FTO) or platinum working electrode and Pt wire auxiliary 

electrode. Acetonitrile was freshly distilled (from CaH2), [N(C4H9-n)4]PF6, used as 

supplied from Fluka, and [N(C4H9-n)4]BF4, were used as the supporting electrolyte.  

Solutions containing ca. 10
–3

 M analyte (0.1 M electrolyte) were degassed by purging 
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with nitrogen, and during the measurements a nitrogen atmosphere was maintained. 

All E1/2 values were calculated from (Epa + Epc)/2 at a scan rate of 100 mV s
–1

 and 

referenced to internal standard Fc/Fc
+
= +460 mV vs Ag/AgCl. Bulk electrolysis was 

performed using Chronoamperometry in a three-compartment cell where both 

reference and counter electrode were separated by a glass frit. A gold gauze was used 

as a high surface area working electrode, the counter electrode was a Pt gauze and as a 

pseudo-reference electrode an Ag wire was used. 

 

 

2.6.1. Electrolyte preparation 

[NBu4][BF4] was prepared by adding a solution of tetrabutylammonium hydrogen 

sulfate (169.0 g, 0.498 mol in 200 mL distilled water) into a solution of sodium 

tertafluoroborate (54.6 g, 0.498 mol in 200 mL distilled water) with vigorous stirring 

for 30 minutes forming a white precipitate. The precipitate was filtered off, washed 

three times with water, and dried. The air dried solid was dissolved in in freshly 

distilled dichloromethane and dried over magnesium sulphate overnight before being 

filtered off and washed with dried dichloromethane. The resulting filtrate was slowly 

added to 1.5 L dry diethyl ether with vigorous stirring. A white precipitate of [NBu4] 

[BF4] was obtained which was collected by filtration and dried in vacuo for 24 hours. 

 

 

2.6.2. Electrodeposition of polymer films 

Prior to use, platinum and glassy carbon working electrode was cleaned by polishing 

the electrode with alumina powder on a cotton pad and rinsing with water and freshly 

distilled acetonitrile. FTO electrodes were only rinsed with freshly distilled 

acetonitrile. An electrodeposition solution of 2 mM of monomers was freshly 

prepared before each electrochemical experiment. The electrolyte was 0.1 M 

NBu4BF4 in degassed MeCN. Monomers were added to the resulting solution and 

then loaded into a three compartment cell. In the case of co-electropolymerisation, 

2mM of pyrrole was prepared by adding the required amount of pyrrole into freshly 
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distilled acetonitrile. Films were formed by immersing the working electrode in the 

electrodeposition solution and cycling the potential (CV) between 0V and 0.8V at a 

scan rate 100 mV/s. If no response was noted, the experiment was repeated, 

increasing the voltage by 0.1 V increments to a maximum of 1.8 V. The film coated 

electrodes were washed with freshly distilled acetonitrile and dried for further 

characterization. Polymer films appeared well adhered to the electrode, with no 

cracking or lifting of the polymer film. Cyclic voltammetry studies of films were 

carried out in a fresh solution of 0.1 M [NBu4][BF4] in acetonitrile cycling between (-

1) V to 1.5 V using a single compartment cell. 

 

 

2.7. Ligands Synthesis 

 

2.7.1. Synthesis of 9H-fluoren-9-ylmethyl (4-iodophenyl)carbamate (P1)  

 

The procedure to prepare compound P1 was based on the method of Gawande and 

Branco.
206 

 9H-fluoren-9-ylmethyl carbonochloridate (FmocCl) (0.310 g, 1.2 mmol), 

4-iodoaniline (0.219 g, 1 mmol) and H2O (3 mL) were heated at 60 ºC for 2 hours. 

The reaction was monitored by thin layer chromatography using ethyl acetate:hexane 

(3:7) as eluent. The crude product was filtered and washed with water and then 

recrystallized from hot ethanol to yield the pure product (0.4 g, 0.906 mmol, 91 %). 

H (500 MHz, (CD3)2SO) 9.82 (s, 1H, Hc), 7.91 (d, J =7.5 Hz, 2H, Ha), 7.74 (d, J = 

7.5 Hz, 2H, Hb), 7.59-7.25 (m, 8H, Hf-i ), 4.50 (d, J = 6.2 Hz, 2H, Hd), 4.31 (t, J = 6.2 

Hz, 1H, He). C (125 MHz, (CD3)2SO) 153.3, 143.7, 140.8, 138.9, 137.3, 127.7, 
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127.1, 125.1, 120.5, 120.2, 85.7, 65.7, 46.6. Anal. Calcd (found) % for C21H16INO2: 

C, 57.15 (57.21); H, 3.65 (3.54); N, 3.17 (3.29). m/z = 442 [C21H16INO2H]
+
.  FTIR: 

3342 (w); 1739 (s); 1586 (m); 1526 (s); 1446 (w); 1396 (m); 1309 (m); 1287 (w); 

1237 (m); 1221 (s); 1104 (m); 1089 (m); 1063 (w); 1048 (m); 1003 (m); 986 (w); 935 

(vw); 817 (s); 763 (m); 736 (vs); 621 (m); 547 (m).  

 

 

2.7.2. Synthesis of N-(9-Fluorenylmethoxycarbonyl)-4-[(4-

iodophenyl)ethynyl]aniline (P2) 

 

Compound P1 (2.206 g, 5 mmol), 4-ethynylaniline (0.62 g, 5.3 mmol), Pd(PPh3)2Cl2 

(3 mol %, 0.111 g, 0.158 mmol), and CuI (5 mol %, 0.05 g, 0.265mmol) were added 

to an oven-dried 50 mL two neck flask. Anhydrous THF (25 mL) and dry 

triethylamine (2 mL) were then added to the flask and the reaction mixture was stirred 

at 40 ºC under nitrogen. The reaction was monitored by thin layer chromatography 

using ethyl acetate 8:2 toluene. After consumption of the amine (4 hours), the solution 

was filtered, 50 mL H2O added, and extracted twice with DCM (2 × 30mL). The 

combined organic layers were washed with H2O (2 × 60 mL) before being dried over 

anhydrous MgSO4. The solution was then diluted with DCM and layered with hexane. 

The red precipitate was filtered off and the filtrate was concentrated on the rotary 

evaporator to afford the crude product. This was re-dissolved in the minimum DCM 

and layered with hexane to give a brown solid (1.1 g, 2.55 mmol, 51 %). H (500 

MHz, (CD3)2CO) 9.01 (s, 1H, Hf), 7.88 (d, J = 7.5 Hz, 2H, He), 7.73 (d, J = 7.5 Hz, 

2H, Hd), 7.56-7.32 (m, 8H, Hi-l), 7.23 (d, J = 8.8 Hz, 2H, Hb), 6.67 (d, J = 8.8 Hz, 2H, 
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Hc), 5.02 (s, 2H, Ha), 4.52 (d, J = 6.6 Hz, 2H, Hg), 4.31 (t, J = 6.6 Hz, 1H, Hh). C 

(125 MHz, (CD3)2CO) 154.3, 149.9, 145.0, 142.2, 139.7, 138.6, 133.5, 132.6, 128.7, 

128.0, 126.0, 120.1, 119.1, 114.1, 111.4, 90.7, 87.3, 67.2, 48.0. Anal. Calcd (found) % 

for C29H22N2O2: C, 80.90 (80.78); H, 5.15 (5.22); N, 6.50 (6.49). m/z = 431.17 

[C29H22N2O2H]
+
. FTIR: 3343 (w); 1706 (s); 1607 (m); 1581 (m); 1521 (vs); 1449 (w); 

1407 (m); 1309 (m); 1219 (vs); 1137 (w); 1104 (m); 1087 (m); 1050 (s); 982 (vw); 

830 (vs); 736 (vs); 644 (m); 620 (m). 

 

 

2.7.3. Synthesis of 4-{[4-(1H-pyrrol-1-yl)phenyl]ethynyl}aniline (P4) 

Compound P3 was synthesized according to the Paal-Knoor method.
207

  

 

A mixture of P2 (0.43 g, 1 mmol), 2,5-dimethoxytetrahydrofuran (0.145 g, 1.1 mmol), 

and acetic acid (10 mL) were added to an oven-dried 50 mL round bottom flask 

containing a magnetic stirrer bar. The reaction mixture was refluxed for 1 hour under 

nitrogen and monitored by thin layer chromatography using ethyl acetate 9:1 toluene. 

After cooling to room temperature H2O (20 mL) was added and the resulting solution 

was extracted with DCM (3 × 15 mL). The DCM phase was washed with H2O (2 × 

100 mL) before being dried over anhydrous MgSO4. The solution was then reduced to 

dryness under vacuum to give a red solid (0.43 g, 0.89 mmol, 89 %). H (500 MHz, 

CDCl3) 7.80 (d, J = 7.5 Hz, 2H, Hf), 7.64 (d, J = 7.5 Hz, 2H, He), 7.58 (d, J = 8.8 Hz, 

2H, Hd), 7.51-7.32 (m, 10H, Hc, Hj-m), 7.38 (d, J = 8.8 Hz, 2H, Hc), 7.12 (t, J = 2.2 Hz, 

2H, Ha), 6.71 (s, 1H, Hg), 6.38 (t, J = 2.2 Hz, 2H, Hb), 4.59 (d, J = 6.4 Hz, 2H, Hh), 
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4.30 (t, J = 6.4 Hz, 1H, Hi). C (125 MHz, (CDCl3) 143.6, 141.4, 140.1, 132.8, 132.4, 

127.8, 127.2, 124.8, 120.5, 120.1, 120.0, 119.0, 118.3, 118.1, 110.9, 101.4, 89.5, 88.2, 

67.0, 47.0, 38.8. m/z = 481 [C33H24N2O2H]
+
. FTIR: 3297 (sh); 2944 (vw); 1701 (s); 

1590 (m); 1525 (vs); 1477 (m); 1447 (m); 1407 (m); 1329 (s); 1311 (m); 1218 (s); 

1137 (w); 1104 (m); 1088 (m); 1051 (s); 1018 (m); 919 (w); 828 (s); 755 (vs); 724 

(vs). 

Due to rapid oxidation in air, P3 was directly used to synthesise compound P4 via 

removal (deprotection of NH2 group) of the Fmoc group. 

 

 

To a solution of compound P3 (0427 g, 0.89 mmol) in anhydrous DMF (10 mL), 5 

mL piperidine was added before stirring for 30 minutes under nitrogen. The mixture 

was then layered with H2O (20 mL) to give a creamy brown precipitate before being 

filtered and dried. The brown solid was dissolved in acetone (50 mL), layered with 

H2O and filtered to remove the cleaved Fmoc byproduct. The filtrate was layered with 

H2O to give a yellow solid which was then washed with H2O and dried in air before 

being dissolved in diethyl ether. The diethyl ether phase was dried over anhydrous 

MgSO4, filtered and evaporated to dryness under vacuum. The resulting residue was 

purified by silica gel column chromatography using hexane/dichloromethane in a 95:5 

% to afford a yellow solid (0.14 g, 0.54 mmol, 61 %). H (500 MHz, CDCl3) 7.55 (d, 

J = 8.8 Hz, 2H, Hd), 7.37 (d, J = 8.8 Hz, 2H, Hc), 7.35 (d, J = 8.6 Hz, 2H, He), 7.12 (t, 

J = 2.2 Hz, 2H, Hb), 6.66 (d, J = 8.6 Hz, 2H, Hf), 6.37 (t, J = 2.2 Hz, 2H, Ha), 3.84 (s, 

2H, Hg). C (125 MHz, (CDCl3) 146.7, 139.8, 132.9, 132.6, 121.1, 120.0, 119.0, 

114.8, 112.5, 110.8, 90.6, 86.6. Anal. Calcd (found) % for C18H14N2: C, 83.68 

(83.61); H, 5.46 (5.38); N, 10.85 (11.00). m/z = 259 [C18H14N2H]
+
. FTIR: 3425 (w); 

3332 (sh); 3215(w); 2213 (vw); 1605 (s); 1523 (m); 1476 (m); 1323 (s); 1279 (m); 
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1120 (m); 1070 (m); 1016 (m); 918 (m); 827 (vs); 725 (vs); 613 (s). UV-vis (MeCN) 

λ, nm (ε, M
-1

 cm
-1

): 320 (44.7  10
3
).  

 

 

2.7.5. Synthesis of 4-(1H-pyrrol-1-yl)aniline
208

 (P5) 

 

A mixture of 2,5-dimethoxytetrahydrofuran 1 (1.451 g, 11mmol), p-

phenylenediamine (1.081 g, 10 mmol) and CuCl2 (10 mol %, 0.15 g, 1.1 mol) was 

refluxed with stirring in H2O (3 mL), for 2 hrs. The completion of the reaction was 

monitored by TLC using a mixture of ethyl acetate and hexane (5:95%). The reaction 

mixture was cooled to room temperature, before being diluted with ethyl acetate (20 

mL). The aqueous phase was re-extracted (2 × 20 mL) with ethyl acetate and the 

combined organic extracts were dried over magnesium sulphate, before being 

concentrated and dried in a vacuum. The resulting residue was purified by silica gel 

column chromatography using hexane/ethyl acetate in a 95:5 % to afford yellowish 

solid (0.7 g, 4.42 mmol, 47 %). H (500 MHz, CD3CN) 7.17 (d, J = 8.8 Hz, 2H, Hc), 

7.00 (t, J = 2.2 Hz, 2H, Hb), 6.70 (d, J = 8.8 Hz, 2H, Hd), 6.22 (t, J = 2.2 Hz, 2H, Ha), 

4.18 (s, 2H, He). C (125 MHz, (CD3CN) 147.4, 132.6, 122.8, 120.3, 116.0, 110.3. 

Anal. Calcd (found) % for C10H10N2: C, 75.92 (75.98); H, 6.37 (6.32); N, 17.70 

(17.60). m/z = 159 [C10H10N2H]
+
. FTIR: 3417 (vw); 3326 (sh); 3217 (w); 1625 (m); 

1517 (s); 1443 (s); 1400 (m); 1320 (m); 1256(m); 1127 (w); 1076 (m); 1018 (m); 921 

(w); 821 (s); 721 (vs); 612 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 264 (18.4  10
3
). 
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2.7.6. Synthesis of 9-(4-iodophenyl)-9H-carbazole (P6) 

 

A mixture of carbazole (2 g, 12mmol), 1,4-diiodobenzene (6 g, 19.6 mmol), copper 

powder (1.2 g, 18.88 mmol) and potassium carbonate (2.4 mg, 17.36 mmol) was 

dissolved in 1,2-dichlorobenzene (32 mL) and refluxed at 180 ºC for 48 hrs. The 

solution was taken and concentrated on the rotary evaporator before isolating the 

product by Kugelrohr distilling out unreacted carbazole at 280 ºC. The remaining 

product was then recrystallized in hot acetone to give a creamy coloured solid (1.81 g, 

4.92 mmol, 41 %). H (500 MHz, (CD3)2SO) 8.25 (d, J = 7.7 Hz, 2H, Ha), 8.02 (d, J = 

8.5 Hz, 2H, Hf), 7.46 (d, J = 8.5 Hz, 2H, He), 7.44 - 7.26 (m, 6H, Hb-d). C (125 MHz, 

(CD3)2SO) 134.2, 139.5, 137.1, 129.4, 126.8, 123.3, 121.8, 120.8, 110.0, 93.5. m/z = 

370 [C18H12INH]
+
. FTIR: 3044 (sh); 1622 (vw); 1595 (m); 1580 (m); 1151 (m); 1494 

(s); 1479 (s); 1449 (vs); 1361 (m); 1335 (s); 1316 (s); 1293 (w); 1229 (vs); 1183 (m); 

1121 (m); 1101 (w); 1005 (w); 934 (m); 913 (w); 855 (w); 823 (s); 747 (vs); 723 (vs); 

707 (m); 634 (m); 617 (m).  
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2.7.7. Synthesis of 4-{[4-(9H-carbazol-9-yl)phenyl]ethynyl}aniline (P7) 

 

P6 (300 mg, 0.8 mmol), 4-ethynylaniline (112 mg, 0.96 mmol), copper iodide powder 

(3.8 mg, 0.02 mmol) and Pd(PPh3)2Cl2 (56 mg, 0.08 mmol) were dissolved in 

acetonitrile (10 mL) and triethylamine (0.1 mL, 0.072 mmol) was added. The solution 

was stirred for 24 hrs at 60 ºC. The reaction mixture was filtered and washed with 

water (2 × 10 ml), and then DCM (2 × 10 mL).The combined organic layers were 

dried over MgSO4 and concentrated on the rotary evaporator to give the crude product 

as red solid which was purified by silica gel column chromatography (Hexane:DCM, 

1:2 ratio) to afford the desired product as yellow solid (0.246 g, 0.686 mmol, 86 %). 

H (300 MHz, (CD3)2SO) 8.26 (d, J =7.7 Hz, 2H, Ha), 7.74 (d, J =8.3 Hz, 2H, He), 

7.64 (d, J = 8.3 Hz, 2H, Hf), 7.50-7.23 (m, , 6H, Hb-d), 7.26 (d, J = 8.5 Hz, 2H, Hi), 

6.59 (d, J = 8.5 Hz, 2H, Hj), 5.64 (s, 2H, Hk). C (125 MHz, (CD3)2SO) 149.7, 139.9, 

136.1, 132.7, 132.6, 126.8, 126.4, 122.9, 122.5, 120.6, 120.3, 113.6, 109.7, 107.8, 

92.3, 86.0. Anal. Calcd (found) % for (C26H18N2)0.87(CH2Cl2)0.13: C, 84.62 (84.51); H, 

4.96 (4.51); N, 7.54 (7.80). m/z = 359 [C26H18N2H]
+
.  FTIR: 3458 (m); 3366 (m); 

3206 (vw); 3040 (w); 2207 (m); 1620 (s); 1602 (s); 1518 (s); 1476 (m); 1446 (s); 1334 

(m); 1312 (m); 1286 (m); 1222 (s); 1169 (s); 1136 (m); 1014 (vw); 912 (m); 826 (vs); 

751 (vs); 724 (s); 645 (s); 623 (m). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 234 (39.5  

10
3
), 292.5 (31.3  10

3
), 339.5 (46.2  10

3
). 
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2.7.8. Synthesis of 4-[(4-aminophenyl)ethynyl]-N,N-diphenylaniline (P8) 

 

A dried 50 ml two neck round flask was charged with 4‐bromotriphenylamine (324 

mg, 1 mmol), 4-ethynylaniline (140 mg, 1.2 mmol), copper iodide powder (4.8 mg, 

0.025 mmol), Pd(PPh3)2Cl2 (70 mg, 0.1 mmol) and triphenylphosphine (131 mg, 0.5 

mmol) and then evacuated and filled with Ar (× 3). THF (10 mL) was added to the 

mixture and the solution was refluxed for 96 hrs. The solution was filtered, then 

washed with water (10 mL) and (3 × 15 mL) DCM. The organic layer was taken and 

dried with magnesium sulphate before being concentrated in vacuo. The product was 

then purified by silica column chromatography using eluents hexane:DCM; 1:2 to 

afford a light-red solid (0.25 g, 0.69 mmol, 69 %). H (500 MHz, (CD3)2SO) 7.35 (d, 

2H, J = 8.8 Hz, Hf), 7.33 (m, 4H, Ha), 7.15 (d, J = 8.6 Hz, 2H, Hj), 7.08 (m, 6H, Hb+c), 

6.89 (d, J = 8.8 Hz, 2H, Hi), 6.54 (d, J = 8.6 Hz, 2H, Hk), 5.51 (s, 2H, Hl). C (125 

MHz, (CD3)2SO) 149.2, 146.8, 146.6, 132.4, 132.0, 129.70, 124.7, 123.8, 121.9, 

116.4, 113.6, 108.5, 90.3, 86.5. Anal. Calcd (found) % for C26H20N2: C, 86.62 

(86.73); H, 5.59 (5.67); N, 7.77 (7.63). m/z = 361 [C26H20N2H]
+
. FTIR: 3481 (vw); 

3390 (w); 2198 (vw); 1613 (m); 1586 (m); 1517 (m); 1486 (s); 1319 (m); 1275 (s); 

1176 (m); 1153 (w); 1075 (w); 1012(w); 824 (s); 757 (s); 721 (s); 693 (s); 616 (s); 

517 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 205.0 (57.5  10
3
), 233.5 (12.7  10

3
), 

348.0 (41.1  10
3
). 
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2.7.9. Synthesis of [4-(1H-pyrrol-1-yl)phenyl]acetaldehyde (P9) 

 

The synthesis of P9 was carried out according to the Clauson-Kaas method.
209

 4-

ethynylaniline (0.117 g, 1 mmol), 2,5-dimethoxytetrahydrofuran (0.145 g, 1.1 mmol), 

and acetic acid (30 mL) were charged in an oven-dried 100 mL round bottom flask 

containing a magnetic stirrer bar. The reaction mixture was refluxed for 2 hours under 

nitrogen and monitored by thin layer chromatography using ethyl acetate 3:7 hexane. 

The solution was concentrated on the rotary evaporator to give the crude product as 

black solid which was purified by silica gel column chromatography 

(Hexane:ethylacetate, 7:3 ratio) to afford the desired product as yellow solid. (0.15 g, 

0.81 mmol, 81 %). H (500 MHz, CDCl3) 8.04 (d, J = 8.9 Hz, 2H, Hd), 7.48 (d, J = 8.9 

Hz, 2H, Hc), 7.19 (t, J = 2.3 Hz, 2H, Hb), 6.41 (t, J = 2.3 Hz, 2H, Ha), 2.62 (s, 3H, 

He). C (125 MHz, ((CD3)2SO) 196.6, 143.2, 133.3, 130.0, 119.1, 118.4, 114.4, 26.6. 

Anal. Calcd (found) % for C12H11NO: C, 78.11 (78.05); H, 5.96 (6.08); N, 7.59 

(7.57). m/z = 186.09 [C12H11NOH]
+
. FTIR: 3143 (vw); 33104 (vw); 1625 (vs); 1600 

(s); 1519 (s); 1473 (m); 1455 (w); 1427 (m); 1358 (m); 1329 (s); 1308 (m); 1276 (m); 

1260 (s); 1192 (m); 1124 (w); 1079 (w); 1064 (m); 1016 (m); 960 (m); 920 (m); 832 

(vs); 720 (vs); 730 (vs); 609 (s). 
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2.8. Synthesis of Polyoxometalate Derivatives 

 

2.8.1. Synthesis of [(C4H9)4N]2[Mo6O19] (1) 

 

 

Compound 1 was synthesized according to previously published methods.
210

 

Na2MoO4.2H2O (5g, 20.01 mmol) was dissolved in water (20 mL) and acidified with 

6M HCl (5.8 mL, 34.8 mmol) with vigorous stirring, followed by the addition of 

tetrabutylammonium bromide (2.42, 7.5 mmol) in water (4 mL) solution. The 

resulting slurry was heated at 75 ºC with stirring for 45 min resulting in a yellow 

product, which was collected by filtration and washed with water (3 × 40 mL). This 

was first dried in air and recrystallized from hot acetone and washed with diethyl 

ether (2 × 20 mL) to afford yellow crystals (3.68g, 2.7 mmol, 78 % based on Mo). 

The final product was dried in vacuo for 24 hours. Anal. Calcd (found) % for 

C32H72N2O19Mo6: C, 28.16 (28.09); H, 5.31 (5.41); N, 2.05 (2.09). FTIR: 2962 (m); 

2872 (m); 1467 (m); 1380 (m); 1172 (vw); 1109 (vw); 1062 (vw); 1035 (vw); 949 

(vs); 877 (m); 782 (vs); 738 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 223.0 (24.9  

10
3
); 261.0 (13.4  10

3
); 323.0 (7.1  10

3
). 
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2.8.2. Synthesis of [(C4H9)4N]2[Mo6O18NC6H4I] (2) 

 

A mixture of 4-iodoaniline (0.219 g, 1 mmol), (n-Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 

mmol), and DCC (1,3-dicyclohexylcarbodiimide) (0.3094 g, 1.5 mmol) was heated in 

dry DMSO (15 mL) for 10 h at 70 ºC. A colour change to red-orange was observed. 

After cooling to room temperature, the solution was filtered into a flask containing 

diethyl ether (200 mL) and ethanol (50 mL). An orange precipitate was formed and 

collected by filtration and washed with 10 mL ethanol and then ether (10 mL) several 

times. The resulting solid was recrystallized twice from hot acetonitrile and washed 

with ethanol and diethyl ether to afford an orange solid (0.86g, 0.549 mmol, 55 %). 

The final product was dried in vacuo for 24 hours. H (500 MHz, CD3CN) 7.75 (d, J = 

8.5 Hz, 2H, Hb), 6.99 (d, J = 8.5 Hz, 2H, Ha), 3.09 (pt, J = 8.6 Hz, 16H, Hf), 1.60 

(quin, J = 8.1 Hz, 16H, He), 1.36 (sex, J = 7.4 Hz, 16H, Hd), 0.97 (t, J = 7.4 Hz, 24 H, 

Hc). C (125 MHz, CD3CN). 138.7, 128.4, 59.4, 24.4, 20.4, 13.9. Anal. Calcd (found) 

% for C38H76N3O18IMo6: C, 29.15 (29.09); H, 4.89 (5.01); N, 2.68 (2.70). m/z = 540 

[C6H4NIMo6O18]
2-

, 440.1 [Mo6O19]
2-

, 1123.6 [(NBu4){Mo6O19}]
-
, 1323.5 

[(NBu4)[C6H4NIMo6O18]]
1-

. FTIR: 2961 (m); 2872 (m); 1560 (vw); 1477 (s); 1376 

(m); 1315 (m); 1151 (w); 1106 (vw); 1052 (vw); 1025 (w); 1000 (w); 973 (s); 947 

(vs); 878 (m); 829 (m); 770 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 242.0 (48.2  

10
3
); 270.0 (32  10

3
); 355.0 (27  10

3
). 
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2.8.3. Synthesis of [(C4H9)4N]2[Mo6O18N2C10H8] (3) 

 

 

Compound 3 was synthesized in similar fashion to 2. P5, 4-(1H-pyrrol-1-yl) aniline 

(0.158 g, 1 mmol), (n-Bu4N)2[Mo6O1], 1 (1.773 g, 1.3 mmol), and DCC (1,3-

dicyclohexylcarbodiimide) (0.2886 g, 1.4 mmol) were combined in a dry Schlenk 

flask under nitrogen and dry DMSO (15 mL) was added. While the solution heated for 

10 hours at 65 ºC, its colour turned to red. After cooling to room temperature the red 

solution was filtered into a flask containing dry ether (200 mL) and ethanol (50 mL). 

The solid was washed with ethanol (10 mL) and then ether (10 mL) several times, and 

the resulting solid recrystallized twice from acetonitrile to yield an orange solid (1.2 g, 

0.7975 mmol, 80 %). H (500 MHz, CD3CN) 7.49 (d, J = 8.8 Hz, 2H, Hd), 7.32 (d, J = 

8.8 Hz, 2H, Hc), 7.20 (t, J = 2.0 Hz, 2H, Hb), 6.31 (t, J = 2.0 Hz, 2H, Ha), 3.10 (pt, J = 

8.6 Hz, 16H, Hh), 1.61 (quin, J = 7.8 Hz 16H, Hg), 1.36 (sex, J = 7.4 Hz, 16H, Hf), 

0.97 (t, J = 7.4, 24 H, He). C (125 MHz, CD3CN) 128.5, 120.4, 120.1, 112.2, 59.4, 

24.4, 20.4, 13.9. Anal. Calcd (found) % for C42H80N4O18Mo6: C, 33.5 (33.59); H, 5.35 

(5.29); N, 3.72 (3.65). m/z = 509.7 [C10H8N2Mo6O18]
2-

, 439.7 [Mo6O19]
2-

, 1020 

[H[C10H8N2Mo6O18]]
1-

, 1123.6 [(NBu4)[Mo6O19]]
1-

. FTIR: 3131 (vw); 2962 (m); 

2873 (m); 1590 (s); 1505 (s); 1481 (s); 1381 (w); 1324 (s); 1250 (vw); 1178 (m); 1153 

(w); 1108 (w); 1062 (s); 1015 (w); 972 (s); 949 (vs); 940 (vs); 914 (s); 880 (m); 843 

(s); 771 (vs); 738 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 223.0 (39.6  10
3
); 281.0 

(28.2  10
3
); 371.0 (32.3  10

3
). 

 

 

 

 



Experimental                                                                                                     Chapter 2 

 

 

60 

 

2.8.4. Synthesis of [(C4H9)4N]2[Mo6O18N2C18H12] (4) 

 

 

A mixture containing P4, 4-{[4-(1H-pyrrol-1 yl)phenyl]ethynyl}aniline (0.258 g, 1 

mmol), (n-Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 mmol), DCC (1,3-

dicyclohexylcarbodiimide) (0.2886 g, 1.4 mmol) and dry DMSO (15 mL) was heated 

at 70 ºC for 10 hours under nitrogen. During the course of the reaction, the solution 

changed colour to dark-red. After cooling to room temperature the solution was 

filtered into a flask containing ether (200 mL) and ethanol (50 mL). The solid was 

washed with ethanol and ether several times, then the resulting solid recrystallized 

three times from an 50:50; acetonitrile:ethanol mixture to yield orange-red solid (0.8 

g, 0.5 mmol, 50 %). H (500 MHz, CD3CN) 7.62 (d, J = 8.8 Hz, 2H, Hf), 7.55 (d, J = 

8.5 Hz, 2H, Hd), 7.52 (d, J = 8.8 Hz, 2H, He), 7.25 (d, J = 8.4 Hz, 2H, Hc), 7.23 (t, J = 

2.2 Hz, 2H, Hb), 6.33 (t, J = 2.2 Hz, 2H, Ha), 3.09 (pt, J = 8.6 Hz, 16H, Hj), 1.61 

(quin, J = 8.0 Hz, 16H, Hi), 1.36 (sex, J = 7.3 Hz, Hh), 0.97 (t, J = 7.4 Hz, 24 H, Hg). 

C (125 MHz, CD3CN) 134.1, 132.7, 127.2, 120.8, 120.1, 112.0, 59.4, 24.4, 20.4, 

13.9. Anal. Calcd (found) % for C50H84N4O18Mo6: C, 37.41 (37.35); H, 5.27 (5.14); 

N, 3.49 (3.57). m/z = 560 [C18H12N2Mo6O18]
2-

. FTIR: 2960 (m); 2872 (m); 2210 (vw); 

1605 (w); 1584 (w); 1519 (s); 1470 (s); 1378 (m); 1332 (s); 1151 (vw); 1118 (w); 

1065 (m); 1017 (vw); 974 (s); 945 (vs); 880 (m); 841 (m); 769 (vs). UV-vis (MeCN) 

λ, nm (ε, M
-1

 cm
-1

): 290.0 (40.1  10
3
); 386.0 (43.8  10

3
). 
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2.8.5. Synthesis of [(C4H9)4N]2 [C14H10N2Mo6O18] (5) 

 

 

Compound 2 (790 mg, 0.50 mmol), 4-ethynylaniline (70 mg, 0.6 mmol), Pd(PPh3)2Cl2 

(7 mg, 0.01 mmol), CuI (3 mg, 0.015 mmol) and K2CO3 (500 mg, 3.6 mmol) were 

added to an oven-dried (50 mL) round bottom flask containing a magnetic stirrer bar. 

Anhydrous acetonitrile (10 mL) and dry triethylamine (0.5 mL) were then added to 

the flask with a syringe. After being stirred at room temperature for 0.5 h under 

nitrogen, the reaction mixture was filtered and the filtrate was concentrated to about 2 

mL before pouring into diethyl ether to afford a red solid. The resulting solid was 

washed successively with ethanol (10 mL) and ether (10 mL) and then recrystallized 

twice from (acetonitrile: ethanol) mixture to yield a red solid (0.4 g, 0.257 mmol, 51 

%). H (300 MHz, CD3CN) 7.46 (d, J = 8.7 Hz, 2H, He), 7.26 (d, J = 8.9 Hz, 2H, Hc), 

7.20 (d, J = 8.7 Hz, 2H, Hd), 6.63 (d, J = 8.9 Hz, 2H, Hb), 4.5 (s, 2H, Ha), 3.10 (pt, J = 

8.6 Hz, 16H, Hi), 1.61 (quin, J = 7.9 Hz, 16H, Hh), 1.37 (sex, J = 7.4 Hz, 16H, Hg),  

0.97 (t, J = 7.4 Hz, 24 H, Hf). C (125 MHz, CD3CN) 134.0, 132.1, 127.2, 115.1, 59.4, 

24.4, 20.4, 13.9. Anal. Calcd (found) % for C46H82N4O18Mo6: C, 35.53 (35.41); H, 

5.31 (5.26); N, 3.60 (3.49). m/z = 535 [C14H10N2Mo6O18]
2-

, 439.6 [Mo6O19]
2-

, 1123.6 

[(NBu4){Mo6O19}]
1-

, 1311.69 [(NBu4)[C14H10N2Mo6O18]]
1-

. FTIR: 3362 (w); 2960 

(m); 2872 (m); 2201 (m); 1619 (m); 1605 (m); 1582 (m); 1515 (m); 1481 (m); 1331 

(m); 1300 (w); 1179 (w); 1135 (w); 1064 (vw); 1029 (vw); 974 (m); 946 (vs); 840 

(m); 773 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 281.0 (39.2  10
3
); 406.0 (35.8  

10
3
). 

 

 

 



Experimental                                                                                                     Chapter 2 

 

 

62 

 

2.8.6. Synthesis of [(C4H9)4N]2[Mo6O18NC8H5] (6) 

 

4-ethynylaniline (0.117 g, 1 mmol), (n-Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 mmol), and 

DCC (1,3-dicyclohexylcarbodiimide) (0.288 g, 1.4 mmol) were heated in dry DMSO 

(15 mL) for 10 h at 70 ºC. The colour of the solution changed to orange while it was 

heated. The solution was filtered into a flask containing diethyl ether (200 mL) and 

ethanol (50 mL) resulting in an orange precipitate. The orange precipitate was washed 

with ethanol and ether several times, then recrystallized twice from hot acetonitrile 

and washed with ethanol and diethyl ether to afford orange crystals (1.1g, 0.549 

mmol, 75 %).  H (500 MHz, CD3CN)  7.49 (d , J = 8.8 Hz, 2H, Hc), 7.19 (d, J = 8.8 

Hz, 2H, Hb), 3.49 (s, 1H, Ha),  3.10 (pt, J = 8.6 Hz, 16H, Hg), 1.61 (quin, J = 8.1 Hz, 

16H, Hf), 1.36 (sex, J = 7.4 Hz, 16H, He), 0.97 (t, J = 7.4 Hz, 24 H, Hd). C (125 

MHz, CD3CN) 133.4, 127.0, 122.3, 97.5, 83.4, 81.7, 59.4, 24.4, 20.4, 13.9. Anal. 

Calcd (found) % for C40H77N3O18Mo6: C, 32.82 (32.91); H, 5.30 (5.29); N, 2.87 

(2.93). m/z = 389 [C8H5NMo6O18]
2-

. FTIR: 3258 (sh); 2961 (m); 2871 (m); 1477 (s); 

1378 (m); 1334 (m); 1167 (w); 1099 (vw); 976 (m); 948 (vs); 882 (w); 844 (m); 766 

(vs); 650. UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 264.0 (36.2  10
3
); 358.0 (27  10

3
). 
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2.8.7. Synthesis of [(C4H9)4N]2[Mo6O20N2C6H4] (7) 

 

A mixture of 4-nitrolaniline (0.138 g, 1 mmol), (n-Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 

mmol), and DCC (1,3-dicyclohexylcarbodiimide) (0.288 g, 1.4 mmol) were heated in 

dry DMSO (15 mL) for 10 h at 70 ºC. The colour of the solution changed to orange 

while it was heated. The solution was filtered into a flask containing diethyl ether 

(200 mL) and ethanol (50 mL) resulting in a yellow precipitate. This was washed with 

ethanol (10 mL) and ether (10 mL) several times, before being recrystallized twice 

from hot acetonitrile and finally washed with ethanol (10 mL) and diethyl ether (10 

mL) to afford a yellow crystals (0.878g, 0.6 mmol, 60 %). H (500 MHz, CD3CN) 

8.22 (d, J = 9.1 Hz, 2H, Ha), 7.34 (d, J = 9.1 Hz, 2H, Hb), 3.10 (pt, J = 8.5 Hz, 16H, 

Hf), 1.61 (quin, J = 8.0 Hz, 16H, He), 1.36 (sex, J = 7.4 Hz, 16H, Hd), 0.97 (t, J = 7.4 

Hz, 24 H, Hc). C (125 MHz, CD3CN) 146.4, 126.9, 125.2, 118.4, 59.1, 24.1, 20.1, 

13.6. Anal. Calcd (found) % for C38H76N4O20Mo6: C, 30.74 (30.69); H, 5.15 (5.25); 

N, 3.77 (3.82). m/z = 499.68 [C6H4N2Mo6O20]
2-

. FTIR: 2961 (m); 2873 (m); 1578 

(m); 1514 (m); 1480 (m); 1379 (w); 1320 (s); 1105 (w); 975 (m); 949 (vs); 857 (m); 

768 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 216.0 (38.3  10
3
), 254.0 (26.3  10

3
); 

287.0 (20.3  10
3
), 370.5 (30.2  10

3
). 
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2.8.8. Synthesis of [(C4H9)4N]2[Mo6O20N2C14H8] (8) 

 

 

Compound 2 (735 mg, 0.50 mmol), ethynyl-4-nitrobenzene (88 mg, 0.6 mmol), 

Pd(PPh3)2Cl2 (7 mg, 0.01 mmol), CuI (3 mg, 0.016 mmol) and K2CO3 (500 mg, 3.6 

mmol) were added to a schlenk flask which was then evacuated and backfilled with 

nitrogen three times. Anhydrous acetonitrile (10 mL) and dry triethylamine (0.5 mL) 

were then added to the flask. After stirring at room temperature for 0.5 h under 

nitrogen, the reaction mixture was filtered and the filtrate was concentrated to about 2 

mL before pouring into diethyl ether (200 mL) to afford a dark-red solid. This was 

washed successively with ethanol (10 mL) and ether (10 mL) and then recrystallized 

twice from (MeCN:EtOH) mixture to yield dark-red solid (0.475 g, 0.3 mmol, 60 %). 

H (300 MHz, CD3CN) 8.24 (d, J = 8.9 Hz, 2H, Ha), 7.75 (d, J = 8.9 Hz, 2H, Hb), 7.61 

(d, J = 8.8 Hz, 2H, Hd), 7.26 (d, J = 8.8 Hz, 2H, Hc), 3.10 (pt, J = 8.6 Hz, 16H, Hh), 

1.61 (quin, J = 8.0 Hz, 16H, Hg), 1.36 (sex, J = 7.4 Hz, 16H, Hf), 0.97 (t, J = 7.3 Hz, 

24 H, He). C (125 MHz, CD3CN) 148.2, 133.3, 132.8, 130.2, 126.9, 124.5, 121.9, 

109.6, 93.9, 90.8, 59.1, 24.1, 20.1, 13.6. Anal. Calcd (found) % for C46H82N4O18Mo6: 

C, 34.86 (34.76); H, 5.08 (5.01); N, 3.53 (3.59). m/z = 549.9 [C14H8N2Mo6O20]
2-

, 

1341.5 [(NBu4)[C14H8N2Mo6O20]]
1-

. FTIR: 2961 (m); 2873 (m); 2212 (m); 1592 (m); 

1515 (m); 1479 (m); 1379 (w); 1338 (s); 1105 (w); 974 (m); 947 (vs); 775 (vs). UV-

vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 241.0 (36.0  10
3
); 269.0 (29.9  10

3
); 389.0 (49.6  

10
3
). 
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2.7.9. Synthesis of [(C4H9)4N]2[Mo6O18N2C20H14] (9) 

 

 

Compound 2 (395 mg, 0.25 mmol), 4-ethynyl-N,N-dimethylanilinenylaniline (43.5 

mg, 0.3 mmol), Pd(PPh3)2Cl2 (3.5 mg, 0.005 mmol), CuI (1.5 mg, 0.0079 mmol) and 

K2CO3 (250 mg, 1.8 mmol) were added to a schlenk flask which was evacuated and 

backfilled with nitrogen three times and then charged with anhydrous acetonitrile (10 

mL) and dry triethylamine (0.5 mL). The reaction mixture was stirred at room 

temperature for 0.5 h under nitrogen, and then filtered and the filtrate concentrated to 

about 2 mL before pouring into diethyl ether to afford a dark-red solid. This was 

washed successively with ethanol and ether to yield dark-red solid (0.3 g, 0.189 

mmol, 74 %). H (500 MHz, CD3CN) 7.46 (d, J = 8.6 Hz, 2H, He), 7.37 (d, J = 8.9 

Hz, 2H, Hc), 7.20 (d, J = 8.6 Hz, 2H, Hd), 6.72 (d, J = 8.9 Hz, 2H, Hb), 3.10 (pt, J = 

8.6 Hz, 16H, Hi), 2.98 (s, 6H, Ha), 1.61 (quin, J = 8.0 Hz, 16H, Hh), 1.36 (sex, J = 7.4 

Hz, 16H, Hg),  0.97 (t, J = 7.4 Hz, 24 H, Hf). C (125 MHz, CD3CN) 151.8, 133.8, 

132.1, 127.2, 124.7, 112.9, 109.8, 95.3, 87.8, 59.4, 40.4, 24.4, 20.4, 13.9. Anal. Calcd 

(found) % for C48H86N4O18Mo6: C, 36.42 (36.54); H, 5.47 (5.40); N, 3.53 (3.57). m/z 

= 549 [C16H14N2Mo6O18]
2-

, 1098 [H[C16H14N2Mo6O18]]
1-

, 

[(NBu4)[C16H14N2Mo6O18]]
1-

. FTIR: 2960 (m); 2872 (m); 2198 (m); 1606 (m); 1581 

(m); 1522 (m); 1480 (m); 1362 (m); 1200 (w); 1196 (vw); 1167 (vw); 1132 (w); 1063 

(vw); 1029 (vw); 974 (m); 944 (vs); 769 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 

247.5 (36.2  10
3
); 292.0 (44.5  10

3
); 421.0 (41.2  10

3
). 
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2.8.10. Synthesis of [(C4H9)4N]2[Mo6O18N2C8H10] (10) 

 

(n-Bu4N)2[Mo6O19], 1 (0.88 g, 0.65 mmol), 4-amino-N,N-dimethylaniline (0.068 g, 

0.5 mmol), and DCC (1,3-dicyclohexylcarbodiimide) (0.11 g, 0.57 mmol) were added 

to a 50 mL flask under N2 and then heated in dry DMSO (15 mL) for 10 h at 65 ºC. 

The colour of the solution changed to black while it was heated. The solution was 

filtered into a flask containing diethyl ether (200 mL) and ethanol (50 mL) resulting in 

a black precipitate which was washed with ethanol (10 mL) and ether (10 mL) several 

times, then recrystallized twice from hot acetonitrile and washed with ethanol (10 mL) 

and diethyl ether (10 mL) to afford black crystals (0.65g, 0.43 mmol, 86 %). H (300 

MHz, CD3CN) 7.15 (d, J = 9.1 Hz, 2H, Hc), 6.63 (d, J = 9.1 Hz, 2H, Hb), 3.09 (pt, J = 

8.4 Hz, 16H, Hg), 3.07 (s, 6H, Ha), 1.61 (quin, J = 8.0  Hz, 16H, Hf), 1.36 (sex, J = 7.3 

Hz, 16H, He), 0.97 (t, J = 7.3 Hz, 24 H, Hd). C (125 MHz, CD3CN) 129.1, 111.9, 

59.4, 40.4, 24.4, 20.4, 13.9. Anal. Calcd (found) % for C40H82N4O18Mo6: C, 32.40 

(32.31); H, 5.57 (5.48); N, 3.77 (3.82). m/z = 498 [C8H10N2Mo6O18]
2-

. FTIR: 2960 

(m); 2872 (m); 1590 (s); 1511 (w); 1477 (m); 1365 (m); 1223 (w); 1176 (m); 971 (s); 

944 (vs); 882 (m); 768 (vs). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 221.0 (37.5  10
3
); 

258.0 (30.6  10
3
); 424.0 (32.0  10

3
). 
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2.8.11. Synthesis of [(C4H9)4N]2[Mo6O18N2C26H18] (11) 

 

A mixture of 4-[(4-aminophenyl)ethynyl]-N,N-diphenylaniline (P8) (0.36 g, 1 mmol), 

(n-Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 mmol), and DCC (1,3-dicyclohexylcarbodiimide) 

(0.237 g, 1.15 mmol) was  heated in dry DMSO (15 mL) for 10 h at 68 ºC. After 

cooling to room temperature, the solution was filtered into a flask containing diethyl 

ether (200 mL) and ethanol (50 mL) and left to stand for 4 hours resulting in a red 

sticky precipitate. This was washed with ethanol (10 mL) and ether (10 mL) several 

times before being recrystallized twice from hot acetonitrile and washed with ethanol 

(10 mL) and diethyl ether (10 mL) to give red crystals (0.68g, 0.5 mmol, 40 %). H 

(500 MHz, CD3CN) 7.50 (d , J = 8.3 Hz, 2H, Hg), 7.38 (d, J = 8.5 Hz, 2H, He), 7.33 

(t, J = 7.8 Hz, 4H, Hb), 7.22 (d, J = 8.3 Hz, 2H, Hf), 7.12 (m, 6H, Ha+c), 6.94 (d, J = 

8.5 Hz, 2H, Hd), 3.09 (pt, J = 8.6 Hz, 16H, Hk), 1.60 (quin, J = 8.0 Hz, 16H, Hj), 1.36 

(sex, J = 7.4 Hz, 16H, Hi), 0.97 (t, J = 7.3 Hz, 24 H, Hh). C (125 MHz, CD3CN) 

148.2, 133.9, 132.6, 130.9, 127.4, 126.5, 125.3, 124.1, 122.7, 116.1, 94.0, 89.0, 59.6, 

24.6, 20.6, 14.0. Anal. Calcd (found) % for C58H90N4Mo6O18: C, 40.80 (40.71); H, 

5.31 (5.43); N, 3.28 (3.28). m/z = 611 [C26H18N2Mo6O18]
2-

. FTIR: 2960 (m); 2872 

(m); 2201 (vw); 1581 (m); 1507 (m); 1482 (s); 1379 (w); 1331 (m); 1168 (vw); 1136 

(vw); 1100(vw); 1057 (vw); 1028 (vw); 974 (s); 945 (vs); 881 (w); 843 (w); 770 (vs); 

696 (s). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 292.0 (41.2  10
3
); 326.5 (36.2  10

3
); 

414.0 (45.3  10
3
). 
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2.8.12. Synthesis of [(C4H9)4N]2[Mo6O18N2C26H16] (12) 

 

 

4-{[4-(9H-carbazol-9-yl)phenyl]ethynyl}aniline (P7) (0.359 g, 1 mmol), (n-

Bu4N)2[Mo6O19], 1 (1.773 g, 1.3 mmol), and DCC (1,3-dicyclohexylcarbodiimide) 

(0.237 g, 1.15 mmol) were  heated in dry DMSO (15 mL) for 12 h at 65 ºC. The 

colour of the solution changed to red while it was heated. After cooling to room 

temperature, the solution was filtered into a flask containing diethyl ether (200 mL) 

and ethanol (50 mL) resulting in an orange precipitate. The latter was washed with 

ethanol (10 mL) and ether (10 mL) several times, then recrystallized twice from hot 

acetonitrile and washed with ethanol (10 mL) and diethyl ether (10 mL) to afford 

orange crystals (1.19g, 0.549 mmol, 70 %). H (500 MHz, CD3CN) 8.20 (d, J = 7.7 

Hz, 2H, Hd), 7.81 (d, J = 8.6 Hz, 2H, Hh), 7.66 (d, J = 8.6 Hz, 2H, Hg), 7.61 (d, J = 8.6 

Hz, 2H, Hf), 7.46 (m, 4H, Hb+c), 7.32 (m, 2H, Ha), 7.26 (d, J = 8.6 Hz, 2H, He), 3.10 

(pt, J = 8.6 Hz, 16H, Hl), 1.61 (quin, J = 8.0 Hz, 16H, Hk), 1.36 (sex, J = 7.4 Hz, 16H, 

Hj), 0.97 (t, J = 7.4 Hz, 24 H, Hi). C (125 MHz, CD3CN) 141.5, 134.3, 132.8, 128.1, 

127.3, 127.2, 126.6, 124.4, 123.2, 122.6, 121.4, 110.9, 59.4, 24.4, 20.4, 13.9. Anal. 

Calcd (found) % for C58H88N4Mo6O18: C, 40.85 (40.93); H, 5.20 (5.13); N, 3.28 

(3.30). m/z = 610.2 [C26H16N2Mo6O18]
2-

. FTIR: 2960 (m); 2873 (m); 2162 (vw); 1625 

(vw); 1597 (w); 1513 (m); 1479 (m); 1449 (s); 1378 (w); 1334 (m); 1229 (m); 1169 

(w); 1150 (w); 1103 (w); 1062 (w); 1014 (w); 975 (s); 947 (vs); 880 (w); 845 (m); 

775 (vs); 749 (vs); 723 (s). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 226.5 (70.4  10
3
); 

291.5 (48.4  10
3
); 326.5 (31.3  10

3
); 341 (33.7  10

3
); 384.5 (43.4  10

3
). 
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2.8.13. Synthesis of [(C4H9)4N]2[Mo6O17N2C12H8I2] (13) 

 

A mixture of 4-iodoaniline (0.438 g, 2 mmol), (n-Bu4N)2Mo6O19 (1) (1.364 g, 1 

mmol) and DCC (1,3-dicyclohexylcarbodiimide) (0.495 g, 2.4 mmol) was heated in 

dry DMSO (15 mL) and a colour change to red was observed over 12 hours at 95 ºC. 

After cooling to room temperature, the red solution was filtered into a flask containing 

200 mL dry ether and 50 mL ethanol. The precipitated solid was washed with ethanol 

(10 mL) and ether (10 mL) several times. This was recrystallized twice from 

acetonitrile to yield an orange solid (0.7 g, 0.3962 mmol, 40 %). H (500 MHz, 

CD3CN) 7.72 (d, J = 8.8 Hz, 4H, Ha), 6.95 (d, J = 8.8 Hz, 4H, Hb), 3.09 (pt, J = 8.5 

Hz, 16H, Hf), 1.61 (quin, J = 8.1 Hz, 16H, He), 1.36 (sex, J = 7.3 Hz, 16H, Hd), 0.97 

(t, J = 7.4 Hz, 24H, Hc). C (125 MHz, CD3CN). 138.7, 128.0, 59.4, 24.4, 20.5, 13.9. 

Anal. Calcd (found) % for C44H80N4O17I2Mo6: C, 29.91 (29.83); H, 4.56 (4.64); N, 
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3.17 (3.06). m/z = 640.6 [C12H8N2I2Mo6O17]
2-

, 439.6 [Mo6O19]
2-

. UV-vis (MeCN) λ, 

nm (ε, M
-1

 cm
-1

): 228.0 (39.1  10
3
); 260.5 (38.0  10

3
); 354.0 (26.6  10

3
). 

 

 

2.8.14. Synthesis of [(C4H9)4N]2[Mo6O18N2C7H10] (14) 

 

(n-Bu4N)2[Mo6O19], 1 (0.818 g, 0.6 mmol), 3-(pyrrole-1-yl)propylamine (0.062 g, 0.5 

mmol), and DCC (1,3-dicyclohexylcarbodiimide) (0.139 g, 0.675 mmol) were heated 

in dry DMSO (10 mL) for 11 h at 70 ºC. The solution was filtered into a flask 

containing diethyl ether (200 mL) and ethanol (50 mL) under N2 and then stood for 5 

hours resulting in a brown sticky precipitate. This was washed with ethanol (10 mL) 

and ether (10 mL) several times, before being recrystallized twice from 

acetonitrile:ethanol and finally washed with ethanol (10 mL) and diethyl ether (10 

mL) to afford a brown solid (0.25g, 0.17 mmol, 34 %). H (500 MHz, CD3CN)  6.81 

(t, J = 2.08 Hz, 2H, Hb), 6.06 (d, J = 2.08 Hz, 2H, Ha), 4.26 (m, 4H, Hc+e), 3.10 (pt, J 

= 8.5 Hz, 16H, Hi), 2.10 (m, 2H, Hd), 1.61 (quin, J = 8.0 Hz, 16H, Hh), 1.37 (sex, J = 

7.3 Hz, 16H, Hg), 0.97 (t, J = 7.4 Hz, 24 H, Hf). C (125 MHz, CD3CN) 121.8, 108.7, 

64.6, 59.3, 47.0, 34.3 24.3, 20.3, 13.8. Anal. Calcd (found) % for C39H82N4O18Mo6: C, 

31.84 (31.81); H, 5.61 (5.51); N, 3.80 (3.92). m/z = 492.71 [C7H10N2Mo6O18]
2-

. FTIR: 

2959 (m); 2872 (m); 1480 (m); 1378 (w); 1270 (w); 1247 (w); 1105 (vw); 1089 (vw); 

1061 (vw); 1031 (vw); 975 (m); 945 (vs); 884 (m); 771 (vs); 728 (vs); 585 (s). UV-vis 

(MeCN) λ, nm (ε, M
-1

 cm
-1

): 214.5 (40.0  10
3
); 337.0 (7.0  10

3
). 
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2.8.15. Synthesis of [(C4H9)4N]3[PW11O39{O(Si-PhNH2)2}] (15) 

 

 
 

(Bu4N)4[H3PW11O39] (1.50 g, 0.411 mmol) was dissolved in acetonitrile:water 

mixture (52.5:22.5 mL) at 0 
º
C in an ice bath. A solution of p-aminophenyl 

trimethoxysilane (0.20 g, 0.937 mmol) in acetonitrile (15 mL) was added dropwise to 

the former solution, with vigorous stirring. The pH of the solution was set and held at 

2.3 for 15 minutes by the drop-wise addition of 1 M HCl, and which was then left to 

stir overnight at room temperature, affording a light-red solution and precipitate. This 

was filtered and dissolved in MeCN before being filtered to remove unreacted 

(Bu4N)4[H3PW11O39] solid. A solution of tetrabutylammonium bromide (0.85 g, 2.646 

mmol) was added and the solution then layered with ethanol and stirred at room 

temperature for 30 minutes resulting in the formation of a dark brown precipitate. The 

precipitate was then collected on a fine frit and washed with ethanol (3 × 10 mL), then 

dissolved in the minimum of acetonitrile, followed by the addition of triethylamine 

(52.5 µL) with stirring to fully deprotonate the amines. An excess of 

tetrabutylammonium bromide (c.a. 2.0 g) was added, and the solution layered with 

ethanol resulting in a brown precipitate. This was filtered, washed with ethanol (3 × 

10 mL) and ether (3 × 10 mL) to give the product as a brown solid (1 g, 0.274 mmol, 

66%). H (300 MHz, CD3CN) 7.52 (d , J = 8.5 Hz, 4H, Hc), 6.72 (d, J = 8.5 Hz, 4H, 

Hb), 4.41 (s, 4H, Ha), 3.09 (pt, J = 8.5 Hz, 24H, Hg), 1.61 (quin, J = 7.9 Hz, 24H, Hf), 

1.37 (sex, J = 7.4 Hz, 24H, He), 0.98 (t, J = 7.3 Hz, 36 H, Hd). P (202 MHz, CD3CN) 

-13.49 (s, 1P). Anal. Calcd (found) % for PW11O40Si2C60H120N5: C, 19.68 (19.72); H, 
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3.25 (3.31); N, 1.91 (1.94). m/z = 1588.28 [(Bu4N)[C12H12N2PW11O40Si2]]
2-

. FTIR: 

2960 (m); 2935 (m); 2874 (m); 1620 (m); 1600 (m); 1508 (w); 1480 (m); 1460 (m); 

1379 (w); 1274 (vw); 1188 (m); 1130 (s); 1108 (m); 1064 (s); 1033 (w); 958 (vs); 900 

(w); 864 (vs); 814 (vs); 706 (w); 656 (m). UV-vis (MeCN) λ, nm (ε, M
-1

 cm
-1

): 262.5 

(64.0  10
3
). 

 

 

2.9. X-Ray Crystallography 

Crystals of X-ray quality were obtained by room temperature diffusion of diethyl 

ether vapor into acetonitrile.  Data were collected on Oxford Diffraction XCalibur 3 

diffractometer, or a Rigaku AFC 12 goniometer equipped with an enhanced 

sensitivity (HG) Saturn724+ detector and FR-E+ SuperBright molybdenum rotating 

anode generator with HF Varimax optics (100µm focus). Data reduction, cell 

refinement and absorption correction was carried out using Agilent Technologies 

CrysAlisPro
211

 or Rigaku CrystalClear-SM Expert software,
212

 and solved using 

SHELXS-97
213

 via WinGX.
214

 Refinement was achieved by full-matrix least-squares 

on all F0
2
 data using SHELXL-97

213
, and molecular graphics were prepared using 

ORTEP-3.
214

 In all structures, the asymmetric unit contains the complete molecular 

anion and both cations.  
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Table 2.1  Crystallographic Data Summary. 

 

No. and structure 

Crystal 

System 

Space 

Group 

 

a, b, c /Å 

 

α, β, γ /º 

 

V /Å
3
 

2, [(C4H9)4N]2[Mo6O18NC6H4I] triclinic P-1 

12.1154, 

12.1829, 

19.6204 

93.78, 97.68, 

93.37 
2857.03 

3, [(C4H9)4N]2[Mo6O18N2C10H8] monoclinic P21/n 

11.6395, 

33.6792, 

14.0382 

90.00, 91.57, 

90.00 
5501.02 

4, [(C4H9)4N]2[Mo6O18N2C18H12] orthorhombic P212121 

17.5590, 

17.7832, 

19.6079 

90.00, 90.00, 

90.00 
6122.7 

5, [(C4H9)4N]2[C14H10N2Mo6O18] orthorhombic P212121 

15.9271, 

24.5421, 

29.984 

90.00, 90.00, 

90.00 
11720.3 

6, [(C4H9)4N]2[Mo6O18NC8H5] triclinic P-1 

12.3617, 

19.1579, 

25.2441 

107.13, 94.44, 

100.81 
5555.14 

8, [(C4H9)4N]2[Mo6O20N2C14H8] monoclinic P 21/n 

11.4858, 

38.1339, 

14.2817 

90, 91.649, 90 6252.8 

9, [(C4H9)4N]2[Mo6O18N2C20H14] monoclinic P21/c 

12.4494, 

23.7848, 

21.9894 

90.00, 103.57, 

90.00 
6329.36 

10, [(C4H9)4N]2[Mo6O18N2C8H10] monoclinic P21/n 

17.3560, 

15.6450, 

20.4840 

90.00, 104.25, 

90.00 
5390.9 

13, [(C4H9)4N]2[Mo6O18N2C7H10] monoclinic P21/c 

18.8960, 

16.5079, 

18.4858 

90.00, 90.22, 

90.00 
5766.3 

 

   

2.10. Hyper-Rayleigh Scattering (HRS)   

HRS measurements were performed by the author with help from Mr. Nick Van 

Steerteghem, a PhD student at KU Leuven (Belgium) under the supervision of Koen 

Clays, during a summer secondment at KULeuven (Belgium).  

General details of the hyper-Rayleigh scattering (HRS) experiment have been 

discussed in chapter 1. Measurements were carried out using dilute (ca. 10
-5

 M) 

acetonitrile solutions for both 800 nm and 1064 nm fundamental wavelength, to 

ensure a linear dependence of signal on concentration and therefore such that self-

absorption of the SHG signal was negligible. All 800 nm measurements were 

performed by using the 800 nm fundamental of a regenerative mode-locked Ti
3+

: 

sapphire laser (Spectra Physics, model Tsunami, 100 fs pulses, 1 W, 80 MHz). 

Crystal violet was used as an external reference (xxx,800 = 327  10
–30

 esu in 
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acetonitrile; from the value of 338  10
-30

 esu in methanol,
215

 corrected for local field 

factors at optical frequencies). The reported  values are the averages taken from 

measurements at different amplitude modulation frequencies. Measurements at 1064 

nm were performed in acetonitrile, using a Spectra-Physics InSight® DS+ laser (1W 

average power, sub-100 fs pulses, 80 MHz). All samples were passed through 0.45 

μm filters prior to being used, to ensure any dust was removed. In this setup, the 

collection optics are coupled to a spectrograph (model Bruker 500is/sm), together 

with an EMCCD camera (Andor Solis model iXon Ultra 897). Correction for 

multiphoton induced fluorescence was done by subtracting the broad MPF 

background signal from the narrow HRS peak (FWHM ± 9 nm), as described in 

chapter 1. The higher accuracy of this setup enables us to use the solvent as an 

internal reference (acetonitrile, βHRS,1064 = 0.258  10
-30

 esu.
216

). 

 

 

2.11. Stark Spectroscopy   

The Stark spectra were measured by Dr. John Fielden during a summer secondment at 

CalTech (USA). The measurements were performed using the previously reported 

experimental methods, data collection methods, and Stark apparatus.
22,217

 The 

experiments were performed in butyronitrile glasses at 77 K, the local field correction 

limit is estimated as 1.33, and the Stark spectra were recorded a minimum of two 

times. The data was analysed as previously reported,
22,217

 and the resulting spectra 

were analysed using the first and second and zeroth derivatives of the absorption 

spectrum. The dipole moment change Δμ12 associated with each of the optical 

transitions was calculated from the coefficient of the second derivative component 

and all equations used can be seen in Chapter 5. 
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3.1 Introduction 

Lindqvist POMs can be derivatised by replacing or derivatising the terminal oxygens 

of hexamolybdate by various nitrogen-containing ligands such as organoimido [NR]
2-

, 

hydrazido [NNR2]
2-

, nitrosonium [NO]
+
 and diazenido [NNR]

+
 species resulting in 

hybrid materials with promising and synergistic properties.
116,218

 The focus of this 

project is the development of new organoimido hexamolybdate derivatives as NLO 

chromophores. This chapter describes the synthesis, and structures of new series of 

organoimido Lindqvist derivatives with various organic donor or acceptor groups 

(scheme 3.1). In addition, the synthesis of the organic ligands that have been used as 

precursors will be described. 

 

 

3.2 Synthesis of Polyoxometalate Derivatives 

A new series of organoimido hexamolybdate derivatives 2-14 (shown in Scheme 3.2) 

were prepared using adapted procedures for the DCC-mediated coupling of [n-

Bu4N]2[Mo6O19] (1) with amines (Scheme 3.1).
219

 Compound 15 has been reported 

previously,
149

 but has not been studied for its NLO properties. The identity and purity 

of all these compounds were confirmed by 
1
H and 

13
C-NMR spectra, mass spectra 

(MS), elemental analyses (EA), infrared spectra (IR), UV-vis spectra (UV-vis), and 

X-ray crystal structures for a number of them. 

 

  

  

 

Scheme 3.1 Synthesis of new organo-imido Lindqvist POMs. 
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Scheme 3.2 Structures of POM-based derivatives 2 to 15. 
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3.2.1 [Bu4N]2[Mo6O18(p-NPhI)], 2 

Initially, we attempted synthesis of 2, 4-iodophenylimido hexamolybdate as a 

precursor for a variety of coupling reactions such as Sonogashira coupling to extended 

aromatic systems. We followed the methods developed by Peng and Wei:
130

 

[NBu4]2[Mo6O19] (1), DCC and 4-iodoaniline in refluxing acetonitrile. Surprisingly, 

however, we found that in our hands, this widely reported approach was unsuccessful. 

A colour change from yellow to orange was observed, but yields were low and the 

product contained lots of unreacted hexamolybdate (1) and also more highly 

substituted imido derivatives. Characterisation by 
1
H-NMR, as shown in figure (3.3), 

showed both protons (a and b) exhibit a pair of doublets with higher chemical shifts 

after imido bond formation compared to the 
1
H-NMR of the corresponding free 

amine. These two protons likely correspond to compound 2. However, another pair of 

doublets (marked *) for both protons (a, and b) having 13 % mole ratio of the whole 

product is also seen in Figure (3.3), presumably the difunctionalised derivative 

(compound 13). Moreover, the integrals for the tetrabutylammonium cation peaks are 

higher than would be expected for 2 alone, indicating the presence of 51 % mole ratio 

of unreacted {Mo6} or other underivatized molybdate species. These results indicate 

that the target molecule (compound 2) was present, but at low yield and impure, with 

a large quantity of unreacted hexamolybdate. 

 

Figure 3.3 
1
H-NMR spectrum of compound 2 in acetonitrile-d3. 

 

 

b a 

f 

e 

d 

c 

* * 
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Therefore, we tried a similar method replacing acetonitrile with dimethyl sulfoxide 

(DMSO),
219

 and increasing the temperature from the 82 ˚C achieved in refluxing 

acetonitrile, to 100 ˚C. This produced mixtures of mono- and bis-imido substituted 

{Mo6} derivatives; with higher loadings of DCC and amine increasing the proportion 

of bis- compound (entries 4-6 in Table 3.1). Entries 1-5 were aimed at optimizing 

synthesis of the mono-compound. The more upfield doublets decreased in intensity at 

lower loadings of DCC and amine, and at lower temperatures, lending weight to the 

hypothesis that they result from the bis-compound 

 

Synthesis of our target, 2, was optimized by varying the temperature, reaction time, 

and ratio of 1: DCC : 4-iodoaniline, revealing that 2 could be synthesized in ca. 85% 

yield, with no bis-products, by working with an excess of 1 and DCC at 70 ˚C. The 

product was purified by hot recrystallization from acetonitrile to afford orange 

crystals. More importantly, however, the results summarized in Table 3.1 indicate that 

the reaction is highly temperature dependent – with only 0.56 equivalents of amine, 

0.1% of the bis-derivative is produced at 80 ˚C but 5% at 100 ˚C.  With 2 eq of amine 

and 2.1 eq of DCC, increasing the temperature from 70 ˚C to 95 ˚C changed the 

mono: bis: 1 ratio from 53:30:17, to 52:42:6. Increasing reaction times beyond 12 

hours produced increasing amounts of unidentified side products, but only a slight 

increase in conversion, as has been previously reported for similar chemistry in 

acetonitrile.
185

 Compound 2 has been unambiguously characterized by 
1
H and 

13
C-

NMR, electrospray MS, EA, and IR, and X-ray crystallography. By comparison with 

the parent 4-iodoaniline, it can be clearly seen from the 
1
H-NMR spectra (Figure 3.4) 

that the protons ortho- to the aniline group (Hb) shift downfield by around 1.5 ppm 

upon formation of the Mo-imido bond, consistent with the strongly electron 

withdrawing nature of the {Mo6} cluster. While, for the protons meta- to the aniline 

group (Ha), these are shifted upfield. 

 

 



   

Molecular Design and Synthesis                                                                      Chapter 3 

 

 

80 

 

Table 3.1 Reactions of hexamolybdate with 4-iodoaniline at different ratios, time and 

temperature to synthesize compound 2. 

 

 Compound 1 

eq. 

DCC 

eq. 

Amine 

eq. 

Time 

H 

Temperature 

ºC 

Product distribution in initial 

precipitate
a 

mono : bis : unreacted 1 

1 1 0.83 0.56 10 80 40.9 : 0.1 : 59 

2 1 0.83 0.56 10 100 43 : 5 : 52 

3 1 1 0.67 10 70 85 : 0 : 15 

4 1 1 0.67 10 100 46.5 : 6.5 : 47
b
 

5 1 1.5 1.3 10 95 28 : 21 : 51 

6 1 1.8 2 12 95 58 : 32 : 10 

a
 Determined by 

1
H-NMR of initial crude material precipitated from DMSO by diethyl ether/ethanol, 

washed with ether and ethanol several times, and dried under vacuum. b
 Hydrolysis of bis-imido may 

have occurred to produce such a  large quantity of {Mo6}. 

 

 

 

Figure 3.4 Stacked 
1
H-NMR spectra of 2 (top, red) and its parent 4-iodoaniline (bottom, 

black), in acetonitrile-d3. 

 

 

4-iodoaniline 

a 
b 

2 

f 
e 

d c 
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Single crystals of 2 were grown for X-ray analysis by vapour diffusion of ether into 

acetonitrile solution, and yielded a high quality crystal structure in the space group P-

1. This structure (Figure 3.5) reveals the substituted hexamolybdate cluster, one 

tetrabutylammonium (TBA), and another disordered TBA in the asymmetric unit), 

and show characteristic bond lengths and angles for organoimido-Lindqvist species 

(see Table 3.3, and also Appendix A). The Mo-N-C bond angle is closer to 180º than 

120º, at 164.8º (3) indicating significant Mo
im

-N triple bond character and a formal 

positive charge on N. The Mo-N bond distance, at 1.743 (4) Å, is shorter than the 

bridging Mo-O (ca. 1.92 (3) Å) which implies again a multiple bond character. 

However, there is no consistent pattern in the terminal Mo-O distances which are 

typically in the range of 1.65 to 1.70 Å. 

 

Figure 3.5 ORTEP representation of compound 2*MeCN. Thermal ellipsoids are at the 30% 

probability level. Colour scheme: Mo is green; O, red; C, gray; N, blue; I, purple; H atoms are 

represented by light-green balls. 
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3.2.2 Synthesis of bis-organoimido (13), and investigation of the reactivity of 2 

The initial observations in the synthesis of 2, which led us to synthesize  pure mono-

compound using an excess 1, fewer equivalents of amine and DCC, and lower 

reaction temperatures, suggested that the second compound in the mixtures of 

reactions 1-6 in table (3.1) is the bis-compound (13) based on the literature.
185,220

 The 

bis-compound (13) can be isolated in moderate yield (40%) by recrystallization of 

such mixtures (using entry 3 in Table 3.2), but we have been unable to find conditions 

which produce it exclusively. Compound 13 has been characterized by 
1
H and 

13
C-

NMR spectra, MS, EA, and IR. There are two possible geometries for a bis-imido 

hexamolybdate – cis or trans (shown in Figure 3.6), and as cis is by far the more 

common in the literature,
220,221

 we assume 13 is the cis-compound. However, it is not 

possible to unambiguously distinguish this by NMR, MS or IR spectroscopy and we 

have been unable to produce X-ray diffraction quality single crystals of this material. 

Thus, we cannot absolutely distinguish whether 13 is the cis or trans bis-imido 

derivative.  

 

 

Figure 3.6 Structures of cis and trans-bis-derivative 13. 
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Table 3.2 Reactions of hexamolybdate with 4-Iodoaniline at different ratios, times and 

temperature. 

 Compound 1 

eq. 

DCC 

eq. 

Amine 

eq. 

Time 

H 

Temperature 

ºC 

Product distribution in 

initial precipitate
a 

2 : 13 : unreacted 1 

1 1 2.1 2 12 70 53 : 30 : 17 

2 1 2.1 2 12 95 52 : 42 : 6 

3 1 2.5 2 24 95 20 : 80 : 0 

4 1 2.4 2.1 12 80 42 : 43 : 15 

5 1 2.4 2.1 12 95 33 : 55 : 12 

6 1 2.3 2.2 12 95 32 : 50 : 17 

7 1 2.4 2.5 0.5 95 89 : 11 : 0 

8 1 2.4 2.5 1 95 80 : 20 : 0 

9 1 2.4 2.5 2 95 57 : 43 : 0 

10 1 2.4 2.5 4 95 38 : 53 : 9 

11 1 2.4 2.5 6 95 37 : 50 : 13 

12 1 2.4 2.5 8 95 31 : 54 : 15 

13 1 2.4 2.5 10 95 36 : 54 : 10 

14 1 2.4 2.5 12 95 36 : 54 : 10 

15 1 2.4 2.5 0.5 110 90 : 10 : 0 

16 1 2.4 2.5 1 110 80 : 20 : 0 

17 1 2.4 2.5 2 110 56 : 44 : 0 

18 1 2.4 2.5 4 110 38 : 53 : 9 

19 1 2.4 2.5 6 110 38 : 50 : 12 

20 1 2.4 2.5 8 110 31 : 54 : 15
b
  

21 1 2.4 2.5 10 110 36 : 54 : 10 

22 1 2.4 2.5 12 110 36 : 54 : 10 

a
 Determined by 

1
H-NMR of initial crude material precipitated from DMSO by diethyl ether/ethanol, 

washed with ether and ethanol several times, and dried under vacuum. b
 Hydrolysis of bis-imido may 

be occurring to produce such a large quantity of [Mo6O19]
2-

. 
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It was also noted that the bis-compound 13 was more vulnerable to hydrolysis (less 

stable) than 2. The amount of underivatized 1 was increased upon recrystallization, as 

clearly seen in the 
1
H-NMR spectrum of the final product (Figure 3.7), the integrals of 

the TBA show ca. 45% hexamolybdate (1). However, elemental analysis results were 

consistent with the target. The two possible explanations are that this may be related 

to the inhomogeneous solid product or rapid partial hydrolysis in NMR solvent. These 

results are consistent with the CV results, showing two peaks at different potentials 

(chapter 4). It appears that 13 is more vulnerable to hydrolysis than mono-derivative 

(2), and therefore impossible to separate 13 from unreacted 1 without very rigorous 

conditions (i.e. a glove box). The ESI-MS spectrum of 13 (Figure 3.9) shows the 

presence of both molecular ions of 13 (m/z = 640.6), and unreacted 1 (m/z = 439.6). 

Compared to compound 2, the 
1
H-NMR of 13 showed that the protons ortho- and 

meta- to the imido bond (Ha+b) slightly shift upfield upon formation of the second Mo-

imido bond (bis-compound), as shown in Figure 3.8.  

 

 

 

Figure 3.7 
1
H-NMR spectrum of compound 13 in acetonitrile-d3. The geometry of 13 is 

assumed to be cis based on the far higher frequency of cis-bifunctionalized hexamolybdates in 

the literature. 

 

a b 

f e d 

c 
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Figure 3.8 Stacked 
1
H-NMR spectra of 2 (bottom, black), and 13 (top, red) in acetonitrile-d3. 

 

 

 

Figure 3.9 ESI-MS spectrum of 13. 

 

 

To further probe the relationship between the mono- and bis-imido hexamolybdates, 

the reaction was monitored over 12 hours, at 95 ˚C in the presence of excess DCC 

(2.4 eq) and 4-iodoaniline (2.5 eq) (Table 3.2 entries from 5-14 ). 
1
H-NMR indicates 

that appreciable quantities of both 2 and 13 formed within 30 minutes, with an initial 

ratio of 9(2) : 1(13). Over time the proportion of 13 increases, reaching 4(2) : 6(13) 

after 6 hours, but thereafter changing no further (Figure 3.10), and producing 

2 

13 

13 

[Mo6O19]
2-
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increasing amounts of unidentified side products. Moreover, increasing the 

temperature from 95 ºC to 110 ºC did not show any change in the conversion ratio. 

This suggests that 13 is formed via 2, and suggested also that a step-wise approach 

might be a route to synthesize heterobifunctionalized hexamolybdate derivatives.  

 

 
 

 
 

 

Figure 3.10 Stacked 
1
H-NMR spectra of the crude products for entries 7-12 in table (3.2), in 

acetonitrile-d3. 

 

 

Aiming to achieve stepwise synthesis of heterobifunctionalized derivatives, 

compound 2 was reacted with 1 eq. of 4-ethynylaniline and DCC at 65 ˚C for 12 

hours. The purpose of using the lower temperature was to avoid any multi-substitution 

side reactions. However, the 
1
H-NMR clearly shows the presence of 2, 6 (4-ethynyl-

phenylimido Lindqvist derivative, vide infra), and smaller, slightly upfield peaks that 

can be ascribed to the more electron rich bis-derivatives (marked *), as shown in 

Figure 3.11. ESI-MS showed strong peaks for [2]
2-

, [6]
2-

, [13]
2-

 and also the 

heterobifunctionalized compound, in an approximate ratio of 55(2) : 32(6) : 8(13) : 5 

(heterobifunctionalized compound), shown in Figure 3.12. These ratios are also 

consistent with the 
1
H-NMR integrals that can be calculated unambiguously for 2 and 

6. 

2 

30 mins 

1 hr 

2 hrs 

4 hrs 

6 hrs 

8 hrs 

Unidentified 

side products 

13 
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Figure 3.11 Stacked 
1
H-NMR spectra of the crude products (bottom, black), 2 (blue), 6 

(purple), and 13 (red) in acetonitrile-d3.  

 

 

 

 

Figure 3.12 ESI-MS spectrum of the crude product of the reaction time of 12 hours, 1 eq. of 

4-ethynylaniline and DCC at 65 ˚C. 

 

 

6 

2 

13 

* 

2 

6 

13 heterobifunctionalized compound 
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Increasing the reaction time to 24 hours produced a far higher proportion of bis-

derivatives, with a mixture of 28(2) : 33(6) : 19 (homobifunctionalized compounds) : 

20 (heterobifunctionalized compounds) assigned from the 
1
H-NMR spectrum of the 

crude product (Figure 3.13). It was noted from the 
1
H-NMR spectra of both reaction 

times that the integration of the tetrabutylammonium peaks show no significant 

change suggesting no decomposition to {Mo6}, and only small peaks corresponding to 

this cluster are observed in the ESI-MS. These observations – namely production of a 

mixture including 6 and 13 from 2 and ethynylaniline indicates ligand displacement 

and exchange reactions occur complicate the step-wise approach. This is consistent 

with the acetonitrile-based chemistry of Wei, where stepwise 

heterobifunctionalization proved unsuccessful.
220

 Whether there is a ligand exchange 

between the clusters or another mechanism is unclear; however, it is an interesting 

question that could be explored in the future. Going deeper to fully decipher the 

formation mechanism of bis and heterobifunctionalized-imido derivatives is very 

challenging, however, and would require experiments beyond the scope of this thesis, 

which is primarily focused on materials and materials properties.  

 

 

 

 

Figure 3.13 
1
H-NMR spectra of the crude products of the reaction times of 12 (top, red), and 

24 (bottom, black) hours, showing the increase in the bis-derivative peak (blue box). 

 

24 hrs 

12 hrs 
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3.2.3. Synthesis of 3-4, 6-7, 10-14 

Compounds 3 and 4, 6 and 7, and 10 to 14 (scheme 3.1) were synthesized following 

the same method used to produce 2, shown in scheme (3.2). All derivatives have been 

unambiguously characterised by 
1
H and 

13
C-NMR, electrospray mass spectroscopy 

(MS), elemental analysis (EA), infrared spectroscopy (IR), and for 3, 4, 6, 10, and 14 

X-ray crystal structures.  

 

It was noted that less DCC (1.4 eq), and lower temperature (65 ºC) were required to 

access the 4-(1H-pyrrol-1-yl) derivative 3 from 4-(1H-pyrrol-1-yl) aniline (P5) in 

80% yield, consistent with the increased nucleophilicity of P5 attributed to the 

electron donor group (pyrrole). Similar trends were seen in the formation of 

derivatives 10, 11, 12, and 14. However, two or three recrystallizations were required 

to remove small amounts of excess hexamolybdate, accounting for losses of yield. An 

analogous approach was used to access the extended pyrrole derivative 4 from 4-{[4-

(1H-pyrrol-1-yl)phenyl]ethynyl}aniline (P4) in a yield of 50%.  

 

Assignment of the aromatic regions (supported by 2D COSY NMR) enables us to 

comment on the effect on chemical shift of introducing these donor groups to the 

organoimido system. By comparison with their parent anilines, the 
1
H-NMR of 

compounds 3 and 4 also show the downfield shift of the aromatic protons, clearly 

demonstrating the donor-acceptor nature of these systems (Figure 3.16). However, the 

pyrrole protons show relatively little change in  upon attachment of the POM. This 

indicates a certain degree of electronic isolation between donor and acceptor. By 

comparison with derivative 2, 3 and 4 show a significant upfield shift in  (from 7.75 

to 7.49 ppm) for Hd, the proton ortho to the imido group, upon moving from an 4-

iodo- to a 4-pyrrolyl phenyl, consistent with replacement of a weak electron 

withdrawing group (I), with a weak electron donor (pyrrole), illustrated in Figure 

(3.17). However, the resonance of Hc, the proton meta to the imido group, shifts 
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interestingly in the opposite direction (downfield). A similar trend is seen in 4, where 

an alkynyl phenyl spacer is introduced. 

 

 
 

Figure 3.16 Stacked 
1
H-NMR spectra of 3 (top, red) and its parent P5 (bottom, black), in 

acetonitrile-d3. 

 

 

 

Figure 3.17 Stacked 
1
H-NMR spectra of 2 (bottom, black) and 3 (top, red), in acetonitrile-d3. 

 

 

Single crystals of X-ray quality were obtained by vapour diffusion of diethyl ether 

into acetonitrile, and yielded high quality crystal structures of 3 and 4 in the space 

groups P21/n, P212121, respectively. In all cases, the asymmetric unit contains a 

complete derivative anion, and both TBA cations. An ORTEP representation of 3 is 

displayed in Figure (3.18), note that significant disorder is present in the TBA cations 

of 3 but the anion is well-resolved. 

2 

3 

P5 

d 
c 

b a 
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Figure 3.18 ORTEP representation of compound 3. Thermal ellipsoids are at the 30% 

probability level.  Colour scheme: Mo is green; O, red; C, gray; N, blue; I, purple; H atoms 

are represented by light-green balls. 

 

 

The triple bond character of Mo
im

-N is also seen in this derivative, the Mo-N-C bond 

angle is 173.3º (3) and the Mo
im

-N distance is 1.738 (3) Å, selected characteristic 

bond lengths and angles are presented in table 3.3. These derivatives also show the 

typical imido-Lindqvist pattern of a shortened bond length from the imido-Mo (Mo
im

) 

to the central oxygen (O
c
), lengthened equatorial bond lengths from Mo

im
 to the 

oxygens bridging to the belt Mo positions (Mo
b
), and a lengthened axial bond length 

from the trans-Mo (M
ot

) to O
c
. There is no clear pattern in Mo-N bond lengths or Mo-

N-C angles with the electron donating, or accepting nature of the organic group. 
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Table 3.3  Selected bond lengths and angles for all structures. 

 C-N-Mo
im

 N-Mo
im

 Mo
im

-O
c
 Mo

t
-O

c
 

Mo
im

-O
b
 

(average) 

Mo
t
-O

b
 

(average) 

2 164.8 (3) 1.743 (4) 2.199 (3) 2.375 (3) 1.949 (3) 1.922 (3) 

3 173.3 (3) 1.738 (3) 2.206 (2) 2.361 (2) 1.952 (3) 1.920 (3) 

4 172.7 (11) 1.734 (11) 2.234 (8) 2.341 (8) 1.946 (8) 1.941 (9) 

5 176.0 (7) 1.738 (8) 2.196 (5) 2.352 (5) 1.947 (6) 1.917 (7) 

6 170.80 (4) 1.737 (4) 2.219 (3) 2.336 (3) 1.948 (3) 1.918 (3) 

8 163.46 (6) 1.748 (6) 2.190 (5) 2.350 (5) 1.966 (5) 1.934 (5) 

9 168.32 (3) 1.737 (3) 2.219 (2) 2.355 (2) 1.946 (2) 1.920 (3) 

10 162.55 (3) 1.738 (3) 2.210 (2) 2.350 (2) 1.955 (3) 1.945 (3) 

14 167.82 (5) 1.726 (7) 2.214 (6) 2.365 (6) 1.965 (5) 1.929 (5) 

 

An analogous approach to that used to produce 2 was used to access compound 6 

from 4-ethynyl aniline in 75% yield, and 7 from 4-nitroaniline in a yield of 60%. In 

both cases, the amine/hexamolybdate coupling proceeded cleanly, with the target 

compounds being the only aryl products observed by 
1
H-NMR in crude materials 

(selected 
1
H NMR data for compounds 3-4, 6-7 and 10-12, is presented in table 3.4). 

However, two or three recrystallizations were required to remove small amounts of 

excess hexamolybdate, accounting for losses of yield. Compounds 10-12 were 

synthesized using 1 (1.3 eq.), DCC (1.15 eq.), and aryl amine (1 eq.) heating at 65 ºC 

in dry DMSO. The decrease in the required DCC amount is due to the more strongly 

nucleophilic nature of these organic donors. 10 was accessed from 4-amino-N,N-

dimethylaniline in a yield of 86%, 11 from 4-[(4-aminophenyl)ethynyl]-N,N-

diphenylaniline (P8) in a yield of 40 %, and 12 from 4-{[4-(9H-carbazol-9-

yl)phenyl]ethynyl}aniline (P7) in a yield of 70%.  Attempts to grow crystals of 11 and 

12 did not produce material suitable for single crystal X-ray diffraction, but other 

characterization data make their identity clear. 
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Table 3.4  Selected 
1
H-NMR Data for compounds 2-4, 6-7, and 10-12

 a
.  

dication Imido ring Donor ring Pyrrole, carbazole, or NPh2 

a b c d 

2
b
 7.75 6.99 - - - - - 

3
b
 7.49 7.32 - - 7.20 6.31 - 

4 7.62 7.52 7.55 7.25
c
 7.23 6.33  

5 7.46 7.20 7.26 6.63 - - - 

6
b
 7.49 7.19 - - - - - 

7
b
 7.34 8.22 - - - - - 

8 7.61 7.26 7.75 8.24 - - - 

9 7.46 7.20 7.37 6.72 - - - 

10
b
 7.15 6.63 - - - - - 

11 7.50 7.22 7.38 6.94 7.33 7.12 - 

12 7.81 7.66 7.61 7.26 8.20 7.46 7.32 

a
 Recorded at 300 or 500 MHz in CD3CN; all values are given in ppm with respect to TMS. 

b
 

n = 0. 
c
 Overlapped with PyH2 signals. 

 

 

3.2.4. Synthesis of 5, 8-9 

Compound 2 was synthesized with the aim of using it to access new derivatives with 

further extended organic fragments (with extended donors). The goal was to form new 

carbon-carbon bonds via Sonogashira couplings with the iodo functionality (scheme 

3.19). The Sonogashira methodology, which has been shown to be an efficient route 

to post-synthetic modification of organo-Lindqvist derivatives
222

, was successful for 
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amine derivative 5 from 4-ethynylaniline in a yield of 51%, nitro derivative 8 from 

ethynyl-4-nitrobenzene in a yield of 60%, and dimethylamino derivative 9 from 4-

ethynyl-N,N-dimethylanilinenylaniline in a yield of 74%. These reactions proceed 

quickly (0.5 hours) and cleanly due to activation of the iodo-phenyl rings by the 

electron withdrawing {Mo6} cluster. 

 

 

Scheme 3.19 Synthesis of extended organo-imido Lindqvist POMs using the Sonogashira 

protocol with 2. 

 

 

By comparison with compound 2, the 
1
H-NMR spectra of derivatives 5 and 9 , where 

an alkynyl phenyl spacer is introduced, reveal a similar trend (upfield shifts) for the 

proton ortho to the imido group, upon replacing of a weak electron withdrawing group 

(I), with the powerful amino and dimethylamino donor groups (Figure 3.20). 

 

 

Figure 3.20 Stacked 
1
H-NMR spectra of 9 (top) and its parent 2 (bottom), in acetonitrile-d3. 

a f 

g 

h 

i 

e c d b 
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Crystals of compounds 5, 8 and 9 were obtained by vapour diffusion of diethyl ether 

into acetonitrile. The structures of these molecules were unambiguously established 

by X-ray crystallography: that of 5 is shown below (Figure 3.21) the others can be 

found in Appendix A. It is noted that significant disorder is present in the TBA 

cations; however, the anions are well-resolved. For instance, from the X-ray analysis 

of 5, two molecules are found in the unit cell and typical features of organoimido 

Lindqvist compounds are observed such as a near-linear Mo
im

-N-C bond angle and a 

short Mo
im

-N distance. The two phenyl rings are significantly twisted away from the 

planar configuration, with a large torsion angle of 52.6°, suggesting reduced π-

conjugation and a degree of electronic isolation between donor and acceptor. The π-

systems of 5 and 8 both show curvature with an angle of ca. 168º (±8º) between the 

planes of the two phenyl rings.  This apparent curve results from alkyne bond angles 

of around 175° (±1º). Similar features were seen in compound 9; where the strong -

N(Me)2 electron donor group is introduced: the overall π-system is more linear 

(177.33º angle between the planes of the phenyl rings), but the torsion angle of 84.23º 

is higher.  All other bond angles and lengths can be found in Appendix A.  

 

Figure 3.21 ORTEP representation of compound 5. Thermal ellipsoids are at the 30% 

probability level. Colour scheme: Mo is green; O, red; C, gray; N, blue; I, purple; H atoms are 

represented by light-green balls. 
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3.3. Ligand Synthesis 

 

3.3.1. Synthesis of P1 to P4 

In order to synthesize the extended pyrrole-functionalized derivative (4), we first tried 

to perform the Sonogashira coupling of derivative 6 with 1-(4-iodophenyl)-1H-pyrrole 

(scheme 3.22).  

 

 

Scheme 3.22 Attempted synthesis of 4 via Sonogashira coupling protocol.  

 

Unfortunately, our efforts to access derivative 4 proved to be unsuccessful, the 
1
H-

NMR showed only the starting material, 6. Subsequently, we decided to  approach 

synthesis of 4 through Sonogashira coupling of the iodophenyl imido hexamolybdate 

(2) and 1-(4-ethynylphenyl)-1H-pyrrole. To synthesize 1-(4-ethynylphenyl)-1H-

pyrrole, we tried the Paal-Knorr pyrrole synthesis
207

 starting from 4-ethynylaniline 

(Scheme 3.23). Surprisingly, 
1
H-NMR revealed the production of 1-[4-(1H-pyrrol-1-

yl)phenyl]ethanone P9, due to the hydration of terminal alkyne to give a methyl 

ketone. Support for the 
1
H-NMR spectrum is provided by 

13
C and DEPT experiments, 

which reveal the presence of ketone carbonyl signal (C = 196.6) and also the methyl 

environment (C = 26.6). Further purification was achieved by column 

chromatography to produce P9 cleanly in a yield of 81 %. Identification and 

characterization of P9 was confirmed by MS, EA, and IR. 
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Scheme 3.23 Synthesis of 1-[4-(1H-pyrrol-1-yl)phenyl]ethanone P9. Reagents and conditions 

(i) AcOH, reflux at 105 °C, 2h. 

 

 

Therefore, we decided to use an Fmoc protection strategy to synthesize the organic 

amino ligand (P4) first, and then use the DCC coupling to access 4, following the 

synthetic routes shown in scheme 3.24. The synthesis begins with the production of 

P1 which was achieved via the Fmoc protection of amines in aqueous media, 

following a method by Gawande and Branco.
206

 This subsequently allowed us to 

achieve the Sonogashira coupling between P1 and 4-ethynyl aniline successfully and 

cleanly to produce P2. The introduction of the pyrrole functionality to access P3 was 

achieved by an adapted Paal-Knorr method for N-functionalised pyrroles as proposed 

by D’Silva and Walker.
207

 The reaction proceeds as a condensation reaction with a 

characteristic change in colour of the reaction solution from brown to dark-red and 

was monitored by thin layer chromatography until the starting material had 

disappeared. The P3 monomer was relatively unstable in air due to the rapid oxidation 

of pyrrole group; therefore, it was used directly in the final step without further 

purification. The final step of the reaction scheme (3.24) shows the deprotection of 

Fmoc group to produce P4 by reacting with weak base (Piperidine) for 30 minutes. 

The yield was slightly low due to the use of column chromatography for purification.  
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Ligands P1-P4 were unambiguously characterised by 
1
H and 

13
C-NMR, electrospray 

mass spectroscopy (MS), elemental analysis (EA), infrared spectroscopy (IR), and 

UV-vis for P4. 

 

 

Scheme 3.24 Synthesis of 4-{[4-(1H-pyrrol-1 yl)phenyl]ethynyl}aniline P4. Reagents and 

conditions (i) H2O, heat at 60 °C, 2h (ii) CuI, Pd(PPh3)2Cl2, TEA, heat at 40 °C, 4h (iii)  

AcOH, reflux at 105 °C, 1h (iv) 15 ml of 30% Piperidine  in DMF. 

 

 

3.3.2. Synthesis of P5 

The production of 4-(1H-pyrrol-1-yl)aniline P5 was achieved by the copper-catalyzed 

Clauson–Kass reaction of 2,5-dimethoxytetrahydrofuran with amines in aqueous 

media proposed by Chen and co-workers (scheme 3.25).
208

 The reaction proceeds 

smoothly, causing an observable colour change from the clear reaction mixture to 

yellow. The completion of the reaction was monitored by thin layer chromatography, 
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and final product P5 was obtained after the purification of the crude product with 

column chromatography. Once again, the yield (47 %) was low due to the use of this 

purification. Identification and characterization of P5 was confirmed by 
1
H and 

13
C-

NMR, MS, EA, IR, and UV-vis spectroscopy. 

 

 

Scheme 3.25 Synthesis of 4-(1H-pyrrol-1-yl)aniline P5. Reagents and conditions (i) H2O, 

CuCl2, reflux, 2 hrs. 

 

 

3.3.3. Synthesis of P6-7 

The synthesis of 4-{[4-(9H-carbazol-9-yl)phenyl] ethynyl}aniline (P7) is outlined in 

scheme (3.26). Starting from carbazole, it has been possible to synthesize 9-(4-

iodophenyl)-9H-carbazole P6 by reacting with diiodobenzene in presence of Cu 

powder and potassium carbonate in 1,2-dichlorobenzene, refluxed at 180 ºC for 48 

hrs. However, multiple attempts to purify the product by column chromatography 

proved unsuccessful. Subsequently, we used Kugelrohr sublimation to purify this and 

isolate the product P6 cleanly. The latter was used to access P7 via Sonogashira 

coupling with 4-ethynylaniline followed by column chromatography for purification, 

in an excellent yield of 86 %. Compounds P6-7 have been unambiguously 

characterised by 
1
H and 

13
C-NMR, MS, EA, IR, and for P7 UV-vis spectroscopy. 
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Scheme 3.26 Reagents and conditions (i) 1,4-diiodobenzene, Cu, K2CO3, 180 °C, 1,2-

dichlorobenzene (ii) CuI, Pd(PPh3)2Cl2, TEA, 47 °C, 24h. 

 

 

3.3.4. Synthesis of P8 

The production of 4-[(4-aminophenyl)ethynyl]-N,N-diphenylaniline P8 was achieved 

once again by Sonogashira coupling between 4‐bromotriphenylamine and 4-

ethynylaniline in a moderate yield of 69 %, due to the use of column chromatography 

for purification (scheme 3.27). Identification and characterization of P8 was 

confirmed by 
1
H and 

13
C-NMR, MS, EA, IR, and UV-vis spectroscopy. 

 

 

Scheme 3.27 Synthesis of 4-[(4-aminophenyl)ethynyl]-N,N-diphenylaniline P8. 

Reagents and conditions (i) CuI, Pd(PPh3)2Cl2, PPh3, TEA, reflux in THF for 96 hrs.
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4.1 Electrochemical Studies 

 

4.1.1 Basic Aspects of Electrochemistry 

Electrochemistry is a branch of chemistry dealing with the relationship between the 

electrical and chemical changes in molecules, and plays an important role in many 

areas of science and technology.
223,224

 Electrochemical methods offer the potential to 

investigate chemical reactions involving electron transfer and can also be used to 

study the mechanisms of the electroactive species. Examples of these methods are 

linear sweep voltammetry, cyclic voltammetry, potential step experiments, and 

rotating disc electrode experiments. In a typical electrode reaction, a charge is 

transferred between an electrode and a studied species in solution, as illustrated in 

Figure (4.1). 

 

 

Figure 4.1 Schematic representation of an electrode reaction.  

 

 

Where O is the oxidised form of the species, R is the reduced species. At a fixed 

potential, the system (with reversible electron transfer) will attain equilibrium defined 

by the Nernst equation (4.1). A current will flow for as long as the reaction continues, 

until the bulk concentration of O and R attain their equilibrium values, as shown in 

Figure (1.20). 

                                                                                (4.1)     
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Where E
0’

 is the formal potential, n is the number of electrons involved in the reaction 

or transferred, c0 is the O concentration, cR is the R concentration, R is the gas 

constant, F is the Faraday constant, T is the absolute temperature in Kelvin. The pre-

logarithmic term becomes 0.0591 V at 298 K. In this work, two basic electrochemical 

techniques were used; cyclic voltammetry and chronoamperometry. These are briefly 

described in the following sections. 

 

 

4.1.1.1 Cyclic voltammetry 

Randles first reported the theoretical description for cyclic voltammetry (CV) 

technique in 1938.
225-227

 Due to its non-destructive nature, CV has been used over 

several decades as one of the most effective and versatile techniques to acquire 

information on a wide range of both solution and surface redox processes at the 

thermodynamic and mechanistic levels.
228-230

 In cyclic voltammetry, a three-electrode 

set-up is usually used with an inert working electrode, most commonly a vitreous 

carbon electrode, to avoid any participation by the electrode materials in the 

electrochemical reaction. This means that the electrode is only a heterogeneous outer 

sphere electron donor or acceptor. CV works by varying the potential linearly at a 

constant rate (the sweep rate, ) that is applied to an electroactive substance in 

solution and measuring the current changes as the compound is oxidised, O, or 

reduced, R. The potential is first set to an initial start potential, E1, then swept at a 

certain scan rate to a second potential (the vertex potential, E2) and halted. The 

potential is then swept backwards to the start potential, E3, typically at the same scan 

rate (Figure 4.2). 
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Figure 4.2 Cyclic voltammetry triangle sweep.  

 

 

During the experiment, the current that results from the redox process is recorded, and 

then plotted as a function of the applied potential. Figure 4.3 shows the CV for a 

typical reversible redox species, the ferrocene (Fc) couple. In this experiment, both 

redox partners Fc and Fc
+
 are stable on the time-scale of the experiment. Peak 

potentials (Ep
c
 and Ep

a
) and the peak current (Ip

c
 and Ip

a
) are the two sets of 

fundamental parameters which characterize the redox couple Fc/Fc
+
.  

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0

-8 0
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Figure 4.3 Cyclic voltammogram of ferrocene in 0.1 M [NBu4][BF4] in MeCN at 100 mV s
−1

 

vs Ag/AgCl. 
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The experimental potential can be calculated for these parameters using equation 

(4.2). 

                                                                                           (4.2) 

The magnitude of the peak potential separation ΔE = |E
a
p – E

c
p| at 100 mV s

−1
 is close 

to 60 mV, which is directly related to the number of electrons (n) involved in the 

primary electron-transfer process, as expressed in equation (4.3). For a one-electron 

reversible redox process, ΔE will be 59 mV. In the case of surface confined species 

and reversible redox process, ΔEp is close to zero. 

                                                                    (4.3) 

The ratio Ip
c
/Ip

a
 can reveal some information whether the process is reversible or 

irreversible (in the case that the resistivity is low), for a fully reversible system, such 

as ferrocene this value is close to unity. Moreover, Ip increases linearly with 𝜈1/2 
for 

species under diffusion control, as illustrated in Figure (4.4), right. Figure (4.4), left, 

shows the current potential response for a range of scan rates, 𝜈, between 25–250 mV 

s
−1

. If the redox couple is adsorbed on the surface, the Ip increases linearly with 𝜈 

instead of 𝜈1/2
 and hence the shape of the CVs will be completely different form that 

obtained from the solution process. 

  

 
  

Figure 4.4 Left: CVs of ferrocene recorded at various scan rates vs Ag/AgCl in 0.1 M 

[Bu4N][BF4] in MeCN at 25 °C; Right: A plot of current peak  Ip
a
 vs the square root of scan 

rate (𝜈1/2
) for ferrocene oxidation. 
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4.1.1.2 Chronoamperometry 

Chronoamperometry, or Potential Step Voltammetry is another useful electrochemical 

technique in which the potential is stepped from a value where no electro-activity is 

observed to a value where the current is limited by mass-transfer. The resulting 

current from this faradaic process is monitored as a function of time, as shown in 

Figure (4.5). Cottrell equation (equation 4.4) can be used to calculate the current, 

which is now related to the bulk reactant concentration.  

 

                                                                                        (4.4) 

The current rises instantaneously after the change in voltage and then begins to 

decrease as the active species, O in case of reduction or R in case of oxidation, is 

consumed as a function of time until reaching a plateau at a value close or equal to 

zero when the conversion is completed. 

 

 

Figure 4.5 A step in the applied potential results in decay of the current. 

 

 

4.1.2 Results and Discussion 

 

4.1.2.1 Electrochemistry of imido-Lindqvist derivatives  

Electrochemical measurements were performed in 0.1 [NBu4][BF4]-anhydrous 

acetonitrile at room temperature under an atmosphere of argon versus Ag/AgCl, with 

ferrocene as an internal reference (E1/2 = 0.46 V vs Ag/AgCl). These measurements 
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were carried out in order to determine the redox potentials for the new synthesized 

series of organoimido Lindqvist derivatives (2-14), and to investigate the effect of 

different donor substituents on the electrochemical properties of the parent 

hexamolybdate cluster, 1. Table 4.1 shows the results of these measurements, along 

with data for the known compound (1, hexamolybdate) for comparison purpose. 

 

 

Table 4.1 Summary of reduction potentials (E1/2) of compounds 1 to 14. 

Compound E1/2 /V
a
 ΔE / mV 

1 -0.315 69 

2 -0.476 63 

3 -0.500 63 

4 -0.496 61 

5 -0.476 63 

6 -0.499 61 

7 -0.434 71 

8 -0.486 64 

9 -0.498 61 

10 -0.575 71 

11 -0.503 64 

12 -0.503 64 

13 -0.615
b
 71 

14 -0.553
 b
 74 

a
 Using 10

-3
- 10

-5 
M of analyte in 0.1 [NBu4][BF4]-anhydrous acetonitrile; scan 

rate of 100 mV/s ; using a glassy carbon working electrode; ferrocene as an 

internal reference (E1/2 = 0.46 V vs Ag/AgCl). 
b
 Presence of unreacted 1 

(hexamolybdate), probably due to hydrolysis. 
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As expected for POM species,
231

 each compound shows a fully reversible electron 

transfer process on the CV time scale (Figure 4.6), as shown by peak separations near 

to the 60 mV ideal (note that the separation for Fc/Fc
+
 under these conditions is in the 

range of 60 to 65 mV). This suggests that these materials have the potential to be used 

as molecular switches in which reduction of the {Mo6} unit would turn off the charge 

transfer transition, decreasing the value of β. 

 

 

 

 

 

 

 

 

 

Figure 4.6 Left: CVs of 3 recorded at various scan rates vs Ag/AgCl in 0.1 M [Bu4N][BF4] in 

MeCN at 25 °C; Right: A plot of current peak  Ip
c
 vs the square root of scan rate (𝜈1/2

) for  

reduction of 3. 

 

 

Upon derivatization, there is a ca. 180 mV cathodic shift in the E1/2 for reduction from 

1 to most of the derivatives as seen in Figure 4.7 for 1 and 3.  This confirms that the 

derivative species are more electron rich, and that there is strong communication 

between hexamolybdate and the imido-aryl substituents which gives rise to the 

increased electron density on the POM.  
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Figure 4.7 Cyclic voltammograms of 1 (black) and 3 (blue) recorded at 100 mV/s in 0.1 M 

[NBu4][BF4]-acetonitrile versus Ag/AgCl. 

 

 

In compound 10, containing a strong electron donor group (NMe2) and the shorter 

phenyl bridge, there is a ca. 141 mV cathodic shift in reduction potential compared to 

its nitro analogue 7 (NO2), and ca. 250 mV from 1. This consistent with replacement 

of a strong electron acceptor group, with a strong electron donor group, which is in 

agreement with typical purely organic donor acceptor (A/D) systems, where 

increasing the strength of a donor is reflected in cathodically shifted reductions of the 

acceptor.
232

 Compound 10 also shows  a ca. 65 mV negative shift in reduction 

potentials compared to phenyl-bridged compounds 3 (D = Py) and 6 (D = alkyne), and 

a similar trend is seen when moving from weak electron acceptor iodo (2), and from 7 

(NO2) to moderate electron donor Py (3).  In other words, compounds based on the 
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short phenyl bridge show a clear relationship between donor/acceptor strength and the 

reductions of the {Mo6} unit, consistent with strong donor/acceptor communication. 

 

However, derivatives 4 (Py), 5 (NH2), 8 (NO2), 9 (NMe2), 11 (NPh2), and 12 (Cbz), 

where an additional ethynyl phenyl spacer is introduced, show a minimal difference in 

reduction potential (±15 mV) between one another (Table 4.1). This indicates that 

there is a degree of electronic isolation between the donor (organic groups) and POM 

acceptor, consistent with the NMR and X-ray data. This can be clearly seen in the 

comparison between 8 and 9 where the difference in reduction potential (12 mV) 

when the strong electron donor NMe2 is replaced with the strong electron acceptor 

group NO2 is far smaller than in the shorter systems. This suggests that in the longer 

derivatives  the POM acceptor level is quite isolated from the donor, in contrast to 

many classical D/A organic systems where increasing the electron donor strength 

would result in cathodic shift of the reduction potential of the acceptor unit.
232,233

  

 

Compound 14 shows an additional wave at less negative potentials than the derivative 

itself; this can be ascribed to (ca. 5 %) 1 (due to hydrolysis).   Its CV is presented in 

Figure 4.8, shows two reduction waves; the first one at -0.553 V attributed for 14; 

more negatively shifted compared to all aryl-imido derivatives except 10, and bis-

derivative 13. This can be explained as the aliphatic imido bond is more electron rich, 

which is consistent with the literature.
234,235

 The second wave at -0.315 V is ascribed 

to 1. The elemental analysis results were consistent with the product being pure, so it 

seems likely that a small amount of hydrolysis is occurring rapidly upon dissolution. 
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Figure 4.9 Cyclic voltammograms of 14 recorded at 100 mV/s in 0.1 M [NBu4][BF4]-

acetonitrile versus Ag/AgCl. 

 

 

Compound 13, the bis-imido aryl-4-iodo hexamolybdate derivative, shows the most 

cathodic shift among other derivatives at -0.615 V due to the increased electron 

density accompanying incorporation of the ligand (NArI) compared to 2 (mono-

derivative). This finding is consistent with findings of past studies by Maatta that 

reported the synthesis and the electrochemical studies of multi-substituted 

organoimido Lindqvist derivatives.
234,236

 Similar to compound 14, the CV of 13 

shows a second wave attributed to 1; however, the EA results were consistent with the 

product being pure. Again, it seems likely that a degree of hydrolysis occurs rapidly 

upon dissolution. 

 

 

4.2 Electronic Absorption Spectroscopy 

The electronic spectra for compounds 1 to 15 have been measured in acetonitrile at 

ambient temperature and the results can be seen in Table 4.2. All derivatives, except 

1, showed one intense visible/near-UV absorption band caused by a ligand-to-POM 
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charge-transfer process (LPCT). They also show UV absorption bands, caused by the 

overlapping of O-to-Mo charge transfer (CT) in the {Mo6} acceptor unit and intra-

ligand (π→π*) processes in the appended organic group, which is in line with earlier 

literature.
140

 

 

 

Table 4.2 UV-vis absorption data for compounds 1-15 in acetonitrile at 25 ºC. 

Compound 

 

λmax / nm
a
  

(ε, 10
3
 M

-1
 cm

-1
) 

Emax  

(eV) 

assignment 

1 223.0 (24.9) 

261.0 (13.4) 

323.0 (7.1) 

5.56 

4.75 

3.84 

OMo  

OMo 

OMo 

2 242.0 (37.0) 

270.0 (32.1) 

355.0 (27.0) 

5.12 

4.59 

3.49 

OMo and ππ* 

OMo and ππ* 

LPCT 

3 223.0 (39.6)  

281.0 (28.2) 

371.0 (32.3) 

5.56 

4.41 

3.34 

OMo and ππ* 

OMo and ππ* 

LPCT 

4 290.0 (40.1) 

386.0 (43.8) 

4.28 

3.21 

OMo and ππ* 

LPCT 

5 281.0 (39.2) 

406.0 (35.8) 

4.41 

3.05 

OMo and ππ* 

LPCT 

6 264.0 (36.2) 

358.0 (27.0) 

4.69 

3.46 

OMo and ππ* 

LPCT 

7 

 

 

216.0 (38.3) 

254.0 (26.3) 

287.0 (20.3) 

5.74 

4.88 

4.32 

OMo and ππ* 

OMo and ππ* 

OMo and ππ* 
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370.5 (30.2) 3.35 LPCT and LNO2 

8 241.0 (36.0) 

269.0 (29.9) 

389.0 (49.6) 

5.14 

4.60 

3.18 

OMo and ππ* 

OMo and ππ* 

LPCT and LNO2 

9 247.5 (36.2) 

292.0 (44.5) 

421.0 (41.2) 

5.02 

4.24 

2.94 

OMo and ππ* 

OMo and ππ* 

LPCT 

10 221.0 (37.5) 

258.0 (30.6) 

424.0 (32.0) 

5.61 

4.80 

2.92 

OMo and ππ* 

OMo and ππ* 

LPCT 

11 292.0 (41.2) 

326.5 (36.2) 

414.0 (45.3) 

4.28 

3.74 

2.98 

OMo and ππ* 

OMo and ππ* 

LPCT 

12 226.5 (70.4) 

291.5 (48.4) 

326.5 (31.3) 

341.0 (33.7) 

384.5 (43.4) 

5.28 

4.25 

3.78 

3.63 

3.20 

OMo and ππ* 

OMo and ππ* 

OMo and ππ* 

OMo and ππ* 

LPCT 

13 228.0 (39.1) 

260.5 (38.0) 

354.0 (26.6) 

5.43 

4.76 

3.50 

OMo and ππ* 

OMo and ππ* 

LPCT 

14 214.5 (40.0) 

337.0 (7.0) 

5.78 

3.67 

OMo and ππ* 

LPCT 

15 262.5 (64.0) 4.72 OW, ππ*, and LPCT 
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Generally, the energy of the LPCT band decreases as the donor strength increases, 

which depends upon the donor-based HOMO and the acceptor-based LUMO energies. 

Within these derivatives, the energy of the HOMO is expected to increase as the 

electron donor strength increases, while (based on the electrochemical results) the 

LUMO energy is expected to remain approximately constant in the majority of these 

chromophores, illustrated in Figure 4.10. 

 

 

Figure 4.10 Schematic representation showing the changes in HOMO and LUMO energies 

caused by varying the electron donor strength. 

 

 

4.2.1 Effects of the introduction of imido bond 

The spectrum of 1 (black trace, Figure 4.11) shows two high energy peaks, at 223 and 

261 nm associated with O-to-Mo CT, and a weaker lower energy shoulder at 323 nm. 

On the other hand, compound 2 (red trace, Figure 4.11), where the 4-iodophenylimido 

segment is introduced, also shows these high energy features; which will result from 

overlapping O-to-Mo and intra-ligand (ππ*) processes. It also shows a new intense 

band at lower energy of λmax 355 nm, compared to 1. By comparison to parent 4-

iodoaniline (blue trace, Figure 4.11), the latter band is not present in the parent amine, 

and is ascribed to LPCT process. Notably, the molar extinction coefficient (ε) of this 
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band is high (27.0 × 10
3
 M

-1
 cm

-1
), suggesting strong coupling between the POM and 

the organic group, just like the NMR data. The explanation of this bathochromic shift 

after the introduction of the N-imido bond in these systems is the electron-

withdrawing nature of the (Mo≡N) bond that also adding the {Mo6} unit provides a 

new lower energy LUMO to the system leading to this effect. A similar trend is seen 

in all of the imido derivatives, upon the formation of the imido-bond. 

 

Figure 4.11 UV-visible spectra of [NBu4]2[Mo6O19] (1, black), and compound 2 (red), and 4-

iodoaniline (blue) in acetonitrile at room temperature. 

 

 

4.2.2 Effects of the donor and acceptor strength on the LPCT transitions 

 

4.2.2.1 Effects of acceptor 

 

Inductive (2) acceptor versus alkyne (6), and resonance acceptor (NO2) 

functionalities (7)  
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When comparing compound 2 with 6 (Figure 4.12), where an inductive electron-

withdrawing group (Iodo-) is replaced with ethynyl functionality (triple bond-

conjugated group), it is clear that the energy of the LPCT band decreases, more red 

shift. This is due to the bigger π-system and resulting from introduction of the  

ethynyl group into such systems.  Moreover, the electrochemical results suggest that 

the ethynyl group is less electron withdrawing than iodo, making the phenyl ring a 

better donor and helping red-shift the transition. 

 

Figure 4.12 UV-visible spectra of compound 2 (blue), and 6 (red) in acetonitrile at room 

temperature. 

 

 

The replacement of an electron donor group with an acceptor group in an A-π-D 

system might be expected lead to diminish the ICT bands, establishing an A-π-A 

configuration. Surprisingly, however, compound 7 shows similar features to other A-

π-D organoimido systems, although it contains on both ends electron-accepting 

groups (POM and NO2). This effect is illustrated in Figure 4.16. A reasonable 

explanation is that there is a charge-transfer transition from the overlapping L→NO2 
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and LPCT processes resulting in such an intense, and slightly red shifted band. In 

addition, in this system the LUMO level of the POM is lowered in energy by 

communication with NO2, which could red-shift transitions from the phenyl provided 

these donor levels are not lowered so much by NO2. It also shows the high-energy 

bands resulting from the overlapping of O-to-Mo and intra-ligand (ππ*) processes. 

 

 

Figure 4.16 UV-visible spectra of compound 1 (black), and 7 (red) in acetonitrile at room 

temperature. 

 

 

4.2.2.2 Effects of donor strength 

In order to obtain higher β values, the strength of the electron donor is investigated, by 

introducing strong electron donor groups such as amino (NH2), dimethylamino 

(NMe2), diphenylamino (NPh2), and moderate electron donor groups such as pyrrole 

(Py) and carbzole (Cbz) functionalities into these organoimido chromophores.  
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4.2.2.2.1 Short A-π-D systems 

Replacement of Iodo with Py 

The replacement of a weak electron withdrawing (Iodo-) with a weak electron donor 

(Py) results in a decrease in the energy of the LPCT (bathochromic shift behaviour) 

from 3.49 eV (355 nm) to 3.34 eV (371 nm), similar to the classic behaviour expected 

for charge transfer chromophores,
237,238

 shown in Figure 4.13. It is clearly seen from 

Figure 4.13 that the intensity of this band is also increased (by ca. 20%), due to the π-

conjugation effect of the pyrrole unit.  

 

 

Figure 4.13 UV-visible spectra of compound 2 (black), and 3 (red) in acetonitrile at room 

temperature. 

 

 

Replacement of Py with NMe2 

Moving from Py, weak electron donor (black trace, Figure 4.14), to more strongly 

NMe2 electron donor group (red trace, Figure 4.14), causes ca. 53 nm (0.42 eV) red 

shifting of the LPCT, from 371 to 424 nm, consistent with the classical donor-
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acceptor behaviour.
239,240

 This confirms that the NMe2 group is a better electron donor 

than Py and can therefore be expected to increase the first hyperpolarizability β. 

 

 

Figure 4.14 UV-visible spectra of compound 3 (black), and 10 (red) in acetonitrile at room 

temperature. 

 

 

Introduction of aliphatic-linker pyrrole  

When comparing compounds 3, and 14 (Figure 4.15), it is clear that when the aryl 

spacer is replaced by aliphatic chain the energy of the LPCT band increases, and 

shows very similar features to underivatized hexamolybdate (1). This demonstrates 

that direct charge-transfer from the imido-N bond is not mainly responsible for the 

LPCT band; there must be a contribution from the strong d-π interactions between the 

hexamolybdate framework and the π-conjugated aryl group.    
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Figure 4.15 UV-visible spectra of compound 14 (black), and 1 (red) in acetonitrile at room 

temperature. 

 

 

4.2.2.2.2 Long A-π-D systems 

 

Replacement of Py with NMe2, NH2, NPh2, and Cbz 

By comparison with short systems of compounds 3, and 10, a similar trend is seen in 

the analogous extended systems of 4, and 9 by replacing Py with NMe2 group. A red 

shift of the LCPT band from 386 nm to 421 nm can be seen in Figure 4.16. However, 

in compound 4 the π-conjugation of Py group intensifies this band, consistent with 

classical donor-acceptor behaviour.   
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Figure 4.16 UV-visible spectra of compound 4 (black), and 9 (red) in acetonitrile at room 

temperature. 

 

 

When comparing compounds 5, 9, 11, and 12, which have NH2, NMe2, NPh2, and Cbz 

donor functionalities respectively, it is noticed that the energy of the LPCT decreases 

as follows: 9 (NMe2) < 11 (NPh2) < 5 (NH2) < 12 (Cbz). This effect is illustrated in 

Figure 4.17 for these chromophores. Compound 9 has the lowest LPCT energy, λmax 

of 421 nm (2.94 eV) with molar extinction coefficient (41.2 × 10
3
 M

-1
 cm

-1
), but 11 

shows more intense and higher energy band than 9 of λmax of 414 nm (2.99 eV) with 

molar excitation coefficient (45.3 × 10
3
 M

-1
 cm

-1
) due to its large π-character, shown 

in Figure 4.18. This behaviour of the LPCT in 9 is the expected result, and suggests 

that 9 should show the highest second order NLO response. 

 

12 (Cbz-functionalized derivative) shows 4 high energy bands ascribed to intra-ligand 

(ππ*) processes of the π-conjugated bridge and carbazole group and also shows the 

highest LPCT band energy of λmax of 384 nm among the other three derivatives. 
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Despite its large π-character, 12 seems to be a less efficient donor. The reason for this 

is that the nitrogen lone pair is less available and is conjugated (involved) with the 

carbazole π-system.  

 

 

Figure 4.17 UV-visible spectra of compound 5 (black), 9 (red), 11 (blue), and 12 (green) in 

acetonitrile at room temperature. 

 

 

Figure 4.18 UV-visible spectra of compound 9 (black), and 11 (red) in acetonitrile at room 

temperature 
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4.2.3 Effects of Extending Conjugation 

The objective of designing and analysing π-extended systems is to investigate the 

effect of the extension of π-bridges (elongation) on the linear and non-linear optical 

properties of these derivatives. When comparing derivatives 3, and 7 with 4, and 8, it 

is clearly seen that increasing the π-conjugation length results in a shift of the LPCT 

band to lower energy with an increase in the intensity of this band. For instance, 

within the series containing Py functionality, 4 (λmax = 386.0) shows bathochromic 

shifts of 15 nm compared to 3 (λmax = 371.0), shown in Figure 4.19. However, when 

comparing 10 (short-NMe2) with 9 (long-NMe2), the trend seems to be anomalous, the 

short system (10) is unusually more red shifted (λmax = 424 nm) compared to the long 

system (9) of λmax = 421 nm, just like the electrochemistry results (the most negatively 

shifted redox potential among all mono-phenylimido derivatives is for 10).  As this 

electrochemical measurement suggests the LUMO of 10 is significantly raised 

compared to that of the other systems, it suggests the HOMO of this compound must 

also be high in energy.  

 

 

Figure 4.19 UV-visible spectra of compound 3 (black), and 4 (red) in acetonitrile at room 

temperature. 
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4.2.1 Effects of the type of POM 

Compound 15, as a model of organosilyl Keggin systems, shows only one intense UV 

absorption band, in a similar position to those of the parent aniline (4-

(trimethoxysilyl)aniline) and POM, Figure 4.20.  Therefore, it is likely that this band 

is simply caused by an overlap of the POM-based OW and ligand based π→π* 

transitions, implying a weak interaction between the POM and the organic segment 

(aryl-amine).  Thus, 15 is expected to be inactive as NLO chromophore.   

 

 

Figure 4.20 UV-visible spectra of compound 15 (black), PW11 ((Bu4N)4[H3PW11O39]) (red), 

and 4-(trimethoxysilyl)aniline (blue) in acetonitrile at room temperature. 

 

 

4.3 Spectroelectrochemistry, bulk electrolysis and stability studies 

 

4.3.1 Spectroelectrochemical studies 

In chapter 1, a brief description of a redox switching strategy for NLO responses in A-

π-D molecules was provided with a schematic representation demonstrating this 



   

Electrochemical and Optical Properties                                                            Chapter 4 

 

 

125 

 

method. In order to investigate such properties, a spectroelectrochemical cell 

(Honeycomb Spectroelectrochemical (AKSTCKIT3), Pine Research Instrumentation) 

was used for switching processes on linear optical responses between two states; 

oxidized “O”, “On”; and reduced “R”, “Off”. Compounds (c.a. 10
-3 

- 10
-5

) of interest 

were dissolved in 0.1 M [NBu4][BF4]-anhydrous MeCN. A silver wire was used as 

reference electrode, gold as counter and mesh gold as working electrode. The design 

of the cells allows to perform oxidation and reduction electrochemically (connected to 

a potentiostat) while the linear optical absorption is recorded using UV-vis 

spectrophotometer, is shown in Figure 4.21.
205

  

 

 

 

 

Figure 4.21 Schematic representation of the Honeycomb Spectroelectrochemical used for SE 

studies. Figure was adapted and reproduced from reference 205.
205

 

 

 

solution reservoir 



   

Electrochemical and Optical Properties                                                            Chapter 4 

 

 

126 

 

Initial results suggested that redox-switching of the imido-POM optical properties 

may be possible. When applying a negative potential of –0.75 V 

(chronoamperometerically) to reduce compound 3), the LPCT band intensity started 

to decrease until near complete extinction of their LPCT band, with isobestic points 

observed at ca. 265 and 215 nm. The completion of the reduction is determined if no 

significant current is measured during the chronoamperometry experiment, also no 

further change in the absorption responses.  

 

The LPCT transition was (apparently) completely regenerated by re-oxidation at an 

applied potential of 0 V vs silver wire (Figure 4.22). These redox processes were 

repeated in a cycle up to 3 times for 3, with no significant loss of absorbance in the 

LPCT band, and it is noteworthy that these measurements were carried out in the 

ambient atmosphere. 

 

 

Figure 4.22 UV-visible spectro-electrochemistry on compound 3.  After several minutes at an 

applied potential of – 0.75 V vs silver wire, the LPCT band is completely extinguished 

(dashed red trace). The LPCT band is then competely regenerated after several minutes at an 

applied potential of  0 V vs silver wire (blue traces). 
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The resulting spectrum of these processes (Figure 4.20) looks similar to the 

combination of the ligand (P5), and reduced {Mo6} 1 (Figure 4.23).  This suggested 

(erroneously, vide infra) that reduction switches off the LPCT process, producing 

species where a reduced {Mo6} cluster is connected to a ligand with little electronic 

communication between the two.  Although [Mo6O19]
3-

 also has transitions in the 

visible and NIR (490 nm and 862 nm),
241

 their weak extinction coefficients (< 350 M
-

1
 cm

-1
) compared to the LPCT mean that they are not observed at the concentrations 

used in this experiment.  Similar observations were obtained for number of these 

compounds, and the apparent ability to reduce and re-oxidize and turning “on” and 

“off” the LPCT transitions suggested it was worth investigating these derivatives 

further for switching of HRS responses. 

 

Figure 4.23 UV-vis spectra of reduced form of compound 1, and P5 in MeCN. 
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4.3.2 Bulk electrolysis 

The apparently promising spectroelectrochemical results were followed up by bulk 

electrochemistry, to see if electro-reduced species could be produced for HRS 

measurements.  In order to perform the switching NLO measurements, controlled 

potential electrolysis was attempted for some compounds, with the objective of 

producing bulk samples of the reduced anions. This was investigated on gold, 

platinum and carbon cloth working electrodes, under dry Ar with an Ag wire pseudo-

reference electrode separated in another compartment from the working and Pt 

counter electrode, using 0.1 M [NBu4][PF6] or [NBu4][BF4] in CaH2-dried acetonitrile 

as an electrolyte. Surprisingly, in all cases, the result was hydrolysis of the derivatized 

anion (in this case 3), with disappearance of the derivative peak and appearance of a 

peak at a more positive potential, consistent with production of hexamolybdate (1), 

Figure 4.24.   

 

Figure 4.24 Cyclic voltammograms of a 0.13 mM solution of 3 , (A) before and (B) after 

controlled potential electrolysis for 1500 s at - 0.7 V (vs Ag wire), in 0.1 M [NBu4][PF6]. The 

3
2-/3- 

peak disappears while a peak consistent with 1
2-/3-

 grows in at more positive potential. 
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The only explanation of the observations from bulk electrolysis is that the results 

obtained from the spectro-electrochemical measurements were deceptive.  The reason 

this occurred is likely related to the design of the spectroelectrochemical cell, which 

holds a reservoir solution of the oxidized material at the top and an analyzing 

compartment in the bottom (see Figure 4.21).  In the absence of an applied voltage, 

diffusion between the two compartments is extremely slow – no change in the 

absorption profile is observed over one hour after reduction if no voltage is applied.  

However, once a voltage is applied, the change in the charge on the anode and the 

cathode enhances the migration of ions in the cell and thus enhances the movement 

(diffusion) of the oxidized material (high concentration) from the top reservoir to the 

bottom of the cell (low concentration of the oxidized material) compensating the 

hydrolyzed material. This causes the LPCT band to re-appear as a fresh oxidized 

material is supplied to the analyzing compartment of the cell. It is interesting to know 

that the re-oxidation process were taking 45 minutes and the reduction process were 

taking 17 minutes, which implies that these processes were diffrerent precesses. 

 

The conclusion is that the reduced states of these compounds are too sensitive for 

study by HRS, which requires concentrations ≤ 10
-5

 M, takes at least 30 minutes per 

measurement, and cannot be performed in a glove box. Mechanistic study of the 

hydrolysis of these compounds is an interesting subject to find out the optimum 

conditions minimizing the effect of such behaviour and could be explored in the 

future. 

 

 

4.3.3 Stability of the resting states 

In their resting states, most compounds, except 11 to 14, are stable in MeCN (at 10
-5

 

M concentration or higher) for several weeks or more, as seen in Figure 4.25.  
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Figure 4.25 UV-visible of compound 10 (red) after storing at ambient conditions for 60 days 

(blue), showing no significant changes in the absorption spectrum. 

 

 

Compound 11 to 14 (NPh2 and Cbz donors, aliphatic derivative, and bis-derivative)  

show hydrolysis, for example 11 shows significant hydrolysis after exposure for 15 

minutes to ambient conditions, can be seen from the UV-vis spectra at different time 

intervals (see Figure 4.26). This was supported by NMR results: new peaks consistent 

with the parent aniline ligand appear while the derivative peaks decrease over time. 

 

From these results and the bulk electrolysis results, it can be concluded that the 

relationship between structure features and stability of these derivatives is 

complicated and it might be driven by the relationship between imido bond and the 

electron density. The observed results seem to suggest that protonation of N in the 

imido bond is important in the decomposition process of these species.  
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Figure 4.26 UV-visible of compound 11 (black) after exposure for 15 minutes to ambient 

conditions then monitoring the absorption after 2 hours (red), and 2 days (blue). 

 

 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

 

Non-Linear Optical Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

133 

 

5.1 Hyper-Rayleigh Scattering (HRS) experimental set-up 

In chapter 1, the basics of the HRS technique were briefly discussed.  In this chapter, 

details of the experimental set-up, and the measurements of the second 

hyperpolarizability, β, will be presented.  These were obtained with two different set-

ups, at two different wavelengths: 800 and 1064 nm. 

 

Figure 5.1 shows the schematic view of the 800 nm-HRS set-up. A high powered, 

narrow focus pulsed laser, in conjunction with sensitive detectors is used to optimise 

the signal to noise (S/N) ratio.  This set-up also applies in the 1064 nm system, but the 

photomultiplier (PMT) detector is replaced by a spectrograph coupled to an 

intensified charge-coupled device enabling wavelength-dependent HRS 

measurements with excellent S/N ratio and with reliable calibration against the pure 

solvent over a very broad wavelength range. This sensitivity and high S/N ratio is 

needed in order to measure the off-resonant β values of molecules, as the second 

harmonic scattered light signal is normally low in non-resonant conditions. 

 

Figure 5.1 Scheme of the set-up for femtosecond hyper-Rayleigh scattering in solution at 800 

nm; P = polarizer, λ/2 = half-wave plate, BS = beam splitter, I1 = focusing lens, M = concave 

mirror, I2 = aspheric lens, I3 = plano-convex lens, int. = interference filter (400 nm), PD = 

photodiode, PMT = photomultiplier. 

 

 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

134 

 

The fundamental input light intensity can be controlled by rotation of the half-wave 

plate in the front of the polarizer and can be monitored by the photodiode after 

splitting off a part of it by the beam splitter. An efficient collection system consisting 

of two lenses; an aspheric lens and a plano-convex lens, and a mirror was used to 

collect the frequency-doubled scattered light. The latter is detected by a 

photomultiplier equipped with an interference filter ensuring only λ/2 light is 

detected. The external reference method is used to analyse the data of the HRS 

measurements, using crystal violet in the 800 nm measurements, and acetonitrile in 

the 1064 nm measurements.
30,242-244

 The hyper-Rayleigh scattered light I2ω is 

quadratically dependent on the fundamental input intensity Iω (equation 5.1) for a 

solution, where both solvent and solute are noncentrosymmetric and contribute to the 

HRS signal: 

                                                                                                       (5.1) 

QC is the quadratic coefficient and expressed in equation (5.2) 

 

                                                           (5.2) 

Where Ns is the concentration of the solvent, βHRS,s  is hyperpolarizability of the 

solvent, NX the concentration of the scattering molecule, βHRS,X is the 

hyperpolarizability of this molecule, and G is an experimental factor and depends 

upon the scattering geometry and the local field corrections at optical frequencies. The 

quadratic curves of the second-order scattered light intensities are obtained by plotting 

the scattered light intensities versus the fundamental light intensities for different 

concentrations; for both the reference and molecule of interest (Figure 5.2). As the 

concentration increases, the quadratic coefficients increase and thus a linear line is 

obtained between the plotted quadratic coefficients and the concentrations. The linear 

relation is lost in the case of self-absorption at the second harmonic wavelength, 

which happens at high concentrations. This problem can be practically eliminated by 

working at low concentrations (~10
-4

-10
-6

 M).   
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Figure 5.2 (a) HRS signal (I2ω) versus the input intensity (Iω) for crystal violet in methanol at 

different concentrations. The solid lines are curves, fitted to equation (1.1), (b) Quadratic 

coefficients (QC) obtained from the curves in (a) versus the corresponding concentration of 

crystal violet in methanol. The solid line is a fit to equation (5.2). 

 

 

Finally, the first hyperpolarizability βHRS of the sample is calculated from the ratio of 

the slopes determined for both the reference and the sample using equation (5.3): 

 

                                                                    (5.3) 

As HRS is an incoherent scattering process, it must be distinguished from any other 

sources of incoherent light such as multi-photon fluorescence (MPF). A systematic 

overestimation of β can result if no attention is paid to this potential contribution. This 

overestimating error can be avoided by making a distinction in the frequency 

domain
243

 or in the time domain
245

 between the immediate HRS and time-delayed 

fluorescence. The frequency domain approach is experimentally simpler, and faster 

than the time domain approach. In this approach, the discrimination is characterized 

by the fluorescence life-time (τ) in the frequency domain where the fluorescence is 

(a) (b) 
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demodulated and then acquires a phase shift with respect to the HRS scattering. The 

fluorescence wave (MF) can be brought out-of-phase with the HRS signal by 

increasing the amplitude modulation frequency of the excitation wave (MR) which 

results in elimination of fluorescence contribution from the HRS signal at a particular 

amplitude modulation frequency, as shown in Figure (5.3). The experimental β values 

are plotted versus modulation frequency and if there is any fluorescence contribution, 

a decrease in β values should be noted, as shown in Figure (5.4). 

 

 

 

Figure 5.3 (a) Schematic representation of the fluorescence (dashed line) demodulation from 

the HRS (dotted line) response on a high-frequency amplitude modulation of 80 MHz (solid 

line) which leads to a phase shift φ of 72° between the excitation wave and the fluorescence 

wave, corresponding to a fluorescence lifetime of 6 ns. (b) Phase shift φ in degrees and 

demodulation (M) vs the excitation frequency f.
246

  Reproduced with permission from 

reference 241. 
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Figure 5.4 Dependence of β on the modulation frequency of compound 4. 

 

 

Instead of using demodulation (time consuming), the 1064 nm system uses spectral 

distinction to discriminate or distinguish the MPF from the HRS signal.  Typically, 

MPF is much broader than the spectrally narrow HRS line. The HRS signal, which is 

essentially mirroring the spectral width of the fundamental laser beam, is determined 

by taking a10 nm interval of the total peak area of the signal, centred around the 

second-harmonic wavelength 532 nm (dotted line in Figure 5.5). Thus, it can be 

corrected by subtracting the broad Stokes shifted fluorescence contribution; usually 

by means of a linear fit, from the HRS response, as shown in Figure (5.5). 
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Figure 5.5 Multiphoton fluorescence spectrum of complexes 10 and the HRS peak (dashed) is 

superimposed on the broad MPF band (solid). 

 

 

5.2 Stark spectroscopy 

Stark measurements are performed on a frozen glass sample and the absorption 

spectrum is recorded in the presence and absence of an applied electrical field.  The 

Stark spectrum is obtained by calculating the difference between these two results. 

The spectrum is described by equation 5.1:
20

     

 

 (5.1) 

Δε(v) = overall Stark response, v = frequency of the light (Hz), within the brackets are 

the zeroth, first and second derivatives of the electronic absorption spectrum ε(v). 

 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

139 

 

The dipole moment change, Δμ12 and transition dipole moment μ12 can be calculated 

by using Equation 5.2 from the oscillator strength fos: 

 

                                                             (5.2) 

 

Where Emax is recorded in wavenumbers (cm
-1

). 

 

The diabatic dipole moment change Δμab can be calculated using the two state 

analysis of the CT transition, is shown in equation 5.3:  

 

                                                                               (5.3) 

 

Equation 5.4 gives the degree of delocalization Cb
2
 and the electronic coupling matrix 

element Hab for the diabatic states: 

 

                                                                    (5.4) 

 

 

β0 is then calculated from the derived values of Emax, Δμ12, and μ12 using the two state 

model equation (chapter1, equation 1.6). 

 

 

 

 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

140 

 

5.3 Nonlinear Optical Measurements 

 

5.3.1 HRS studies 
 

HRS studies have been used to directly determine the first hyperpolarizability β 

values for compounds 2 to 12 and 15 in acetonitrile solution using both 800 nm and 

1064 nm laser fundamentals. Firstly, we used 800 nm laser fundamental to determine 

the dynamic rather than the static β values.  These measurements are useful to show 

whether the compounds are active or not before any further investigations, taking the 

advantages of this set-up that has a very high signal-to-noise HRS signal.  However, 

these measurements will be affected by the resonance enhancement effects as all 

compounds have λmax close to the 400 nm second harmonic.  This leads to 

overestimated dynamic β values but underestimated static β (β0) due to overestimated 

resonance correction factors. 

 

For 1D dipolar molecules, β800 and β1064 are the orientationally averaged 

hyperpolarizability values at 800 and 1064 nm respectively. The βzzz values 

(calculated at each wavelength) are the dominant tensor components along the charge-

transfer Z axis, which can be used to compare with βEFISH values of other literature 1D 

chromophores. While, β0 is the static value of the first hyperpolarizability and in this 

work it could only be calculated from the 1064 nm laser fundamental measurements 

as it needs to be measured under non-resonant conditions. Hence, it provides more 

accurate and comparable values for different chromophores at different wavelengths.  

  

Table 5.1 presents the results of these measurements and table 5.2 shows the 

structures and data for some previously reported compounds along with some of the 

synthesized POM-based chromophores for the purpose of comparison. 
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Table 5.1 ICT and HRS data for compounds 2-12, and 15. 

 
λmax 

/ nm 

Emax 

/eV 

β800
a
 

/10
-30

esu 

βzzz,800
b

 

/10
-30

esu 

β0,800
c
 

/10
-

30
esu 

β1064
d

 

/10
-30

esu 

βzzz,1064
e
 

/10
-30

esu 

β0,1064
f
 

/10
-30

esu 

2 355.0 3.49 <25 - - <25 - - 

3 371.0 3.34 121(±14) 292 (7) 32
g
 51(±4) 123 (±10) 56 (±5) 

4 386.0 3.21 231(±23) 557 (±10) 29
g
 59(±4) 142 (±10) 59 (±5) 

5 406.0 3.05 297(±26) 717 (±13) 17
g
 154(±9) 371 (±22) 133 (±12) 

6 358.0 3.46 <25 - - <25 - - 

7 370.5 3.35 <25 - - <25 - - 

8 389.0 3.18 <25 - - <25 - - 

9 421.0 2.94 337 (±60) 813 (±20) 63
g
 182 (±23) 439 (±60) 139 (±20) 

10 424.0 2.92 125(±24) 301 (±12) 27
g
 117 (±3) 282 (±9) 87 ((±5) 

11 414.0 2.98 217(±45) 524 (±16) 27
g
 95 (±3) 229 (±9) 77 (±5) 

12 384.5 3.20 177(±35) 427 (±17) 25
g 

62 (±15) 149 (±45) 62 (±15) 

15 262.5 4.72 <25 - - <25 - - 

a
 Experimental first hyperpolarizability measured using an 800 nm laser. 

b
 First hyperpolarizability 

calculated from β800 assuming a single dominant tensor component along the z molecular dipole axis; can 

be calculated by dividing β800 by a factor of 0.414. 
c
 Static first hyperpolarizability estimated from βzzz,800 

via the two-state model. 
d
 Experimental first hyperpolarizability measured using a 1064 nm laser. 

e
 First 

hyperpolarizability calculated from β1064 assuming a single dominant tensor component along the z 

molecular dipole axis; can be calculated by dividing β1064 by a factor of 0.414. 
f 

Static first 

hyperpolarizability estimated from βzzz,1064 via the two-state model. The esu units can be converted to SI 

units (C
3
 m

3 
r

2
) by dividing by a factor of 2.693 x 10

-20
. 

g
 

 
Underestimated due to proximity of LPCT 

maximum to the SH wavelength at 400 nm. 
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Table 5.2 Organic chromophores with comparable donors, π-systems and/or absorption 

profiles to the synthesized POM-based chromophores, and β0 values obtained under non-

resonant conditions.
247-249 

 

 

λmax = 371 nm; β0 = 56 

 

 

λmax = 371 nm; β0 = 17 

 

 

λmax = 386 nm; β0 = 59 

 

 

λmax = 415 nm; β0 = 46 

 

 

λmax = 424 nm; β0 = 87 

 

 

λmax = 470 nm; β0 = 25 

 

 

λmax = 406 nm; β0 = 133 

 

 

λmax = 426 nm; β0 = 46 

 

 

λmax = 421 nm; β0 = 139 

 

 

λmax = 437 nm; β0 = 53 

 

 

800 nm measurements 

The reported β values are the averages taken from measurements at different 

amplitude modulation frequencies, with the fluorescence of 4 corrected for by 

demodulation fitting to provide a fluorescence free value of β.  Significant dynamic 

2
nd

 order non-linearities (βzzz) of up to 813 × 10
-30

esu (for compound 9) were obtained 

with substantial increases in activity as the electron donor strength, or the π-

conjugation length increases. These results show that modifications used to enhance β 

in purely organic chromophores also apply to organoimido-POMs. For instance, 

replacing the weak electron donor pyrrole in compound 4 with the stronger electron 

(20) 

(21) 

(22) 

(23) 

(24) 

(3) 

(10) 

(4) 

(5) 

(9) 
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donor NH2 in compound 5, almost increases the activity by 30%. The activity is 

increased further by introducing the NMe2 electron donor in compound 9.   

 

Extending the π-conjugated bridge nearly doubles the response in most cases, this is 

seen from 3 to 4, and also from 10 to 9.  It is somewhat surprising that the activity of 

compound 11 as well as 12 was lower than expected, where diphenylamine and 

carbazole electron donor functionalities are introduced, respectively. These results are 

likely to be related to the stability of these compounds, which have been proved more 

vulnerable to hydrolysis than the other compounds.  Hydrolysis of samples during 

measurement to inactive [Mo6O19]
2-

 and the parent aniline may dilute the 

concentration of active material and hence lower the response. All molecules that did 

not have a resonance donor such as compounds 2 (Iodo), 6 (ethynyl), 7 (short-π NO2 

system), and 8 (long-π NO2 system), and also compound 15 (PW11 Keggin system) 

show no measureable activity compared to the solvent. 

 

However, the β0 values do not show any logical trend. This is due to the 

underestimation of β0 caused by the λmax values being close to the second harmonic 

wavelength of 400 nm. This is most severe for compound 5, whose λmax is only 6 nm 

away from the second harmonic. 

 

 

1064 nm measurements 

To enable measurement of static β values, we instead used the 1064 nm source.  In all 

cases, this means the 532 nm SH wavelength is > 100 nm from the absorption 

maximum, and residual absorptions are low.  However, at 1064 nm, βzzz values are 

lower for all derivatives, most likely because resonance enhancement is effectively 

eliminated (non-resonant conditions), which were needed to provide a fair comparison 

of the activity (the static first hyperpolarizability, β0) of these derivatives with other 

literature materials.  
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The β0 values generally increase as the electron donor strength or the length of π-

conjugation increases, in accord with the observed trend in the LPCT band energies, 

and consistent with the two state model.
17

  In all cases, compounds bearing weak (I, 

ethynyl) or strong (NO2) acceptor functionalities showed no measureable activity 

compared to the solvent.  When these are replaced with electron donor groups such as 

Py, Cbz, NPh2, NH2, and NMe2, the compounds become active, confirming that the 

POM is an acceptor in these systems. This is in contrast with calculations in the 

literature where the POM was proposed as an electron donor in systems 

functionalized with acceptors, such as NO2 on the other end.
196,250

  Our experimental 

results are far more consistent with the known properties of POMs: it is difficult to 

envisage how the POM can be anything but the acceptor in these systems – the POM 

consists of 6 Mo
VI

 centres (i.e. d
0
) and oxo groups which also hold onto electrons 

tightly. It also has reductions at easily accessible potentials (unlike the organic group) 

indicating it must be the LUMO.  

 

Differences in β0 between the donor functionalized derivatives are generally 

consistent with the decreases in the LPCT band energies, as can be seen in table 5.1. 

The highest value is attributed to compound 9 (π-extended -system NMe2), of 139 × 

10
-30 

esu. Increases in β0,1064 occur when moving from 10 (short-system NMe2) to 

9 (π-extended -system NMe2), which is logical, in view of the extended π-system 

of 9. Similar trends were seen when moving from 3 (short-system Py) to 4 (π-

extended -system Py). Similar observations to the 800 nm measurements for 

compounds 11 and 12, that is lower activities than expected, were made at 1064 nm.   

 

Compared to compound 22 in table 5.2, the DAS
+
 cation (technologically 

exploited in terahertz generation), the β0 values obtained comfortably higher 

under non-resonant conditions, and also compare well to those of many other, 

more active stilbazolium chromophores with stronger donors and much lower 

energy transitions, which means red-shifted absorption and hence poorer 
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transparency.
251,252

 When comparing p-nitroaniline (table 5.2, compound 20) 

with these compounds, 20 shows better transparency, but for a large sacrifice in 

β.  For example, compound 3 has a similar absorption profile to 20 but its β0 is 

three times higher. A similar trend was seen for compound 9 (its β is three 

times higher) that has similar π-bridge length and absorption profile to 

compound 21 in table 5.2.      

 

Far higher β-values have been obtained with other organic acceptors,
253

 but 

with a lower transparency (transparency-efficiency trade-off). For instance, 

tricyanopyrroline (TCP)-based chromophores show a very large molecular 

dynamic first hyperpolarizability (β) of 8700 (±702) 10
-30

 esu, but with large 

red-shift (λmax = 700 nm) and hence poor transparency.
253

 In fact, when 

comparing to reasonable structural and spectral analogues, POMs have higher β0 in 

all cases (Table 5.2).  Furthermore, to our knowledge 9 shows the highest non-

resonant β0 compared to dipolar organic compounds with similar transparency and a 

comparable donor and bridge size.  

 

In order to evaluate the performance of these POM-based chromophores compared to 

other dipolar organic chromophores, an analysis between the electron number 

adjusted β (β0/N
3/2

 where N = π-conjugated electrons in bridge) and λmax was used.
254

  

This analysis suggests an apparent limit for most dipolar organic materials, as shown 

in Figure 5.6. Compound 10 comfortably exceeds this apparent limit of β0/N
3/2

 = 2.7 

when λmax = 424 (for 10, β0/N
3/2

 = 5.9 when λmax = 424), and compound 3 does so too 

of when λmax = 370 (for 3, β0/N
3/2

 = 3.8, the apparent limit at λmax = 371 is β0/N
3/2

 = 

1.5).  Compound 9 and 4 are just above this limit, as seen in Figure 5.6.
23

   

 

However, there are a few purely organic examples in the literature exceeding this 

apparent limit such as TICT chromophores
255

 and a pyridinium tetrazolate.
256

  They 

break these limits more notably than our POM-based chromophores, due to their 
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unusual electronic structure. This raises the question of how our POM-based materials 

show such high performance and what are the reasons that make the POM behave as 

an unusually efficient acceptor. One factor may be the relativistic effects, which exist 

in heavy elements where the electron speed is close to the speed of light. These effects 

can strongly influence the chemical and physical properties such as linear and non-

linear optical properties.
257

 They can cause an increase in the spatial separation 

(increases charge separation; Δμ12) by increasing the localisation and concentrating 

the LUMO around the heavy atom and hence lead to increase β value based on the 

two state model.
258

 Δμ12 is present in the two state model equation and β is 

proportional to Δμ12.       

 

 

Figure 5.6 Data showing electron number adjusted β values (β0/N
3/2

 where N = π-conjugated 

electrons in bridge) plotted against the wavelength of maximum absorption, λmax for 

organoimido-POM chromophores, and planar, dipolar organic chromophores from the 

literature.  10, 9, 3, and 5 both exceed expected performance limits for comparable organic 

systems.
23
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5.3.2 Raman and Stark spectroscopy 

To help explain why these POM-based chromophores break empirical organic 

performance limits, further investigations were performed using Raman and Stark 

spectroscopies. Taken together, the HRS measurements, electronic spectroscopy and 

the cyclic voltammetry results (Chapter 4) would appear to indicate an unusual 

electronic structure for these derivatives. They all appear to have same transitions, but 

only some have the NLO activity and all showed more or less the same redox 

potential shifts from their parent [Mo6O19]
2-

 except compound 8 (short-π NO2 system) 

and 10 (short-π NMe2 system). Therefore, while we use the shorthand LPCT, we are 

uncertain of the extent of involvement of the POM framework in the observed charge 

transfer transitions: without further measurements, it is impossible to exclude the 

possibility that the imido-N in fact acts as the acceptor in most cases. Below are 

outlined results suggesting the POM is indeed the acceptor. 

 

Raman spectroscopic studies 

Raman spectroscopy is a light-scattering spectroscopic technique that can be used to 

provide information about molecular symmetric and non-symmetric vibration modes. 

It provides a useful means to investigate the nature of new electronic transitions.
259

  If 

the excitation wavelength coincides with the electronic transition, Raman modes that 

are associated with parts of the molecule or supramolecular assembly are enhanced in 

intensity, compared to excitation with a source that does not coincide with the 

electronic transition. Raman spectroscopic studies have been carried out on 

compounds 1 ([Mo6O19]
2-

), 2 (short-π iodo system), and 9 (long-π NMe2 system) in 

acetonitrile solution at 785 nm, and 532 nm. UV-vis spectroscopic results showed that 

785 nm is well beyond the absorption of any of these molecules, while at 532 nm a 

small but significant absorption remains in the case of 9 but there is apparently no 

absorption from the other two (1, and 2). Figure 5.7 shows the Raman spectra of 1 at 

532 nm and 785 nm with acetonitrile as a reference. The signals of 1 are entirely 

swamped by solvent. 



   

Non-Linear Optical Properties                                                                          Chapter 5 

 

 

148 

 

 

Figure 5.7 Raman spectrum of 1 in acetonitrile showing no difference to acetonitrile at 532 

and 785 nm. 

 

 

Compound 2 showed a slight enhancement of the POM bands around 990 cm
-1

, i.e. 

the Mo=O and Mo=N, and significant enhancement of other bands from the organic 

system compared to the acetonitrile background (Figure 5.8).  These results indicate 

that there must still be very small absorbance from this compound at 532 nm and that 

the POM is involved in the transition. This can be clearly seen in compound 9, which 

absorbs significantly at 532 nm (ε532 = 1195 M
-1

 cm
-1

) and shows a very significant 

enhancement of the POM Raman bands when excited at this wavelength (the POM 

bands become more intense than acetonitrile peak). The organic bands are also greatly 

enhanced, as shown in Figure 5.9. These results confirm that the POM is definitely 

vibrationally excited by the electronic transition responsible for the NLO effects. 

However, it cannot be argued for definite that POM is the initial electron acceptor 

rather than imido-N, because electron transfer to imido-N, bonded to POM might put 

the POM into a vibrationally excited state.  It is also possible that initial electron 

transfer to imido-N occurs, followed by subsequent transfer to POM.  However, it is 

clear that the POM is involved and therefore can influence the excited state.  

Acetonitrile at 532 nm 

1 at 532 nm 

1 at 785 nm 
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Figure 5.8 Raman spectra of 2 in acetonitrile showing enhancement of the POM bands at 990 

cm
-1

. Inset shows enlarged POM bands. 

 

Figure 5.9 Raman spectra of 9 in acetonitrile showing the very significant enhancement in 

the POM band at 990 cm
-1

 and the organic bands. Inset shows enlarged POM bands. 

 

 

Acetonitrile at 532 nm 

2 at 532 nm 

2 at 785 nm 

Acetonitrile at 532 nm 

9 at 532 nm 

9 at 785 nm 
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Stark spectroscopic studies 

In order to investigate the molecular electronic properties of this series of 

organoimido Lindqvist derivatives and to understand their β responses better, Stark 

spectroscopic studies have been carried out on compounds 6 to 10. Measurements 

were performed in butyronitrile glasses at 77 K to afford dipole moment changes Δμl2 

for the LPCT bands. Table 5.3 shows selected data for compounds 6 (short-π alkyne 

system), 7 (short-π NO2 system), 8 (long-π NO2 system), 9 (long-π NMe2 system), 

and 10 (short-π NMe2 system). This provides a series from strong acceptor group, 

through very weak acceptor to strong donor, as well as three compounds inactive by 

HRS (6, 7, and 8), and two of the most active (9 and 10). Figure 5.10 presents the 

representative electronic absorption and Stark spectra of these compounds. Compound 

9 and 10 showed significant red shift ca. 20 nm upon forming acetonitrile glasses, but 

6, 7 and 8 did not show such shifts. This is the first observation that suggests the 

nature of the transitions may be different between the two sets of compounds, despite 

similar appearance and position.  

 

Table 5.3 Stark spectroscopic data for compounds 6, 7, 8, 9, and 10. 

 µ12
 a
 

(D) 

Δµ12
b

 

(D) 

r12
c
 

(Å) 

fos Δµab
d

 

(D) 

Rab 

(Å) 

Hab
e
 

(eV) 

Cb
2 f

 β0
g
 (10

-

30 
esu) 

6 7.52 1.69 0.355 0.739 15.14 3.14 1.17 0.445 9 

7 8.73 5.79 1.20 0.966 18.40 3.835 1.585 0.345 46 

8 11.90 5.97 1.24 1.68 24.56 5.11 1.51 0.38 99 

9 9.43 21.62 4.49 0.92 28.71 5.98 0.89 0.12 296 

10 8.39 10.14 2.11 0.75 19.62 4.08 1.21 0.24 103 

a
 Transition dipole moment derived using equation 5.2. 

b
 Dipole moment difference between 

diabatic states derived from fintΔμ12  using fint = 1.33. 
c
 Delocalised electron-transfer distance 

derived from Δμ12/e. 
d
 Diabatic dipole moment change derived from equation 5.3. 

f
 Degree of 

delocalisation derived from equation 5.4. 
g
 Static first hyperpolarizability derived from 

equation 1.6 in chapter 1. 
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Figure 5.10 Electroabsorption spectra and calculated fits for (a) 6, (b)7, (c) 10, (d) 8, and (e) 

9 in external fields. Top panel: absorption spectrum; middle panel: electroabsorption 

spectrum, experimental (blue) and fits (red) according to the Liptay equation; bottom panel: 

contribution of the 0
th
 (blue), 1

st
 (orange) and the 2nd (yellow) derivatives of the absorption 

spectrum to calculated fits. 
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The experimental fits shown in Figure 5.10 are obtained via linear combination of the 

zero, first and second derivative to fit the actual observed Stark spectrum. Use of a 

Gaussian fitting approach would allow a closer fit to the actual data, but in some 

cases, such an approach risks invoking transitions that do not really exist. In addition, 

the majority of Stark data in the literature to which we compare were fitted using the 

experimental approach.  

 

The visual inspection of the spectra and their fits can qualitatively give some 

information about these derivatives. In the case of Compound 6, using very high 

concentrations and high electric fields was necessary to obtain measurable signal 

(with noisy background), and the fit was relatively poor, even of the simple absorption 

spectrum. These observations, and the weak contribution of the 2
nd

 derivative to the fit 

indicate that the transition actually only has a very weak charge transfer character. 

This is reflected in the calculated values where high delocalization Cb
2
, and a small 

dipole moment change were obtained. However, due to this weak charge transfer 

character, these results will not be very accurate. A possible explanation for the weak 

charge transfer character might be that the CT process is occurring between two large 

delocalized systems. For this reason, the dipolar character may be very diffuse and 

weak with no β response observed in HRS. 

 

Compound 7, and 8 (NO2 systems) showed stronger signals than compound 6, with 

stronger charge transfer character. However, the contribution of 1
st
 derivative is still 

strong. Noticeably, the calculated dipole moment changes and charge transfer 

distances are essentially the same in both compounds (long and short-π systems). This 

suggests that the measured spectrum may result from the combination of aryl-to-POM 

and aryl-to-NO2 charge transfers. As these two charge transfers directions are 

opposite to each other (shown in Figure 5.11); therefore, the Stark derived β0 is not 

valid and hence explains the inactivity that was observed by HRS.    
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Figure 5.11 Schematic representation of compound 8 showing the two CT directions are 

opposite to each other, and hence cancelling each other out. 

 

 

Compound 10 gave a spectrum that can be compared to room temperature 

electroabsorption data obtained on N,N’-dimethylnitroaniline.
260

 Inspection of the fit 

indicates strong charge transfer character due to the dominant contribution of the 

second derivative. The calculated charge transfer distance of 2.1 Å is significantly 

longer than that in the literature for the nitro analogue of 1.3 Å, compound 25 in table 

5.4. This suggests that the increased charge separation is due to the participation of 

POM, lengthening the charge transfer distance. In compound 9, the fit is even more 

dominated by the second derivative indicating strong charge transfer character. The 

dipole moment change and charge transfer distance are longer than compound 10 due 

to the longer-π system. When comparing to stilbazolium chromophores with a single 

bridging alkene (compound 22 and 26 in table 5.4) which have r12 of 3.4 Å and 

corresponding Δμ12 of 16.2 D, the charge transfer distance in 9 is longer at around 4.5 

Å, and the corresponding Δμ12 is 21.62 D. This distance is longer than would be 

expected if the charge transfer were extended one bond onto imido N. In fact, the 

distance is even longer than typically seen (around 4.2 angstroms) in extended 

stilbazoliums containing two double bonds in the bridge (compound 28),
251,252

 as seen 

in Table 5.4, and is also longer than in stilbazoliums with nitro functionalities as 

secondary acceptors (compound 27). These results are in agreement with Raman 

results and strongly imply that initial electron transfer (ET) involves the POM 

framework, as Stark will only provide information on initial ET events, not 

subsequent processes. 
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Table 5.4 Literature organic chromophores with their r12, and Δμ12 values for comparison 

with organoimido-POMs  

 Structure r12 / Å Δμ12 

22 

 

 

 

3.4 9.1 

25 

 

 

 

1.3 6.2 

26 

 

 

 

3.4 9.4 

27 

 

 

 

3.8 9.5 

28 

 

 

 

4.2 10 

 

 

Therefore, it seems that the long charge transfer distance due to the involvement of 

the POM gives an unusual high Δμ12 (dipole moment change) for the length of 

organic system employed. However, μ12 remains comparable to typical organics (e.g. 

stilbazoliums). Interestingly, this high Δμ12 is achieved without the large red shift that 

would occur if Δμ12 were to be increased by typical organic means (e.g. extending π-

conjugation). Therefore, this unusual high charge separation seems to be the reason 

that causes such strong NLO performance of these derivatives, which is similar to that 

in the TICTOID systems.
56,261

 In short chromophores, the electron number adjusted β 

values are further above “the apparent limit”, as the effect of POM will be stronger 
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when organic system becomes smaller. These results are also consistent with those of 

Su et.al.
190,193,262,263

 who showed in their calculations that LUMO are located on 

POM, and HOMO on organic system (although for organic systems with no strong 

donor group) with relatively little spatial overlap leading to strong charge separation. 
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Electropolymerisation permits the direct deposition of a thin, well-adhered, and highly 

conductive polymer films onto electrode surfaces. In this work, we have chosen 

pyrrole and carbazole as units for construction of new electropolymers, covalently 

functionalized with certain POM clusters as redox active units. This chapter describes 

the production of three N-substituted pyrrole-functionalized POM films, based on 

compounds 3, 4, and 14 (for comparison purpose) and one carbazole-functionalized 

POM film, compound 12, these are shown in Scheme 6.1. It also presents the study of 

the conditions required for electrochemical polymerization of the monomers described 

in chapter 2. Surface functionality is identified by the use of reflectance fourier 

transform infrared spectroscopy (RFT-IR), X-ray photoelectron spectroscopy (XPS), 

and EDX. Surface morphology features are investigated by scanning electron 

microscopy (SEM) images. SEM-FIB (Focused Ion Beam)
264,265

 and transmission 

electron microscopy (TEM) techniques are used to determine and explore the cross 

section-area and features respectively. To the best of our knowledge, this is the first 

work on electropolymerized-conjugated polymers covalently functionalized with 

Lindqvist clusters. 

 

 

Scheme 6.1 Structures of POM-based derivatives 3, 4, 12, and 14. 
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6.1. Polypyrroles and polycarbazoles 

Conjugated polymers are of interest as NLO materials due to their large second-order 

and also third-order nonlinearities, fast response, and their ease of fabrication for 

targeted applications. One of the most important characteristics of these conducting 

polymers is their reversible redox properties. They can be considered as 

semiconductors, with a partially filled valence band and an empty conduction band 

separated by an energy gap. For example, polypyrrole polymers are insulators in the 

reduced form, while in the oxidized form are conducting polymers where the 

polypyrrole is partially charged via electrochemical process (applying a positive 

potential), as shown in Scheme 6.2. The conducting polymers are attractive candidates 

for applications in optoelectronics as they can combine interesting optical and 

electrical properties, such as photoluminescence (PL), and electroluminescence 

(EL).
266,267

 These include polypyrroles, polythiophenes, polycarbazoles, and 

polyanilines; however, they are relatively little studied in NLO. 

 

 

Scheme 6.2 Electronic steps showing the formation polaron and bipolaron resulting in 

partially charged polypyrrole. 
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Conducting polymers can be produced by either chemical or electrochemical methods. 

The first synthesis of conducting polymers was reported by Letherby and co-workers 

in 1862 with the formation of polyaniline in dilute sulphuric acid.
268

 Later, Shirakawa 

et al. studied the effects of anionic doping on the conductivity of the these 

polymers.
269

 The conducting nature of these polymers comes from their conjugated 

backbone, consisting of alternating carbon-carbon single and double bonds. Many of 

conducting polymers are electron donors upon photo-excitation especially in their 

neutral (semiconducting) state such as pyrrole and carbazole. Several studies 

investigating the properties of these polymers such as electrical conductivity, and 

redox properties have been carried out.
270-272

  It has conclusively been shown that 

these intrinsic properties are highly dependent on the polymerisation conditions such 

as pH, temperature, solvent, electrolyte, and monomer substitutions.
271,273-275

 

 

In the last two decades, research has been focused on pyrrole-based polymers due to 

their structural versatility, stability, high conductivity, electrochemical properties, 

ease of modification via either structural derivations or copolymerization, and finally 

ease of generation chemically or electrochemically.
170,276

 The electrochemical 

polymerisation method has been applied to produce polymeric films on the electrode 

surface allowing the possibility of controlling the size, thickness, and shape of films. 

Based on these properties, polypyrroles offer many advantages in the fabrication of 

many electronic and optical devices such as thin films transistors, Schottky diodes, 

hybrid solar cells, switches, and light-emitting diodes (LED).
277-280

 In the field of 

NLO materials, Janamurugan and co-workers reported the first study on the NLO 

properties of polypyrrole polymers in 2010.
281

 They noticed the occurrence of the 

SHG in polypyrrole powders synthesized by a chemical oxidative polymerization 

method at room temperature. 

 

The mechanism proposed by Diaz et al. for pyrrole polymerisation is the most 

commonly referred to throughout the literature, and is thought to stand even for 
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substituted pyrroles.
282,283

 In this mechanism, the initiation step involves electron 

transfer followed by a series of chemical reactions, as illustrated in Figure (6.3), 

resulting in well-adhered film on the electrode surface However, it is shown that N-

substituted pyrroles exhibit three times lower conductivity than the parent pyrroles 

and in some cases the N-functionality can inhibit the polymerisation process by either 

steric hinderance or nucleophilic attack on the polymerizable unit..  

 

 

Figure 6.3 The classical mechanism for the electropolymerisation of pyrrole. 

 

 

Carbazole is an analogue of fluorene, consisting of a nitrogen-bridged biphenyl. 

However, the chemistry of carbazole is very different from fluorene due to the 

electron donating effect of the nitrogen atom. Carbazole is very stable to 

environmental and chemical degradations, and it can be easily derivatised via its 

nitrogen group and also via the 3, and 6-positions.
284

  Therefore, carbazoles have also 

been widely investigated and used as building blocks in the field of conducting 
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polymers for many electronic and photonic applications.
285-289 

Polycarbazole is one of 

the most important conducting polymers due to its photoconductive and electron 

donating properties. For instance, it has been used as a blue light emitter in LED 

devices.
287

. Only poly (3,6-carbazole) can be made via oxidative polymerisation. 

Polycarbazole can also be made by the anodic electropolymerisation of the precursor 

monomer, where the carbazole is oxidised to form a cationic radical.
290-292

 These 

radicals couple to form oligomers, dimers, and also another cationic carbazole 

molecule and after many cycles of this process, a film of the polymer is formed on the 

electrode surface, as shown in Figure (6.4). 

 

 

Figure 6.4 Proposed mechanistic scheme for the electropolymerization of carbazole. 

 

 

6.2. Film formation by electropolymerisation 

Various electrochemical techniques such as potentiostatic (controlled-potential), 

galvanostatic (constant-current), and potentiodynamic (scanned-potential) can be used 

to achieve electropolymerisation resulting in deposition of a film on the electrode 
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surface. Cyclic voltammetry, a potentiodynamic (scanned-potential) technique, can be 

used as a method of producing and monitoring the growth of the conducting polymer 

film on the surface. A current-potential diagram resulting from CV studies can be 

used to investigate the reversibility of electron transfer. The ability of monomers to 

electropolymerise (produce polymeric films) can be assessed by performing CV 

studies.  

 

For instance, the CV studies of pyrrole polymerization show monomer oxidation 

(formation of the cation radical oxidized pyrrole) and the oxidation and reduction of 

the polymer film subsequently formed on the electrode surface. Figure 6.5 shows the 

current-potential diagram for pyrrole electropolymerisation on a platinum electrode in 

0.1 [NBu4][BF4]-MeCN solution with the potential referenced to an aqueous Ag/AgCl 

electrode. The CV was scanned from -0.5V to 1V at a scan rate of 100 mV/s for 10 

cycles. 

 

Figure 6.5 CVs of poly(pyrrole) formation on Pt surface in 0.1 [NBu4][BF4]-MeCN solution 

with aqueous Ag/AgCl reference electrode, at a scan rate of 100 mV/s. 

 

Monomer 

oxidation 

Film 

growth 
Initial scan direction 
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6.2.1 Polypyrroles-based materials 

 

Electropolymerisation of Monomers 

CV studies were carried out to investigate the ability of monomers 3, 4, 12, and 14 to 

polymerise and produce polymer films. The experiments were carried out in a 

standard 0.1 [NBu4][BF4]-MeCN solution with 2 × 10
-3

 M of each monomer in a three 

compartment electrochemical cell. During these experiments, all conditions such as 

temperature, solvent, electrolyte, and monomer concentrations were kept the same. 

None of pyrrole-functionalized compounds (3, 4, and 14) showed any sign of 

polymerisation, even when the applied potential is increased significantly (up to +1.8 

V). Peak monomer oxidation potentials were noticed at 1.4 V for these derivatives 

(shown in Figure 6.6); however, subsequent oxidations resulted in poor and broad 

peak currents with no film deposited onto the electrode surface. This is not surprising, 

as N-substituted pyrroles often show a lack of polymerization, due to steric hindrance 

(presence of the sterically demanding phenyl ring and [Mo6O18]
2-

 cluster), and 

possibly nucleophilic attack from the negatively charged [Mo6O18]
-2

 cluster.
293-296

  

 

 

Figure 6.6 CVs showing the peak oxidation at 1.4 V of monomer 3 (blue trace) and 4 (red 

trace) using glassy carbon (GC) at scan rate of 100 mV/s.   

Monomer oxidation 
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Co-polymerisation has been shown to be one solution for such problems, where a 

polymerizable monomer is mixed with the desired monomer.
274,295

 Thus, we found 

that the derivative monomers would co-electropolymerize with underivatized pyrrole 

at up to 70 mol. % of 3, and 4, and up to 90 mol. % of 14 on Pt, graphite and fluorine 

tin oxide coated glass (FTO).  

 

Figure 6.7 shows the CV studies of the co-electropolymerisation of 3 : Py (pyrrole) at 

70 : 30 % ratio. These have characteristic features showing oxidation of the co-

monomers to form radical cations, and the subsequent oxidation and reduction of the 

co-polymer film. The experiment was carried out with a FTO working electrode with 

standard conditions mentioned for earlier experiments for 10 cycles and this resulted 

in a matt black colour (reduced state) deposited film onto the FTO surface (Figure 

6.8a). Importantly, the peak oxidation potential is positively shifted (by ca. 0.4 V) 

compared to underivatized pyrrole. This can be attributed to the presence of 

compound 3, and is consistent with the literature, where functionalization of pyrrole, 

especially N-substituted, may introduce electronic effects that shift the oxidation 

potential of the monomer.
296

 This change in potential implies the involvement of 

monomer 3 derivative in polymerisation reactions and hence suggests the formation of 

polymer chains possessing a distribution of the derivativatised and underivatized 

pyrrole units.   

 

Compound 4 was co-polymerized with pyrrole in the same conditions used for 3 

(mentioned above), and the film was gold / yellow in the reduced state (neutral). It is 

shown in Figure 6.8b. Compound 14 was co-polymerized with pyrrole at similar 

fashion to compounds 3, and 4, at 90 mol. % of 14 to form a matt black film in the 

reduced state (Figure 6.8c). It is not clear why different film colours have been 

obtained for these materials, but it may be related to steric and derivatisation effects. 
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Figure 6.7 CVs showing co-electropolymerization of 3 and pyrrole (70:30 ratio) on FTO, 

were run from 0V to 1.4V at scan rate of 100 mV/s for 10 cycles.  Note the higher potential 

required for electropolymerization vs underivatized pyrrole, strongly implying involvement of 

the derivative monomer in the polymerization process. 

 

 

 

 

 

 

 

 

 

Figure 6.8 FTO electrodes coated with: a) co-polymer of 3 : Py at 70:30 % ratio, b) co-

polymer of 4 : Py at 70:30 % ratio, and c) co-polymer of 14 : Py at 90:10 % ratio. The colours 

are obtained for the reduced states of these polymeric films. 

a b c 
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Electrochemical properties of the polymers 

The electrodes coated with polymeric films were washed with freshly distilled 

acetonitrile and dried before investigating the reduction of the {Mo6} units. The 

electrochemical experiment was carried out in 0.1 M [NBu4][BF4]-MeCN, at different 

scan rates using one compartment electrochemical cell under an atmosphere of inert 

gas such as Ar or N2. Figure 6.9 shows the CV response from 10 cycles of 3-Py co-

polymer film. The film shows a well-defined reversible electrochemical behaviour at 

a slightly more negatively shifted redox potentials to the monomer at -0.55 V and fast 

redox process on the CV time scale. The smaller peak potential separation of 40 mV 

of the film compared to monomer 3, confirms the presence of a surface confined POM 

species.    

 

Figure 6.9 CV showing {Mo6} redox wave in the Py-3 co-polymer, 0.1 M [NBu4][BF4] in 

MeCN, scan rate 100 mV/s, working electrode glassy carbon of 7 mm
2
 surface area. 
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In order to investigate the film stability, consecutive cyclic voltammograms were 

carried out from 0V to -0.75V at 100 mV/s scan rate in 0.1 M [NBu4][BF4]-MeCN for 

60 cycles, on the film 10 deposition cycles. On the CV timescale the resulting film of 

the polypyrrole-3 co-polymer can undergo around 15 redox cycles (Figure 6.10) with 

only minimal changes, indicating the high stability of this films, due to the covalent 

linkage between the derivative and pyrrole units. This is clearly noticed when 

comparing polypyrrole-3 with an analogue made by the inclusion of [Mo6O19]
2-

 in 

polypyrroles, the latter showed a large decrease in the current intensity with shifting 

to less negative potential when moving from the redox cycle 1 to 20 (Figure 6.11). 

This has not been seen in the case of polypyrrole-3 co-polymer 

 

  

 

 

 

 

 

 

 

 

 

Figure 6.10 (a) Consecutive cyclic voltammograms of a polypyrrole-3 film showing minimal 

changes from redox cycle 1 to 15. Electrolyte is 0.1 M [NBu4][BF4] in MeCN, scan rate 100 

mV/s, working electrode glassy carbon. (b) A plot of current peak Ip
c
 vs the scan rates (𝜈) for 

reduction of polypyrrole-3 co-polymer film.   

 

(a) (b) 
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Figure 6.11 CVs of [Mo6O19]
2-

 -polypyrrole inclusion film showing the leaching out of anion 

after the first redox cycle. Electrolyte is 0.1 M [NBu4][BF4] in MeCN, scan rate 100 mV/s, 

working electrode glassy carbon. 

 

 

To this end, we wondered whether the increased bulk of the organoimido POM and 

the ability of organic fragment to form π-π interaction with pyrrole units causes this 

stability in the derivative-pyrrole co-polymer. Inclusion films of derivative 2 (iodo 

functionality) in polypyrrole film which has relatively similar size, and π-character to 

derivative 3 were prepared and studied to investigate such possible effects. Figure 

6.12 presents the CV of 2-inclusion polypyrrole film of 10 depositions cycles 

thickness, which shows a very large intensity wave in the first cycle, but a much 

smaller and shows weaker waves in the second cycle. This indicates the loss of a large 

amount of the anion as it is reduced due to the charge balance (the anion is expelled 

after reduction units and is replaced by [BF4]
-
 when the pyrrole is oxidized). From 

cycle 2 to 20, this decrease was smaller, but still occurred as shown in Figure 6.12. 
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Figure 6.12 CVs of 2-polypyrrole inclusion film showing the leaching out of large amount of 

anion after the first redox cycle. The electrolyte is 0.1 M [NBu4][BF4] in MeCN, scan rate 100 

mV/s, working electrode glassy carbon. 

 

.     

CVs of the 3-Py co-polymer film from 15 to 60 cycles show the loss of the {Mo6}-

imido peak, along with growth of a new peak at less negative potential (shown in 

Figure 6.13). This is similar to the results from the bulk electro-reduction of the parent 

monomer described in chapter 4, and the new peak most likely results from 

[Mo6O19]
2-

 produced by hydrolysis, and trapped in the film. The new [Mo6O19]
2-

 peak 

is similar to that obtained from inclusion of [Mo6O19]
2-

 in polypyrrole film (shown in 

Figure 6.14). Similar observations are noted even in CaH2-dried MeCN, working 

under argon, and using dried-DCM. Similar observations were obtained for the Py-4 

co-polymer films.  
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Figure 6.13 Consecutive cyclic voltammograms of a polypyrrole-3 film showing loss of the 

imido-Lindqvist peak, and growth of a new peak ascribed to [Mo6O19]
2-

, over 50 cycles. 

Electrolyte is 0.1 M [NBu4][BF4] in MeCN, scan rate 100 mV/s, working electrode glassy 

carbon.  

 

Figure 6.14  Consecutive cyclic voltammograms of a polypyrrole-inclusion [Mo6O19]
2-

of 15 

deposition cycles film thickness. Electrolyte is 0.1 M [NBu4][BF4] in MeCN, scan rate 100 

mV/s, working electrode glassy carbon. 
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The electrogenerated polypyrrole-14 films were studied by CV in 0.1 M [NBu4][BF4] 

in MeCN. Figure 6.15 shows the CVs of freshly prepared films of polypyrrole-14 co-

polymers in the ratio of 70 (14):30 (Py), and 90 (14):10 (Py) at different scan rates. 

These films indicate that charge transport slows at high loadings of {Mo6}. Peak 

separations for the {Mo6} reduction are much larger (ca. 360 mV, vs < 50 mV) for 

films synthesized with a 90 (14) : 10 (Py) ratio (Figure 6.14a) than with 70 (14) : 30 

(Py) (Figure 6.15b). The effect is most noticeable in thick films.  

 

The increased “resistive” behaviour with an increased fraction of {Mo6} derivative is 

surprising, as higher concentrations of {Mo6} should increase the probability of a 

charge-hopping mechanism. The effect may be related to diffusion of 

tetrabutylammonium cations through the film (as seen in Scheme 6.16), which 

becomes slower as the number of {Mo6} groups increases steric demand and the need 

for charge compensation due to increased negative charge. Similar behaviour has been 

reported by other studies.
297-299
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Figure 6.15 CVs showing {Mo6} redox wave in the: (a) 90(14) : 10(Py) ratio, and (b) 70(14) 

: 30(Py) ratio co-polymer, in 0.1 M [NBu4][BF4] in MeCN, at scan rates 25 (black traces) and 

75 (red traces) mV/s. 

(a) 

(b) 
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Scheme 6.16 Schematic representation of diffusion of tetrabutylammonium cations at a thin 

film of polypyrrole-14 co-polymer. 

 

 

6.2.2 Spectroscopic characterization and morphology of the polymer films 

 

Reflectance Fourier-transform (FT) IR characterization 

The polypyrrole-3 co-polymer was studied by reflectance FT-IR spectroscopy to 

identify the surface functionalities. Fresh films of the co-polymer were deposited on 

platinum (Pt) working electrode, then washed with fresh MeCN and allowed to air dry 

with no marking of cracking or peeling. Spectra were measured against the uncoated 

polished Pt electrode, and the spectra were compared with those for monomer and 

polypyrrole only films. The FT-IR spectrum of monomer 3 (Figure 6.17) showed the 

characteristic Mo=O stretch at 940 and an imido stretch Mo=N at 947 cm
-1

. 
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Figure 6.17 FTIR spectrum of monomer 3 using ATR technique showing the characteristic 

Mo=O stretch at 940 and an imido stretch Mo=N at 947 cm
-1

. 

 

 

When comparing 3 with its corresponding co-polymer (Figure 6.18, red trace), the 

latter showed a shift in the position and a combination of these functional groups 

(Mo=O and Mo=N) between 950-916 cm
-1

. Figure 6.17 presents the reflectance FT-

IR spectra of polypyrrole-3 co-polymer (black trace) and polypyrrole only (red trace),  

showing a clear difference to undervitized polypyrrole with the presence of [BF4]
- 

peak at 1070 cm
-1

 in both films, which is consistent with the literature.
300

 

Studying the other materials (4, and 14-polypyrrole co-polymer) by reflectance FT-IR 

spectroscopy has been attempted, but we could not obtain adequate quality spectra. 

 

Mo=O 

Mo=N 
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Figure 6.18 Reflectance FTIR spectrum of a Pt disc electrode coated with polypyrrole only 

(red trace) and the polypyrrole-3 co-polymer (red trace). 

 

 

UV-vis spectroscopy  

The polypyrrole-3, and polypyrrole-4 co-polymer films deposited on FTO glass were 

studied by UV-vis spectroscopy before (at potential of 0 V) and after full reduction (at 

potential of – 0.75 V) of {Mo6} units in the films. The results are shown in Figure 

6.19. In the case of the polypyrrole-3 co-polymer, the UV-vis of the reduced film 

shows some sort of structural changes that led to an increase in the background 

absorption of the spectrum, but there is a more clearly resolved peak in the region 

where monomer 3 shows an absorption band between 350-380 nm. 

[BF4]
-
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Figure 6.19 UV-vis spectra of polypyrrole-3 co-polymer film, 20 deposition cycles thickness 

on FTO glass, showing the difference between the oxidized (black trace), and in the fully 

reduced state (blue trace) absorption.  

 

 

The UV-vis results of the polypyrrole-4 co-polymer film showed more clear changes 

(decrease) in the absorption band upon reduction (Figure 6.20), which is in agreement 

with the hypothesis of hydrolysis of the derivatives leading to such decrease in the 

absorption, just like the spectroelectrochemistry results for the corresponding 

monomer in Chapter 4. The SEM-EDX of the prepared film showed a large change in 

the % ratio between carbon (C) and molybdenum (Mo) upon reduction, in the 

oxidized form the ratio is 10 : 1 (C : Mo) and is 15 : 1 (C : Mo) upon reduction. This 

increase in the C % ratio is consistent with hydrolysis of {Mo6} derivative, and its 

leaching out into the solution.   
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Figure 6.20 UV-vis spectra of polypyrrole-4 co-polymer film with polypyrrole only (blue 

trace) film as a reference, 20 deposition cycles thickness on FTO glass, showing a clear 

change in the absorption between the oxidized (red trace), and the fully reduced state (black 

trace).  

 

 

XPS characterization 

Polypyrrole-3 co-polymer was the only polymer that could be assessed by reflectance 

FT-IR spectroscopy. Therefore, XPS was used to identify elements and their chemical 

states present in the surface of the samples by irradiating the FTO electrode coated 

with polymer films with an X-ray and measuring the kinetic energy of surface 

electrons.
301

 Figure 6.21 shows an XPS spectrum representative of the Mo3d core 

level for the polypyrrole-4, polypyrrole-3, polypyrrole-14 co-polymers.  

 

The principal doublets obtained are Mo(VI), as labelled in Figure 6.21, corresponding 

to the Mo
6+

 state. Similar features were seen for different film thicknesses. The XPS 

was able to provide elemental compositions of the surfaces in atomic % (Table 6.1), 

with a ratio between the POM-derivatised monomer and the underivatised pyrroles in 

these films to be 1 to 2 for most cases. It has been shown in the literature that 

polypyrrole has a charge of + 0.33 per monomer in its reduced state.
302

  If there was a 
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charge inclusion of the POM derivatives, one would therefore expect 6 underivatized 

pyrrole units for each POM unit. These results are therefore consistent with covalent 

connection. 

 

 

Figure 6.21 XPS spectrum of the Mo3d core levels for polypyrrole-4 (red trace),  

polypyrrole-3 (blue trace), and polypyrrole-14 (black trace) co-polymers of 20 deposition 

cycles film thickness. 

 

Table 6.1 XPS surface elemental analysis of different film thicknesses of polypyrrole-3 

co-polymer, polypyrrole-4 co-polymer, and polypyrrole-14 co-polymer 

 

Elemental Abundance (Atomic %) 

Co-polymer / % ratio / 

film thickness cycles 

C 1s 

% 

F 1s 

% 

Mo 

3d % 

N 1s 

% 

Na 1s 

% 

O 1s 

% 

S 2p 

% 

polypyrrole-3 / 30-70 / 20 69.16 

 

6.96 5.23 0.34 17.25 1.05 

polypyrrole-4 / 30-70 / 10 75.76 

 

4.70 4.63 0.00 14.00 0.92 

polypyrrole-4 / 30-70 / 20 75.49 

 

5.00 5.16 0.01 14.17 0.17 

polypyrrole-4 / 30-70 / 30 72.34 

 

5.90 4.19 0.00 17.27 0.31 

polypyrrole-14 / 30-70 / 20 67.14 

 

8.29 3.92 0.00 19.93 0.72 

polypyrrole-14 / 10-90 / 20 65.11 

 

7.72 4.56 0.44 20.84 1.33 

Polypyrrole / 100 / 20 73.36 0.38 0.22 8.93 0.25 14.44 2.43 
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Morphological studies 

The morphology of polypyrroles has been shown to uneven; however N-substituted 

pyrroles have been found to show more even morphology.
303

 An SEM study was 

carried out to investigate the morphology of the polymers on FTO glass electrodes, at 

different film thickness. Uniform raspberry-like nucleation growth films have been 

obtained with no remarkable features (Figure 6.22), within the resolution limits of the 

microscope. EDX of the deposited film on FTO shows the presence of C, Mo, Sn, Si, 

O, F (Figure 6.23). These results are consistent with ratio between the POM-

derivatised monomer and the underivatised pyrroles of 1 to 2, just like the XPS 

results. 

 

 

 

 

 

 

 

Figure 6.22 SEM images of polypyrrole-14 co-polymer at 10:90 % ratio, 10 cycles film 

thickness on FTO electrode showing raspberry-like nucleation growth 
304

 film with no 

remarkable features. 

 

 

Figure 6.23 EDX of the surface of polypyrrole-14 co-polymer at 10:90 % ratio, 10 cycles 

film thickness on FTO electrode. 
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Further study of the morphology of these films was performed using high-resolution 

TEM at the Leeds EPSRC National Nanoscience Facility (LENNF). Sample 

preparation involved the use of the FIB-SEM technique for cross-section TEM (for 

both film thickness determination and bulk morphological studies). By taking 

advantage of the combination of FIB with an SEM, it was possible to have high-

resolution images for the surface of the polymer films. Figure 6.24 shows the SEM 

images of polypyrrole-4 (30:70 % ratio) of 10 cycles film thickness, which exhibits an 

smooth surface. In the high-magnification image, the amorphous nature can be clearly 

observed, with no phase separated domains.  TEM images show clearly that the 

topography of the films is relatively similar to that of the FTO substrate (Figure 6.25). 

Films thicknesses were between 60 to 120 nm depending on the number of deposition 

cycles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24 SEM images of the polypyrrole-4 co-polymer at 30:70 % ratio, 10 cycles film 

thickness on FTO electrode showing no domains of phase separation. 

(a) (b) 

(c) (d) 
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Figure 6.25 TEM cross-sectional view images of polypyrrole-4 co-polymer at 30:70 % ratio, 

10 cycles film thickness (60 nm) on FTO electrode. 

 

 

The cross-sectional TEM images (the bulk) of the film is shown in Figure 6.26, with 

similar features observed to the surface SEM images. EDX was carried out along the 

cross-section at different locations of each sample. Figure 6.27 shows the EDX of the 

cross-sectional area of polypyrrole-4 co-polymer at 30:70 % ratio, 10 cycles film 

thickness on an FTO electrode. Just like the XPS and the EDX-SEM results, the 

results in Figure 6.27 confirm the presence of C, Mo, O, Cu (from sample holder) 

elements with a ratio of 1 to 2 between the POM-derivatised monomer and the 

underivatised pyrroles.  

 

 

Figure 6.26 Cross-sectional TEM images of polypyrrole-4 co-polymer at 30:70 % ratio, 10 

cycles film thickness (60 nm). 

FTO substrate 

Pt layer 
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Figure 6.27 EDX of the cross section of polypyrrole-4 co-polymer at 30:70 % ratio, 10 

cycles film thickness (60 nm). 

 

 

6.2.3 Polycarbazole-based materials 

 

Electropolymerisation of Monomers 

It is important to mention that monomer 12 was obtained later in the course of this 

project and we are awaiting  for its films to be fully characterized at LENNF. The 

carbazole 12 (2mM) is readily electropolymerized in 0.1 [NBu4][BF4]-MeCN at 

FTOelectrode in a three compartment electrochemical cell to form a yellowish film 

(shown in Figure 6.28). This is in agreement with literature, where N-derivatized 

carbazoles electropolymerise in a similar fashion to pyrroles and are less sensitive to 

derivatisation.
305

 The electropolymerisation experiment was also carried out with a 

FTO working electrode in 0.1 [NBu4][BF4]-MeCN solution with aqueous Ag/AgCl 

reference electrode, from 0 V to 1.5 V at scan rate of 100 mV/s for 10 cycles, and is 

presented in Figure 6.29. 
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Figure 6.28 FTO electrode coated with poly-12 film. 

 

Figure 6.29 CVs showing electropolymerization of 12 on FTO, were run from 0V to 1.5V at 

scan rate of 100 mV/s for 10 cycles.  

 

 

Electrochemical properties of the polymers 

The electrochemical behaviour of a freshly prepared 12 polymer film is illustrated in 

Figure 6.30. The CV clearly shows an {Mo6}-imido peak in the first cycle (Figure 

6.30, black trace) at a scan rate of 100 mV/s. However, this peak is clearly lost in the 
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second cycle, along with growth of a new peak at less negative potential (Figure 6.30, 

red trace), is likely ascribed to [Mo6O19]
2-

 produced by hydrolysis. This result 

indicates that poly-12 is more vulnerable to hydrolysis than other polymer derivatives. 

. 

 

 

Figure 6.30 Consecutive cyclic voltammograms of a 12 polymer film showing loss of the 

imido-Lindqvist peak (which is present in the first cycle, black trace), and growth of a new 

peak ascribed to [Mo6O19]
2-

, in the second cycle (red trace). Electrolyte is 0.1 M [NBu4][BF4] 

in MeCN, scan rate 100 mV/s.  

 

 

Morphological studies 

The morphologies of the  poly-12 films have been investigated by SEM only. Figure 

6.31 shows the SEM surface images of poly-12 with 10 deposition cycles film 

thickness on an FTO electrode surface, showing the smooth nature. EDX results show 

the presence of Mo, N, O, C, Sn, Si traces, shown in Figure 6.32. Interestingly, the 
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SEM of the 20 deposition cycles film thickness on FTO electrode surface (Figure 

6.33) shows uneven morphology, with surface nodulation. A possible interpretation 

could be that these nodules are crystals of [NBu4][BF4] electrolyte; however, the films 

were very well washed and the EDX results on those spots were similar to the rest of 

the film. However, this is an interesting result, which would be further explored in the 

future with high resolution SEM and cross-sectional TEM studies.  

 

 
 

Figure 6.31 SEM images of 12 polymer 10 deposition cycles film on FTO electrode surface 

with different magnifications. 
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Figure 6.32 EDX of the surface of 12 polymer of 10 cycles film thickness on FTO electrode. 

Figure 6.33 SEM images of 12 polymer of 20 deposition cycles film on FTO electrode 

surface showing surface nodulation. 
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A new series of organo-imido Lindqvist derivatives has been synthesized using a 

DCC coupling protocol.  This series features donor and acceptor groups from strong 

acceptor (NO2), through very weak acceptors (iodo and ethynyl) and weak donors 

(pyrrole, carbazole) to strong donors (diphenylamino, NH2, NMe2), with different π-

conjugated bridge lengths (phenyl and diphenylacetylene spacers).  In order to access 

these new compounds several new precursor amines were also produced.  

 

All the new compounds have been fully characterised using 2D, 
13

C, and 
1
H-NMR, 

mass spectrometry, elemental analysis, and infra-red spectroscopy. X-ray crystal 

structures have been solved for nine of these derivatives including one photo-inactive 

derivative, and eight photo-active derivatives.  UV-vis studies show that as the 

electron donor strength or π-conjugated bridge increases the LPCT band red-shifts. 

Cyclic voltammetry studies show cathodic shift in the {Mo6} potential upon 

derivatisation confirming that electron density is donated from the organic groups to 

the {Mo6} unit, but that in most cases the redox potential varies little between the 

different organic derivatives. Attempts to study the redox-switched optical properties 

of these materials by spectroelectrochemistry and bulk electrolysis studies show the 

occurrence of rapid hydrolysis in the reduced state of these derivatives.   Four of the 

derivatives have been functionalised with polymerizable groups (pyrrole, carbazole) 

that enable electrochemical processing into redox-active thin films. The 

electropolymerisation of pyrrole derivatives was only successful in the presence of 

underivatized pyrrole, but the carbazole derivative can be electropolymerized alone. 

However, the latter showed less stability (probably due to hydrolysis) in the ambient 

conditions.   

 

Hyper-Rayleigh scattering studies on the new derivatives show significant β-values in 

systems featuring pyrrole, NH2, carbazole, diphenylamino, and NMe2 donors. The 

static β0 responses (obtained at 1064 nm) can be enhanced by tailoring the organic 

group, and reach up to 139 × 10
-30 

esu (for the derivative featuring the 
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diphenylacetylene space and NMe2 donor). These are higher than those of the vast 

majority of purely organic materials of similar donor strength, π-system size and 

absorption profile. Consequently, the electron number adjusted β values of several 

organoimido-POMs exceed the apparent limits (vs absorption maximum) for most 

dipolar organic materials. Stark and Raman spectroscopic studies confirm the 

involvement of POM framework in the LPCT transition, which gives an unusually 

high dipole moment change, and hence displays strong NLO performance.    

 

 

Future work 

 Investigating the hydrolysis (mechanism) and finding the conditions that 

would reduce the tendency to hydrolyse are required.  For example, adding 

base or using super dry solvent as it is thought that protonation may play an 

important role in this process.  

 In this thesis, because of the cost and commercial availability of suitable 

aniline precursors, we worked with simple 1,4-substituted anilines. Moreover, 

at the time there was nothing in the literature addressing hydrolysis problems 

and we were focused on measuring the NLO properties of these materials. 

However, tailoring the organic component of these derivatives to increase the 

steric hindrance of the ortho-substituents around the Mo=N imido bond could 

decrease the tendency to hydrolysis.  Finally, using metal mixed systems (Mo 

and W) where the imido bond is on the W atom instead of Mo may be another 

option that could be explored to increase the stability of these derivatives 

while only minimally changing their electrochemical and photophysical 

properties. 

 Ways towards bulk active NLO materials are needed, and it would be 

interesting to explore ways to produce oriented films, or non-centrosymmetric 

crystalline materials. This might be cation metatheses with salts followed by 

further crystallizations, which may afford crystals with polar packing 
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arrangements. For redox-switched NLO, crystalline materials are not suitable. 

Therefore, poling alignment of polymers is another option that could be 

explored.  

 DFT calculations are in progress in order to theoretically predict and evaluate 

the NLO performance and the associated electronic properties of these 

derivatives. 

 It would be interesting also to explore the activity of these materials as third 

order NLO materials, e.g. for two photon absorption.
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Appendix 

 

A. Full Crystallographic Data : Attached CD 

 

B. Publications from this work 

1- Invited review: Ahmed Al-Yasari, and John Fielden, Polyoxometalates in Visible-

Light Photocatalysis and Solar Energy Conversion, Rev. Adv. Sci. Eng. 2014, 4, 

1–16. 

2- Primary research paper: Ahmed Al-Yasari, Nick Van Steerteghem, Hani El Moll, 

Koen Clays and John Fielden, Donor–acceptor organo-imido polyoxometalates: 

high transparency, high activity redox-active NLO chromophores, Dalton 

Transactions 2016, DOI: 10.1039/C6DT00115G. 
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