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Abstract

The work presented in this thesis concerns the design and synthesis of a variety of 

transition m etal-containing chromophores that exhibit moderate-to-large quadratic 

nonlinear optical (NLO) responses. All of the complexes synthesized display intense, 

visible m etal-to-ligand charge-transfer (MLCT) bands. Hyper-Rayleigh scattering 

(HRS) and Stark spectroscopy have been used to calculate values o f /?0 (the static first 

hyperpolarizability) according to the two-state model. Ten single crystal X-ray 

structures have been solved, although only ?ran1s,-[RuIICl(pdma)2(pyz)]PF6 (pdma = 1,2- 

phenylenebis(dimethylarsine), pyz = pyrazine) packs noncentrosymmetrically.

II 3—A series o f complexes has been prepared m which the {Fe (CN)5} electron donor 

group is co-ordinated to pyridinium-substituted pyridyl ligands. Both the MLCT 

absorption energy and /30 are highly sensitive to the nature o f the solvent. HRS and 

Stark spectroscopic experiments have been used to demonstrate that the NLO responses 

of these complexes are significantly decreased upon protonation o f the CN~ ligands. 

The linear and NLO behaviour of these novel compounds are compared and contrasted

II 2+with those o f previously studied {Ru (NH3)5} complexes.

The effects o f extending the polyenyl conjugation within a series of pyridinium- 

substituted pyridyl ligands connected to trans- {RunCl(pdma)2} + electron donors have 

been investigated. The linear and NLO properties of this series have been studied, 

although j80 has only been determined using Stark spectroscopy. Extending the 

conjugation causes unusual optical behaviour, with the MLCT band blue-shifting after n

16



= 1 {n is the number of fs-ethenyl units) and peaking at n = 2. Similar trends are 

observed in analogous Ru11 ammine chromophores.

II 2+A series of complexes has been prepared in which either trans-{Ru (NH3)4 LD} (LD = 

NH3, N-methylimidazole or pyridine) or ?rrm1s'-{RuIICl(pdma)2} + centres are connected 

to ethynyl-containing pyridinium-substituted pyridyl ligands. The effects of extending 

the ethynyl conjugation have been investigated, and comparisons are drawn with related 

ethenyl-containing complexes. The new ethynyl-containing complexes generally show 

lower NLO responses than their ethenyl counterparts due to decreased electron mobility 

and electronic communication.

Two new A-aryl derivatives of l,4-bis-(fs-2-(4-pyridyl)ethenyl)benzene) have been 

prepared and, together w ith their known //-m eth y l analogue, coordinated to 

drafts {RunCl(pdma)2 }+. The NLO responses of these complexes have been determined 

by Stark spectroscopy and it is found that intra-ligand charge-transfer, as well as MLCT 

transitions, contribute significantly to These complexes show large NLO responses, 

comparable to those seen in related polyenyl species.
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Introduction
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Linear optical effects have been observed and studied for centuries and give rise to 

phenom ena such as refraction and reflection. A lthough nonlinear effects in 

magnetism and electricity have been known for some time, such effects in the optical 

region have only become o f interest since the invention o f the laser in I960 .1 

Materials that exhibit nonlinear optical (NLO) behaviour are o f current interest for 

their potential applications in photonic and optoelectronic devices such as 

telecommunications and optical data processing and storage. Such technologies rely 

on the fact that photons process information at the speed o f light. Electronic 

technologies use electrons to process the information and this occurs at a much

2 3slower speed. ’ NLO materials allow the manipulation o f the fundamental properties 

of a laser light beam, for example frequency doubling or second hannonic generation 

(SHG, see section LI).

NLO effects were first observed in 1961 when Franken et al. detected SHG when a 

ruby laser was shone onto a crystal of quartz.4 At first, research mainly concentrated 

on sim ple inorganic crystalline solids such as quartz, potassium  dihydrogen 

phosphate (KDP) and lithium niobate (L iN b03),3 and many commercially available 

devices incorporate these materials.5 The NLO properties o f molecular materials 

became of interest owing to their potential advantages over conventional inorganic 

materials, especially the fact that their NLO responses often greatly exceed those of 

simple inorganics. Organic compounds have other advantages emerging from their 

architectural flexibility and structural diversity, which allow for molecular design 

and flexibility through synthetic chemistry.6 Purely organic molecules have been the 

most widely investigated molecular materials, but when Green et al. observed strong 

SHG from a ferrocenyl derivative in 1987, the NLO properties o f transition metal

23



complexes became of interest. Complexes of this type are attractive as they allow

NLO behaviour to be combined with properties commonly associated with transition

6 8metals such as redox and/or magnetic behaviour. ’

1.1 Origins of NLO behaviour

NLO responses do not involve any exchange of energy between light and a medium, 

but arise from a subtle interaction between the polarizable electron density of a 

molecule and the strong alternating electric field o f a laser light beam. This causes a 

perturbation o f the electron density, resulting in an induced polarization response, P, 

which changes the fundamental properties such as frequency and amplitude of the 

laser beam. P  (which corresponds with the dipole moment per unit volume) can be 

expressed in terms of the strength of the applied field, E, according to

P = aE  + {3E2 + yE3 + .........  (1)

where a  is the linear molecular polarizability, which is related to linear optical 

effects such as the refractive index. The coefficient j5 is the first molecular 

hyperpolarizability which governs second-order (quadratic) NLO effects and y is the 

second molecular hyperpolarizability and governs third-order (cubic) NLO effects.

2 3When E  is o f ‘norm al’ magnitude, the (5E and yE  term s in equation (1) are 

negligible and only linear optical behaviour is observed. For second and third-order 

NLO effects to be observed, extremely high values of E  are required, explaining why
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such effects were only experimentally demonstrated with the advent of lasers which 

possess unusually high intensities.9

On a macroscopic level, equation (1) can be rewritten as

P = XmE + x mE2 + XmE' +   (2)

where the coefficients x and x arc the bulk second and third-order NLO

susceptibilities, respectively. These are analogous to the molecular coefficients in 

equation (1), except that the x  terms take into account local field effects. For bulk 

quadratic NLO effects to be observed, a material must have a non-zero value of x^2\  

which requires the individual molecules to pack in a non-centrosymmetric fashion. 

Since this study is concerned only with second-order NLO properties, third-order 

effects will not be discussed any further.

The most widely studied, and currently the most widely commercially exploited 

second-order NLO effect is SHG. The electric field of a beam o f light can be 

expressed as

E = E 0 cos(otf) (3)

where E0 is the amplitude, co is the angular frequency and t is time. Equation (3) can 

be rewritten in terms of equation (1) as

P = P0 + aE 0cos(cot) + /5E02 cos2 (cot) + yE03 cos3 (col) + ..... (4)
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2
As cos (cot) =112 + l/2(cos(2cot)) and considering only up to the second-order term, 

equation (4) becomes

P = PQ + -^l32E Q2cos(ajt) + aE 0 cos (cot) + ~  f i E 2 cos(2 cot) (5)

The third term in equation (5) contains a new frequency-doubled component (2cot), 

so when an intense light beam passes through a NLO material, light with twice the 

frequency of the original beam is produced. SHG is a form o f three-wave mixing as 

two photons with frequency co combine to generate one photon with frequency 2co,

c
allowing the generation o f new and otherwise unavailable laser sources. There has 

historically been much interest in developing m aterials capable o f frequency 

doubling low-power diode lasers from the near-IR to the blue region o f the visible 

spectrum. Such lasers will have uses in optical data storage, because decreasing the 

wavelength leads to an increase in the capacity of data stored.10 However, such work 

has been superseded by the recent development and commercialisation of blue lasers

based on group III nitride materials. 11-13

The Pockels (or linear electro-optic) effect involves using an external electric field to 

change the amplitude, phase or path of a laser beam. An applied field changes the 

linear polarizability a, and therefore the refractive index, allowing modulation of the 

light travelling thorough an electro-optic material.14 The Pockels effect is utilized in 

optical switches, modulators and wavelength filters.15
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Frequency mixing is a process which involves the mixing o f a laser beam carrying 

information and a pump beam of fixed intensity. This process can be used to convert 

the frequency o f  the laser beam into the visible (or any other) region o f the 

electromagnetic spectrum where detection and processing may be much simpler than 

at the original wavelength. Frequency mixing also allows for the production o f 

tunable sources o f laser radiation.^

1.2 M olecular requirements for NLO behaviour

In 1970, Davydov and co-workers screened the SHG efficiencies o f a wide variety o f 

substituted benzenes. From the results obtained it was clear that for a molecule to 

exhibit a large quadratic NLO response it must possess an electron donor group (D) 

linked to an electron acceptor group (A) through a 7i-conjugated bridge, as shown in 

Figure 116

Figure 1: Graphical representation o f a typical structure for a NLO

chromophore

A prototypical m olecule that satisfies these criteria is 4-dim ethylam ino-4 '- 

nitrostilbene (DANS), which exhibits a value o f 73 x 1CT30 esu (where fio is the 

static first molecular hyperpolarizability).17 The benzene rings and the trans ethylene
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unit provide the te-conjugated bridge, while the dimethylamino group is the electron 

donor and the nitro group is the electron acceptor as depicted in Figure 2.

Me2N < > \
< > N 0 2

D K A

Figure 2: DANS -  an organic chromophore that exhibits a relatively large

second-order NLO response

The linear optical properties o f such dipolar, polarizable D -jv-A  molecules are 

characterized by low energy D -»  A intramolecular charge-transfer (ICT) transitions. 

The energies of these transitions can be tailored by manipulation o f the strength of 

the donor and/or the acceptor, or by varying the conjugation within the bridge.

1.3 The two-state model

In the 1970s, Oudar and Chemla developed a theoretical two-state model (TSM ),18,19 

providing a simple representation of the relationship between the (3 response and an 

associated ICT transition. The TSM, as expressed by equations (6) and (7), can be 

used to guide the design of dipolar chromophores that will possess large values for 

I3q, the static (off-resonance) first molecular hyperpolarizability.
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Ef is the fundamental laser energy, Emax is the energy of the ICT, ^ 12 is the transition 

dipole moment and A/i12 is the dipole moment change between the ground and 

excited state. (30 corresponds to the intrinsic hyperpolarizability o f the molecule in 

the absence o f any field, and is of particular importance with respect to potential 

applications, as well as for drawing meaningful comparisons between chromophores.

The TSM has its limitations and breaks down when Emax is close to either the laser 

fundamental or the second harmonic (SH) wavelength, with the limiting cases being 

Emax = Ef or 2Ef where /3 = °° and therefore = 0. As /30 is proportional to A ^ ,  the 

square of {A,n  and the inverse square of £ max, the NLO response can be increased by

manipulation o f these parameters. Oudar and Chemla demonstrated the validity of

18the TSM for a series of stilbene derivatives, and the model appears to hold well for 

conjugated dipolar molecules which possess a single strong ICT transition.

1.4 Bond length alternation

The majority of NLO chromophores studied possess predominantly aromatic ground 

states and largely quinoidal structures in their ICT excited states as shown in Figure
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H ,N H2N :

Ground state Excited state

Figure 3: Limiting resonance structures for DANS with an aromatic ground

state and quinoidal excited state

Consideration of these resonance forms has lead to the development of the bond 

length alternation (BLA) model, which correlates /3 with the degree o f ground state 

polarization.21’24 In substituted polyenes with weak donor and acceptor groups, the 

ground state resonance form dominates and the molecular structure possesses a high 

degree o f BLA. As the donor and acceptor strength increase, the BLA decreases. 

Solvation effects can also lead to preferential stabilization o f the different resonance 

forms, with more polar solvents stabilizing the charge-separated form.25 If  there are 

equal contributions from the ground and excited states, then the molecule will exhibit 

zero BLA, a situation called the cyanine limit. A graphical representation o f these 

resonance forms is given in Figure 4.

A

Ground state C yanine limit Charge seperated state

Figure 4: Resonance forms of a D -A  polyene
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1.5 Factors affecting the quadratic hyperpolarizability

One o f the major advantages of organic chromophores over conventional inorganic 

crystals, such as L iN b03, is the potential for molecular engineering through synthetic 

chemistry. The manipulation of the individual components within the chromophore 

can allow structure-activity relationships to be determined. As discussed previously 

in section 1.3, f30 for a simple dipolar chromophore can be related to AjU12, fin  and 

F max through the TSM (equation (7)). W hereby, increasing A/q2 and fA,\2 and 

decreasing Emax leads to an increase in /30. These changes can be achieved by:

• Increasing the donor and/or the acceptor strength. This will decrease Emax by 

either destabilization o f the donor-based HOMO or stabilization o f the 

acceptor-based LUMO, therefore reducing the energy gap between the two 

orbitals.1

• Increasing the conjugation length. For example, as a polyene chain extends a 

bathochromic effect is expected, i.e. a decrease in Emax. Such elongation will 

also cause an increase in A/q2 and therefore an increase in (3Q.1

There is a trade-off between the optical transparency and the NLO response o f a 

molecule and this is an important consideration when designing a chromophore. The 

TSM shows that large values o f /}0 obtained with highly dipolar, polarizable 

molecules are generally accompanied by low energy ICT absorptions in the visible 

region of the electromagnetic spectrum.
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1.6 M easurement of NLO properties

W hen a potential NLO chromophore has been designed, the next step is the 

measurement of f3 and %(2). Various methods have been developed for obtaining this 

information and in most o f these methods resonance effects have to be considered. 

Both j3 and % are wavelength dependent and are subject to such resonance effects 

when the fundamental or SH frequencies are close to the electronic excitation 

energy. Although for practical device considerations factors such as thermal and 

optical stability will also be o f importance, at an academic level a large NLO 

response is the primary goal. Comparisons between the NLO responses measured 

using different techniques should be made with caution. Factors such as dispersion 

effects, measurements o f different tensor components and the errors associated with 

the technique will affect the j3 values obtained. Therefore, when the NLO responses 

of molecules or materials are quoted the fundamental wavelength, the solvent used 

and the wavelength of the ICT absorption must also be noted.

1.6.1 The Kurtz powder test26

( 2 )This is a rather crude method for determining x  and involves the collection of the 

SHG light after a laser has been directed onto a microcrystalline powdered sample. 

The SHG efficiency is then quoted with respect to a standard such as quartz or 

L iN b03.25 Generally, a 1064 nm Nd3+:YAG laser is used (with a SH at 532 nm), but 

different laser fundamentals can be used if a molecule absorbs close to 532 nm. This 

technique is only semi-quantitative as factors such as particle size and layer thickness 

of the sample will affect the results obtained and a lack o f SHG does not necessarily



prove that a m olecule has no NLO activity, but may ju s t be indicative o f a 

centrosym m etric crystal packing. This technique is therefore not useful for 

establishing structure-activity relationships, but is useful as a quick screening method 

to identify materials that possess bulk NLO behaviour.

1.6.2 Electric field-induced second harmonic generation (EFISHG)27"29

Until recently, EFISHG was the only reliable method for the determination of 

quadratic NLO responses in solution. SHG cannot be observed in an isotropic

* 30solution due to symmetry requirements, but when the centrosymmetry is broken by 

the application o f a d.c. pulse to the liquid, a SHG signal can be produced. The 

electric field is synchronized to a laser pulse and causes the dipolar sample 

molecules within the solution to align. EFISHG is a third-order NLO process and 

the measurements taken allow for the determination o f y0, the effective second 

hyperpolarizability. The second-order NLO response is related to y0 by

=  v +  W e f i s h g  ( O ' ,

70 7 (5Kbr )  W

Where y is the intrinsic second hyperpolarizability, is the dipole moment, / 3 E F Is h g  i s  

the first hyperpolarizability (not corrected for resonance effects), K b is Boltzmanns 

constant and T  is the temperature in K.

This indirect technique is limited only to neutral compounds as the presence of ionic 

species makes it im practical to apply high electric fields to a solution. The
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derivation of f5 values also requires knowledge of /r, and the results obtained from 

EFISHG measurements have to be corrected for resonance enhancement using the 

TSM.

1.6.3 Hyper-Rayleigh scattering (HRS)31'34

In 1991, the HRS technique was further developed to provide a versatile method for 

the determination o f /3 in solution for any type of molecule, irrespective of symmetry 

or charge. In addition, for dipolar molecules /3 can be determined without prior 

knowledge o f (jl. Another advantage o f this method is that (5  can be determined 

directly. This method relies on the microscopic anisotropy within a solution of 

active molecules producing a SH signal. A laser beam is directed into a dilute 

solution of the sample and the incoherently scattered SH light is measured. A typical 

HRS experiment involves measuring the quadratic dependence o f I ^ m) on I{[0) (where 

I(2 a) is the intensity o f SH light and 1 ^  is the intensity of the laser fundamental) for a 

dilution series o f an unknown sample against a reference chromophore in the same 

solvent. A typical reference compound is j^ara-nitroaniline. HRS measurements are 

subject to resonance enhancement and therefore unreliable results may be obtained if 

the molecule absorbs or luminesces in the SH region. Like the data obtained via 

EFISHG, HRS results can often be satisfactorily corrected  for resonance 

enhancement using the TSM.
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1.6.4 Stark (electroabsorption) spectroscopy35'39

The effect of an external applied electric field on an electronic absorption or 

emission spectrum is known as the Stark or electroabsorption effect. The ICT 

spectrum of a frozen glass is measured in the presence o f an applied field and the 

difference relative to the zero-field spectaim is plotted to obtain the Stark spectrum. 

Analysis o f this spectrum in terms of the Liptay treatment (equation (9))40 and 

subsequent data manipulation affords information on the change in polarizability, 

A a , and the value of A/iI2 associated with the optical transition.

Ae(v)/v = A /(v )/v
Bx d(e{v)lv} Cx d2(f (v)/v)

15h dv 30/fi dv*
K

(9)

The value of /r12 can be determined from the oscillator s tre n g th ^  o f the transition by

M -  / os/1 -0 8 x 10-5£,
1/2

(10)

The quadratic NLO response can then be determined by application o f the TSM. It 

should be noted that alternative forms of equation 7 are available and these will 

change the calculated /30 values by factors of either 0.5 or 2.41
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1.7 Transition metal complexes for second-order nonlinear optics

The interest in transition metal complexes for their potential uses in NLO devices 

started in the late 1980s when the first reports of metal complexes with large SHG 

efficiencies were published.7,42"44 Since then there has been a considerable amount 

of research interest in this area. Metal-containing chromophores are of interest for a 

number o f reasons, including: (i) variation in the number o f d electrons, which can 

lead to the introduction o f paramagnetism.14 (ii) depending on the oxidation state, the 

metal centre can act as a powerful D or A group, (iii) metal complexes often exhibit 

metal-to-ligand or ligand-to-metal charge-transfer (MLCT or LMCT) transitions in 

the U V -visible region, which may be associated w ith large m olecular NLO 

responses, (iv) redox-activity of the metal centre may provide means of switching 

the NLO behaviour.8,45,46

Many transition metal complexes have been studied for their potential uses as NLO 

chromophores and an overview of some of these is presented here. This review is by 

no means comprehensive and further details can be found in a number of published

47-50reviews.

1.7.1 Metallocenes

Since the observation o f a SHG efficiency 62 times that o f urea from cis-[ 1- 

ferrocenyl-2-(4-nitrophenyl)ethylene] (I),7 metallocene complexes have become one 

of the most widely studied types of organometallic compound with NLO activity.
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The highest SHG efficiency reported for a transition metal complex is that o f 

compound 2.44,51 In attempts to encourage noncentrosym metric crystal packing

52.structures, resolved chiral m etallocene chromophores have been prepared. 

Although the individual molecules must crystallize in a noncentrosymmetric space 

group, they may pack with their neighbours in such a way that their dipoles cancel. 

Systematic NLO studies on metallocene compounds involving EFISHG and HRS 

measurements have allowed for structure-activity relationships to be derived 43,53

M etallocenes, unlike most purely organic chromophores, display two low energy 

ICT bands. These bands generally show positive solvatochromism, consistent with 

their corresponding transitions being associated with an increase in dipole moment.54 

Conformation o f this has also been shown by Stark spectroscopic studies.55 It has 

been suggested that the lowest energy transition corresponds with ICT from a metal- 

based HOMO to a ligand-based LUMO, whilst the higher energy transition can be 

assigned to a n —■* A process. Although this model contradicts previous assignments, 

where the low energy transition was assigned as being from the metal (HOMO) to 

the re* orbital in the bridge,43,56 it fits with the results obtained in the most recent 

studies. In any case, it is clear that the electronic structures o f such chromophores



arc relatively complicated and therefore application of the TSM to derive /30 values 

should be approached with caution, if at all.

Calabrese et al. showed that replacement of the ferrocene unit with a ruthenocene 

moiety causes a decrease in /5 and this can be attributed to the R u11 unit being a less 

efficient D .43 Ruthenocene com plexes seem more likely to crystallize in 

centrosymmetric space groups when compared to their ferrocene analogues,44 and 

although the former possess smaller NLO responses these are compensated for in

i • 57part by increased optical transparency.

Recent work in this area has involved the synthesis of fullerene-ferrocene dyads by

58Tsuboya et al. L The quadratic NLO responses of three fullerene-containing dyads 

were measured using HRS at 1064 nm. Comparison of complex 3 with the purely 

organic phenylacetylene derivative 457,59 confirms that the ferrocenyl group acts as an 

efficient electron donor group.

3 4

£ 0 =  3 1 7 x  10‘30esu /30 = 83 x 10‘30 esu

Meyer-Friedrichsen et al. studied a series of ruthenium-containing vinylogue mono- 

and bimetallic sesquifulvalene complexes (e.g. 5) using HRS at 1064 nm. These 

molecules appear to exhibit moderate NLO responses (/30 = 17-105 x 10’30 esu), but
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the derived /30 values arc likely to be underestimated because only the lowest energy 

ICT band was taken into consideration.60

2+

Ru

R u C p*

5

Amax = 594, 438 nm 

17 x 10'30 esu

1064 nm HRS studies could not be carried out on related ferrocenyl complexes as 

they exhibit fluorescence due to two-photon absorption.61,62

A highly efficient ferrocenyl NLO material has been reported by Chiffre et al. X-ray 

crystallographic studies o f compound 6 revealed the adoption o f the PI space group 

with the molecular dipoles being perfectly aligned.63

Fe

N 0 2

6

S H G 1 9 0 7  — 140 x urea
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B alavo ine  e t a l .  in troduced  c h ira lity  into a se rie s  o f  (E)-{2-(4- 

nitrophenyl)ethenyl)ferrocenes where the cyclopentadienyl (Cp) ring is substituted in 

the 2-position.42 The trans isomer of compound 1 possesses a larger molecular NLO

—30response (/30 = 31 x 10 esu) than the cis isomer, but gives no SHG, probably due to 

the adoption o f a centrosymmetric space group.7,43 It was found that 2-substitution of 

the Cp ring with a -SiM e3 group (compound 7) gives an efficient SHG material.

n o 2 n o 2

7 8

S H G 1 9 0 7  = 100 x urea SHG 1 9 0 7  = 20 x urea

1.7.2 Carbonyl complexes

In 1986, Frazier and co-workers screened the SHG efficiency of a variety of group 6 

metal carbonyl arene pyridyl or chiral phosphine complexes.64 These complexes, 

such as Cr(i76-styrene)(CO)3 (9), showed only small SHG efficiencies.
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Calabrese and Tam screened the SHG efficiencies o f a range o f metal carbonyl 

complexes with pyridine or 2,2 '-bipyridine ligands. The SHG efficiencies are in the 

region o f 0 .1-3  times that o f urea,65 and these low values were attributed to 

centrosymmetric packing of the molecules in the solid state.

EFISHG using a 1064 nm laser fundamental was used to probe the molecular NLO 

responses o f a range of pentacarbonyl(pyridine/styrylpyridine)tungsten complexes, 

such as 10. Although the NLO responses of these complexes are larger than those of 

the uncoordinated ligands, the (3 values obtained are still quite modest.66'68

10

Amax = 421 nm 

P \064  = 61 x 10'30 esu

It has been suggested that these low [3 values arise from poor coupling between the 

metal carbonyl fragment and the Tzr-network of the pyridyl ligands.68
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Martin et al. have recently reported the first examples of tetrathiafulvalenyl (TTF) 

and 7r-extended TTF D-tc-A systems bearing a tricarbonyl(?/-arene)chromium 

moiety as the acceptor group, such as 11 and 12.69

\ _ / Anax = 457 nm 
HP = 70 x 10'30 esu

V
oe'-'v "™

CO

12

Anax 456 nm 
M/3 = 9 0 x 10'30 esu

The NLO responses were determined by EFISHG at 1907 nm, and TD-DFT 

calculations revealed that both the ILCT and MLCT transitions are responsible for 

the NLO properties.

Pizzotti et al. observed the unexpected formation of a weak M -M  bond when they 

attempted to bridge [W(CO)3(phen)(pyz)J (phen = 1 ,10-phenanthroline, pyz = 

pyrazine) to a range o f metal carbonyl centres.70 During the reaction the pyrazine 

ligand is lost and the |W (C 0 3)(phen)} unit acts as a o-base, forming heteronuclear 

bimetallic compounds with weak M -M  bonds, such as 13 and 14. The visible 

absorption spectra reveal the presence of two bands in the region 385-517 nm, which 

are of equal intensity and exhibit solvatochromic behaviour. The lowest energy band 

has been attributed to the MLCT transition W -> 7t* (phen). The origin of the higher 

energy band is unclear, but it is thought to originate from either a W -> 7 1 * (phen) 

MLCT or a metal-to-metal charge-transfer (MMCT) process.
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,W (C O )3 O s(C O )3C l2

13

A,1iax = 508, 415 nm

P \ 097 = 76 x 10'30 esu

,W (C O )3 lr (C O )2Cl

14

Aĵ ax = 503, 384 nm

1097 = 26 x 10"3<) esu

The NLO responses of these complexes were measured using EFISHG at 1907 nm,

—30affording /3 values in the range 13-76 x 10 esu. It was found that the M -M  bond, 

even though only weak and slightly polar, significantly influences the NLO 

responses.

Carbonylrhenium bromide complexes with conjugated pyridines, such as 15, have

71been synthesized and studied by Beck et al.

B r(O C )3R e-

15

Amax =  438 nm

13 1500 =  208 x 10*30 esu

Pvcz^zzz = 104 x 10"30 esu
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The NLO responses were determined via HRS at the fundamental wavelengths of 

1300 nm and 1500 nm in order to avoid multiphoton fluorescence. The separate 

tensor components could not be directly measured using this method, but were 

calculated using tensor addition, making the assumption that the pyridyl ligands act 

as separate molecules and lie at 90° to each other.

1.7.3 Schiff base complexes

Schiff base complexes incorporate the metal into the centre o f the charge-transfer 

system, where it can act as either an D group or, if  the ligand is substituted with 

strongly electron-donating or accepting substituents, as part o f the conjugated

72system. Metal(salen) derivatives are known to possess high thermal stability, and it 

has been suggested that the introduction of such compounds into polymers with high 

glass transition temperatures may lead to materials with NLO applications.73

The first report o f the NLO properties of a non-polymeric Schiff base complex 

appeared in 1992 when Thami et al. used EFISHG at 1907 nm to study tetrahedral 

Co11 com plexes o f D /A-substituted hydrazone imine glyoxal derivatives with

74approximate C2v symmetry, such as 16. The NLO responses o f these complexes 

are increased when compared to that o f the free ligand, although the origins of this 

effect are unclear.
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16

/3j907 -  70 x 10 ' 30 (d ioxane) 

lOOx 1 0 ‘30(CHC13)

Di Bella and co-workers have investigated the NLO responses o f various N in(salen) 

derivatives such as 17 and 18 using EFISHG at 1907 nm in chloroform.7'

OM e N O ,

• \ / °
Ni

. /  \
N O 0 ,N

OM e

/  \

N O ,

17 18

^niax ^98 nm 
Po = 9.6 x 10"30 esu

^max 570 nm 
Po = 55 x 10’30 esu

ZINDO calculations show that the NLO responses of these complexes are dominated 

by a HOMO -> LUMO transition, with the N i11 centre acting as the D. These studies
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also show that moving from a closed-shell Nin(salen) to its open-shell Cu" or Co" 

analogues causes an increase in the NLO response.76

Recent work in this area has included an investigation o f Cun-G d ln Schiff base

77complexes by Lacroix et al.

19 20
R = H R = Ph

^max = 31 Onm ^max — 31 Onm
SHG = 0.3 x urea

Compound 20 crystallises in the noncentrosymmetric space group P2{2{1\ and shows 

a moderate SHG efficiency. Unfortunately, the molecular NLO responses of 19 and 

20 could not be determined experimentally due to dissociation o f the complexes in 

water. Compound 20 also exhibits ferromagnetic coupling and it has been proposed 

that this molecule could be the basis of multiproperty materials.
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Lacroix and co-workers have also synthesized some Schiff base complexes of Co, Ni

78or Cu with the novel ligand 21.

o 2n
V

0 2N'

Co,

21 22

■knax 434 nm
/?1907 = 66 x 1 O'30 esu yS1907 = 110 x 10'30esu

The complexes containing N i11 or Cu11 both crystallize centrosymmetrically, with a 

planar arrangement o f the ligand around the metal centre. The Co11 complex (22) 

however adopts the noncentrosymmetric space group C2!c with a pseudo-tetrahedral 

coordination sphere. EFISHG studies were carried out on the free ligand 21 and the 

Co11 complex and it was found that introduction of the Co11 centre causes an increase 

in the NLO response which is also accompanied by an increase in the thermal 

stability.

Panuzi et al. have synthesized OFI-functionalized ortho-palladated complexes with 

Schiff base ligands. Related complexes, e.g. 23, where the OH group is protected, 

were also synthesized to help generate detailed characterization and NLO data using 

EFISHG.79
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These OH-functionalized monomers were incorporated into main-chain polymers, 

which are amorphous, have good thermal and chemical stability and are fairly 

soluble in standard solvents. On the basis of the NLO measurements performed on 

the model complexes, large NLO activities can be expected for the polymers.80

1.7.4 Ruthenium ammine complexes

Ruthenium ammine complexes have been studied relatively extensively for their 

NLO properties, largely by Coe and co-workers. These studies have generally 

involved complexes o f  the type rrn«5-[R uII(NH3)4(LD)(LA)]2+, where LD is an 

electron-rich ligand and LA is an electron acceptor-substituted ligand. Initial work 

focused on the development of structure-activity relationships using HRS at a laser 

fundamental of 1064 nm.81'84 Ruthenium ammine complexes such as 24-26 exhibit 

large f$0 values, which can be attributed to the presence o f low energy MLCT
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transitions between the electron rich d 6 Ru" centre and the electron deficient acceptor 

group.

N ------

Amax = 614nm 
Po = 130 x 1 O'30 esu

H jN NH

NH

[pf6-]2

H jN NH 3

25

Amax = 460 nm 
!n = 49x 1 O'30 esu

[PFs'b 26

HiN7 T \  / ~ \  /
h 3n  n h 3

Amax = 654 nm
/3q = 354 x 1 O'30 esu

More recent work within this group has also employed Stark spectroscopy to

85evaluate the NLO responses.

Recent published highlights have involved the comparison o f the linear and NLO 

properties (measured using Stark spectroscopy) of dipolar pyridinium chromophores 

with Ru" ammine or 4-(dimethylamino)phenyl D groups, such as 27 and 28.86-88
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27 28

Amax = 487 nm 
/30 = 328 x 1 O'30 esu

Amax = 584 nm
00 = 482 x 1 O'30 esu

The effects on the linear and NLO properties o f increasing the number o f bridging 

ethylene units (n) was investigated within both systems. It is seen that as n increases 

within the purely organic system, normal optical behaviour is observed. However, in

blue shift after n = 1. The NLO responses of these compounds, determined using 

Stark spectroscopy, show maximising at n -  2 for the metal complexes, but 

increasing as n increases within the purely organic systems. This behaviour was 

attributed to differences in the degree of D-A jr-orbital overlap. Electrochemical, 'h  

NMR and Stark spectroscopic studies show that such overlap is more effective in the

87purely organic chromophores.'

the Ru11 complexes unusual optical behaviour is seen, and the MLCT band begins to

A^jx = 672 and 568 nm

& y y [S ta r k ] ~ 298 x 10 30 esu , 0 z z z [stark] ~ 1 10 x 10 30 eSU 

Asoo[hrs] =  143 x 10 30 esu
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Two-dimensional chromophores incorporating a Ru11 ammine D group, , such as 29, 

have also been investigated within the Coe group, using both Stark spectroscopy and 

HRS.89,90 These V -shaped dipolar chromophores contain m onodentate 4 ,4 '- 

bipyridyl-derived ligands and display multiple MLCT bands. They possess two non­

zero components o f the (3 tensor, (3ZZZ and (3zyy, which can both be estimated using 

Stark spectroscopy. TD-DFT studies indicate that the off-diagonal (3zyy response is 

the largest component and is associated with the lowest energy MLCT transition.

1.7.5 a-Acetylide complexes

Complexes of functionalised a-bonded acetylide ligands represent another important 

class o f m aterials for NLO studies, largely developed by Humphrey and co­

workers.91 The metal centre in these chromophores acts as the D group and the 

complexes exhibit low energy MLCT transitions. These compounds are also of 

interest because o f their ease of synthesis, linear structures, high thermal stabilities

♦ 09and their potential as building blocks for oligomeric and polymeric materials. 

Group 8, 10 and 11 metals have been incorporated into the acetylide systems and 

various constituents o f the D-jt-A system have been modified to elucidate structure-

93activity relationships.

Complexes o f the group 8 metals are the most widely studied amongst o-acetylide 

complexes, such as 30-32.
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A,liax = 460 nm ^max 448 nm

/?o = 96 x 10"30 esu Po 134x10 esu

.R u  
Ph3P |

PPhi
V J ^ \ \  / ■NO,

32

Amax = 476 nm 

A) = 232x 10'30esu

An increase in the NLO response can be achieved by increasing either the acetylide 

chain leng th /4 or the A strength.95,96 Bimetallics have been formed by metallation of 

the CN group in [R u-C ^C -(£>C =C -4-C 6H4CN)(PPh3)2(r/-indenyl)] with Cr(CO)5, 

W(CO)5 or {Ru(NH3)5}3+,95'97 with 33 having the largest value of (30.

P h3P
P P h 3  ^  y -------- C = N  — W (C O )5

33

Amax 456 nm 
/30 = 150 x 10‘30 esu

There is limited information available to date on the effect o f varying the group 

metal, but existing studies suggest that /i increases in the order Fe Ru ^ Os.95"97
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A cetylide com plexes containing N i11 or A u1 have also been studied and 

electrochemical data indicate that the relative ease of oxidation (and by inference 

electron donor strength) follows the order Au1 ^ N i11 s  Ru11. This trend is reflected in 

the MLCT absorption and HRS data, such as for 34-36 .6 Although the 18 valence- 

electron complexes (of Ru11 and Ni11) have larger nonlinearities than the 14-electron 

A u1 complex, the latter is considerably more transparent in the visible region.

R u-
P h 3P 'P h 3P

N 0 2P P h :

34

A m a x - 4 / o n m  Amax = 437 n m

A) = 232 x 10‘30 esu y30 = 120 x 10°°esu

36

A,,,;,* = 386 nm 

/30 = 49 x 1 O’30 esu

1.7.6 Complexes containing polypyridyl chelating ligands

Calabrese and Tam screened the SHG efficiencies o f a variety o f metal carbonyl 

complexes with the chelating ligand 2,2'-bipyridyl (2,2'-bpy),65 but found only weak 

bulk NLO activities. The first EFISHG studies of complexes of 2,2'-bpy and phen 

ligands were described by Cheng et al. who determined /30 for complexes of the type 

M(CO)4(phen) (M = Cr, Mo, W), such as 37 . 66,67
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37

Am.lx — 492 nm 

/30 = 13 x 10'30 esu

Bourgault and co-workers prepared a series o f 7c-donor-substituted vinyl 2,2 '-bpy 

derivatives coordinated to Re1, Zn11 or H g11, such as 38-40, and measured their NLO 

properties using EFISHG at 1340 nm.99’100

M = Zn M = Hg
38 39 40

' W  = 460 nm = 442 nm ^ ax = 474 nm

/30 = 71 x 10'30 esu A) = 5 7 x 10'30esu /30 = 31 x 10‘30 esu

It was observed that metal coordination causes significant increases in /30 when

compared with the free bpy ligand. The complexes containing the square planar Zn11

or H g11 centres have increased NLO responses when compared with the octahedral 

complexes, which can be attributed to the MLCT and ILCT transitions occurring in
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opposing directions in the latter. The Zn complexes have consistently larger [30 

values than their Hg analogues, correlating with Zn11 being the stronger Lewis acid.

Recent work by Senechal et al. employing chelating ligands has involved the 

synthesis of the first dipolar lanthanide complexes for second-order NLO studies.101 

A series o f com plexes (Ln = La111, G d111, D ym, Y b111) with an annelated 

dibutylam inophenyl-functionalised 2 ,2 ':6 ',2"-terpyridyl ligand, e.g . 4 1 ,  were 

subjected to HRS experiments at 1907 nm.

41

Amax 452 nm 
/S0 = 211 x 10"30 esu

Addition o f the lanthanide ion causes a blue shift in the ILCT band when compared 

to that of the free ligand (Amax = 376 nm). There is an apparent increase in /30 moving 

along the lanthanide series, although the sequential differences between the values 

are within experimental error. The 0 for the Yb complex is 1.5 times that of the La 

complex, indicating that f  electrons may contribute to the NLO responses.



Coc et al. have reported a series of complexes o f the type 42 -4 5  in which the 

electron-rich {Ru (NH3 )4 |  centre is coordinated to 2,2,:4,4,/:4,,4,,,-quaterpyridyl 

ligands with either iV-methyl orvV-arylpyridinium groups.90

Ru

NHj

[PF6 )4

R =  Me 

42
R =  Ph 

43
R = A cPh  

44
R = Pym  

45

^■max 5  1 4  n m  

A s o o [ h r s ]  =  3 2  x 1 0 '30 e s u  

/L y y [S ta r k ] — 7 2  X 1 0  e s u  

/L z z [S ta r k ] — 6 2  X 1 0  eSU

^ m a x  5 4 4  n m

A s o o [ h r s j  -  4 8  x 1 O' 30 e s u

A )[S ta rk ] -  8 6  x 1 0  30 e s u

- 5 7 4  n m

->-30.

^max 552 nm ^ma
A soo[H R S] — 4 0  x 1 0  e s u  =  42 x 1 0  3^ e s u

^O fStark] =  9 7 x 1 O' 30 e s u  / 30[Stark] =  1 2 0  x  1 O' 30 e s u

The NLO responses o f these com plexes were m easured using both Stark 

spectroscopy and HRS at 800 nm. The complexes possess pseudo-C2v symmetry, 

with two non-zero components of the /3 tensor, although these could only be resolved 

for the complex containing the W-methyl ligand (42).

Roberto and co-workers investigated the effects of coordination o f a M 11 centre (M = 

Cd or Zn) on the NLO properties o f various substituted phen ligands, such as 46, 

using EFISHG with a laser fundamental of 1340 nm .102
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Et2 N' ■ NEt2

Z n

46

înax 432 nm 
/30= 112 x 1 O' 3 0  esu

Coordination to the zinc centre causes enhancement of the NLO response, but similar 

behaviour is not seen in the cadmium complexes. This difference has been attributed

IIto the stronger Lewis acidity of the Zn ion.

1.7.7 Octupolar complexes

Octupolar systems have the potential advantages over conventional dipolar species of 

combining noncentrosymmetric molecular structures with improved nonlinearity-

103transparency trade-offs. Most octupolar chromophores studied to date are purely 

organic , 1 0 4  and are generally designed by the functionality o f a central aromatic core. 

The first report o f a metal-containing octupolar complex was by Zyss et al.,105 who 

studied the NLO properties of the tris(bpy) and tris(phen) cations 47 and 48 using 

HRS at 1064 nm. These complexes possess D 3 symmetry and exhibit intense MLCT 

absorptions at about 460 nm . 1 0 6
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Ru.

4 7 4 8

=  4 2 2  n m  

=  2 1 0  x  1 0 '30 e s u

^Tnax 4 5 0  n m  

P\om ~ 170 x 1 O '30 e s u

More recently, Maury and co-workers have reported a series o f Z) 3 (Fe11, Ru11, Zn", 

Hg11) and D 2d (Cu1, A g1, Zn1) octupolar complexes with a variety o f functionalized 

2,2'-bpy ligands . 1 0 6  For example, the octahedral Ru11 complex 49 possesses a very 

large hyperpolarizability (measured using HRS).

B u 2N

- N B u 2

Ru.

N B u 2

N B u,

49

Aniax =  510 nm 

Aj =  675 x  1 O' 3 0  esu
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Le Bonder et al. have recently reported the NLO properties o f multioctupolar Ru" 

tris(2,2'-bpy) complexes. Controlled coordination chemistry was employed to build 

bimetallic {N = 2), trimetallic {N = 3), heptametallic (N = 7) and polymetallic (N  = 

14) (where N  is the number of metal centres) assemblies, such as 50, which were 

studied using HRS at 1907 nm . 1 0 7

Trimer (N = 3)

N

R

50

3-nwx = 5 11 nm 
/30 = 700 x 1 O'30 esu

NBu-

R  =

.NBu-

B u 2 N

NBu

N B u ,

These complexes exhibit very intense visible MLCT absorptions and large quadratic 

hyperpolarizabilities. Their NLO responses increase on moving from the monomer 

to the dimer, trimer and heptamer, but then decrease for the polymer (N  = 14). The 

heptamer has an extremely large (3 value (Amax = 506 nm, f30 = 1271 x 10 3 0  esu), 

which is comparable to that o f the most efficient polyenic chromophore (Amax = 826

—30 108nm, (30 = 1470 x 10 esu), ' but is significantly smaller than a recently reported 

multichromophoric dipolar dendron containing fifteen azobenzene units (A1Tiax = 475

59



nm, fio = 3857 x 10 3 0  esu ) . 1 0 9  There is also evidence for quasi-optimized octupolar 

ordering in this heptameric metallodendrimer.

1.7.8 Porphyrin complexes

The general structure of a porphyrin macrocycle consists o f four pyrrolic subunits 

linked by four methine bridges. Such an extensive delocalized n-electron system 

leads to the presence of marked NLO effects . 1 1 0  Structural modifications at the 

edges can produce asymmetry within the molecule, and the incorporation o f a metal 

centre enhances the overall conjugation and therefore the NLO response. Le Cours 

et a l reported the first example of an electronically asymmetric porphyrin . 1 1 1 In this 

report they described the synthesis and NLO properties (using EFISHG at 1907 nm) 

of some push-pull arylethynyl porphyrins containing Zn11 or Cu11, such as 51.

51

A^x = 675 nm (Soret band) 
450 nm (Q band) 

A, -  80 x 10 '30 esu
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The NLO response was calculated using the Soret band with the TSM and it was 

found that compound 51 exhibits a reasonably large first hyperpolarizability.

Zhang et al. have recently  studied the NLO properties o f conjugated 

(porphinato)Zn(II)-based D -A  chromophores with nitro-oligothiophenyl electron 

acceptors, such as 5 2 .'12

n o 2Zn

52

^max — 641 nm 
579 nm 

/3(8oo) = 510 x 10 '  ̂ esu 

0 ( 1300) = 4350 x 10 -30 esu

In such chromophores, increasing the number of oligothiophene units increases the 

NLO response, and the complex containing three thiophene units exhibits a large 

NLO response that is strongly frequency dependent.
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1.7.9 Switching NLO responses

For a classical dipolar D -71-A  system, modification o f the electronic properties o f 

any o f the functional units will cause a change in the NLO response. Coe proposed 

three types o f alterations , 8 which are represented in Figure 5.

©  C j l T ©
- e- or + FT

©  L * . h ©
+ e‘ or - FT

Type 1. Reduction of the donor capacity (by either proton or electron-transfer),
making it more acceptor-like

+ e' or - H4

- e' or + H4

Type 2. Reduction of the acceptor capacity (by either proton or electron-
transfer), making it more donor-like

© H ^ O
Structural

Change

©
Type 3. Modification of the ^-conjugated bridge, i.e. inserting a break

Figure 5: Approaches to switching the NLO response in a dipolar molecule
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For such a switch to be o f any practical use, the molecule must be stable in at least 

two states and reversibility of the switching effect is also essential. Approaches to 

sw itching have included photoisom erization, protonation/deprotonation and 

oxidation/reduction. Switching of the NLO response has been demonstrated in both 

organic and metal-containing chromophores ,4 5 ’4 6  but this section will only discuss 

switching effects in transition metal complexes.

The first report of a switchable molecular NLO system involving a transition metal 

chrom ophore was by Sakaguchi et a l  in 1992, 1 1 3 - 1 1 5  w ho observed SHG

• 2+/3+photoswitching with a [Ru(2,2'-bpy)3] derivative in Langmuir-Blodgett films (53 

and 53*).

C ,gH  3 7 /1,

hv (378 nm irradiation)

53 53*

When the films are irradiated with a 378 nm laser, the SHG generated from a 590 nm 

dye laser decreases by about 30% in less than 2 ps. Restoration o f the original signal
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occurs within several hundred ps . 1 1 6  Irradiation with a 355 nm laser and a 1064 nm 

probe beam also causes similar effects . 1 1 6

Coe et al. have investigated the effect of metal oxidation state on the quadratic 

hyperpolarizability using HRS at 1064 nm. They dem onstrated the effect of 

oxidising Ru" to Ru111 in ammine complexes containing 4,4'-bipyridinium ligands 

(such as compound 26). Oxidation with 1:1 30% aqueous H 2 0 2 /2M HC1 causes a 

decrease in the intensity o f the HRS signal and subsequent reduction with 62% 

N 2 H 4 #H 20  completely restores the original signal . 8 The difference in the NLO 

responses between the oxidised and reduced forms is approximately 1 0 - 2 0  fold.

Weyland et al. have investigated the switching of NLO responses in Fen-Feni mixed- 

valence complexes such as 54 , 1 1 6  using HRS at 1064 nm.

54

^max = 413 nm

These redox systems are fully reversible, with the mixed-valence complex 54 having 

a NLO response twice as large as that of the compounds (55 and 56).
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55

/30 =  180 x 10 ' 30  esu

56

/30 = 2 0 0  x 1 0  ’3 0  esu

W ard and co-w orkers have dem onstrated a redox sw itch based on an 

octamethylferrocenyl donor unit (57), also using HRS at 1064 nm . 1 1 7

57

Amax 586 nm 
A) = 95x 1 0  ’ 3 0  esu

Oxidation of Fe 11 to Fem by [Bu4 N]Br2 caused a reduction o f the NLO response to 10

—30 • • ix 10 esu. Upon re-reduction with hydrazine the original signal was restored.

More recently, the reversible electrochemical switching o f molecule 57 has also been

1 1 8demonstrated by using in situ FIRS measurements.
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1.8 Aims and objectives

A major advantage o f using organic molecules over simple inorganic crystalline salts 

is that their NLO responses can be tailored using synthetic chemistry, with any part 

o f the chromophore being amenable to modification. As has been shown in the 

previous section, many different and diverse types o f transition metal complex 

exhibit NLO effects which may be combined with properties such as redox and/or 

magnetic behaviour. Research in this field is still at a largely fundamental level, but 

new and perhaps unforeseen applications o f m ultifunctional m olecular NLO 

materials may be anticipated.

This project involves the syntheses and characterization o f various new transition 

metal com plexes, in which systematic changes to the D/A groups and the n- 

conjugated bridge are made. As the donor group *ra«s-{RunCl(pdma)2 }+ [pdma = 

l,2-phenylenebis(dim ethylarsine)], {Run(NH3)5}2+, trans- {R un(NH3 )4 L}2+ (L = 

pyridine or TV-methylimidazole) or {Fen(CN)5}3~ have been employed, the last of 

which has never previously been used in NLO studies and introduces a new approach 

to protic switching o f optical effects. All of the complexes feature pyridinium A 

units. The electronic and optical properties of these compounds have been studied 

using a range o f techniques, allowing detailed com parisons to be drawn with 

previously reported related systems. The consequent elucidation o f molecular 

structure-activity relationships serves to improve our understanding o f the factors 

governing the NLO responses o f transition m etal-based chromophores. The 

identification o f crystalline materials with favourable noncentrosymmetric structures 

is an additional but relatively minor objective of this work.
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Chapter 2

Iron(II) Pentacyanide 
Complexes:

A Novel Electron Donor
Group



2.1 Introduction

The low-spin d6  iron pentacyanide unit, {FeII(CN)5}3_, is a strong electron donor 

group, but until now has not been incorporated into any NLO chromophores. The 

cyanide ion forms complexes with the majority of transition metals, and due to the 

high position o f CN- in the spectrochemical series most complexes adopt a low-spin 

configuration . 1 Prussian blue, Feni4 [FeH(CN)6 ]3 , is one o f the best known iron 

cyanide complexes and one of the first reported co-ordination compounds , 2  and since 

its discovery many iron cyanide complexes have been reported in the literature . 3 The 

CN- ion usually binds through the carbon atom, although it can also act as a bridging 

ligand forming dinuclear complexes . 4 " 6  Toma and M alin initiated interest in iron 

pentacyanide complexes with N-heterocycles in 1973.7,8 Since then a wide variety of 

such ligands have been complexed to the iron pentacyanide centre and the 

spectroscopic and kinetic properties of these compounds have been extensively

3 9-13  ■ II 3—studied. ’ " The electronic absorption spectra o f {Fe (CN)5} com plexes 

characteristically feature strong bands that are attributable to MLCT transitions , 1 4  

with their energies being sensitive to the nature of the sixth ligand and its ability to 

act as a n-acceptor . 1 5 More electron-withdrawing ligands cause red-shifts o f the 

MLCT maxima . 6

The work presented in this chapter concentrates on the preparation of a series of 

complexes Na2 [Fen(CN)5 LA], where LA is a pyridyl pyridinium  ligand, and the 

investigation o f their electronic and optical properties using a range of spectroscopic 

techniques. The com plexes [Fen(CN)5 (MeQ+)]2~ (M eQ + = iV -m ethy l-4 ,4 '- 

pyridinium ) (58) and [Feu(CN)5 (Mebpe+)]2_ (M ebpe+ = A-methyl-4-[£’-2-(4-



pyridyl)ethenyl]pyridinium) (62) have been reported previously , 6 ’ 1 2 , 1 6 " 21 but no NLO 

studies have been performed.

2.2 Experimental

2.2.1 Materials and procedures

N a 3 [Fen(CN)5 (NH3)] was obtained from Aldrich and purified by recrystallisation 

before use. The pro-ligand salts A ^ m e th y l-4 ,4 '-b ip y r id in m m  ch lo ride  

([MeQ+]Cl*0.7H2 O ) , 2 2  A~phenyl-4,4'-bipyridinium chloride ([PhQ+]Cl*2H2 0 ) , 2 3  N- 

(4 -ace ty lpheny l)-4 ,4 '-b ipyrid in ium  chloride ([4-AePhQ +]Cl*2H2 0 ) , 2 3  N - (  2 -  

pyrim idyl)-4 ,4 '-b ipyridinium  chloride ([2-PymQ+]Cl24, N~mo,th.y\-A-[trans-2-{A-

“h 25pyridyl)-ethenyl]pyridinium  iodide ([M ebpe ]I) and W-phenyl-4-picolinium 

chloride [Phpic+]C M .25H 20 24 were synthesized according to published methods. 

We have previously reported preparations o f the intermediate iV-(2,4-dinitrophenyl)- 

4 ,4 '-b ipyrid in ium  chloride ([2,4-D N PhQ +]Cl) 2 3  and N-phenyl-A-[trans-2-(4~ 

pyridyl)ethenyl]pyridinium  chloride ([Phbpe+]C1*2.25H20 ) ,24 but considerably 

improved methods are included here. All other reagents were obtained commercially 

and used as supplied. All solvents were degassed by argon purging for 10 minutes 

prior to use and all reactions were conducted under an argon atmosphere in the dark. 

Products were dried at room temperature in a vacuum desiccator (CaSO^ for ca. 24 

h prior to characterization.
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Purification of Na3[FeII(CN)5(NH3)]

Commercial Na3 [Fen(CN)5 (NH3)] (5.0 g) was heated to reflux in aqueous ammonia

n

solution (100 cm , 70%). After 10 min under reflux, the solution was filtered whilst 

hot to remove a dark impurity. After cooling to room temperature, ethanol (100 cm3) 

was added slowly with stirring. The precipitate was filtered off, washed with ethanol 

then diethyl ether, and dried to afford a light yellow solid (4.7 g).

2.2.2 Syntheses

[2,4-DNPhQ+] Cl. A solution o f 2,4-dinitrochlorobenzene (6.49 g, 32 mmol) and 

4,4'-bipyridine (5.00 g, 32 mmol) in ethanol (50 cm3) was heated under reflux for 23 

h. The solution was cooled to room temperature and added to diethyl ether (500 

cm ), with stirring. The golden brown precipitate was collected by filtration, washed 

with diethyl ether and stored under vacuum: yield 9.46 g (82%). <5h(D2 0 )  9.38 (1 H, 

d, J x 5  2.4, H3), 9.23 (2 H, d, J  6.9, Cji^N-Ph), 8.92 (1 H, dd, 8.7, J3>5 2.5, H5), 

8.82 (2 H, d, J  6.3, C5H„N), 8 . 6 8  (2 H, d, J  6 .8 , C ^ N -P h ) , 8.25 (1 H, d, J5fi 8 .6 , 

H 6), 8.01 (2 H, d, J  6.3, C 5H 4 N ). Note: The product is hygroscopic and prolonged  

contact with air causes formation o f  a sticlcy brown solid.

[Phbpe+]C1. To a solution o f [Phpic+]CM .25H20  (100 mg, 0.44 mmol) and

3 3pyridine-4-carboxaldehyde (0.05 cm , 0.45mmol) in ethanol (ca. 0.5 cm ) was added 

one drop o f pyridine. The solution was heated at 95 °C for 3.5 h. The resulting dark 

brown solution was cooled to room temperature and the product precipitated by the 

dropwise addition o f diethyl ether. A dark brown solid was collected by filtration
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and washed with diethyl ether: yield 119 mg (84%). <5H(D 2 0 )  8.94 (2 TI, d, J  6.7, 

C 5 H 4 N), 8.51 (2 H, d, J  6.0, C 5 H 4 N), 8.21 (2 H, d, J 6 .9 ,  C5 H 4 N), 7.75 (1 H, d, J  

16.2, CH), 7.69 (5 H, s, Ph), 7.63 (2 H, d, J  6.1, C5H 4N), 7.56 (1 H, d, J  16.4, CH). 

(Found: C, 63.17; H, 5.74; N, 7.95 Calc for C 1 8 H i5N 2 C1*2.75H2 0 : C, 62.79; H, 6.00; 

N, 8.14%).

Na2[Fe“(CN)5(MeQ+)] 58. A solution o f Na3 [Fen(CN)5 (T5 [H3 )] (136 mg, 0.500 

mmol) and [MeQ+]CI-0.7H2O (103 mg, 0.470 mmol) in water (5 cm3) was stirred at

room temperature for 6  h in the dark. Ethanol (30 cm ) was added and the mixture 

stored in a refrigerator at 4 °C overnight. The purple/blue solid was collected by 

filtration and w ashed w ith ethanol. The product was purified  by three 

reprecipitations from water/ethanol to afford a dark purple/blue solid: yield 164 mg 

(72%). (5h(D 2 0 )  9.15 (2 H, d, J 6 .7, C5 H 4 N), 8.80 (2 H, d, J 6 .7, C 5 H 4N), 8.17 (2 H, 

d, J  6.1 , C 5 FI4 N), 7.48 (2 H, d, J  6.9, C5 H 4 N), 4.41 (314, s, Me). v(C^N) 2080 w, 

2048 m, 2042 s cm-1, (Found: C, 39.87; H, 3.70; N, 20.14. Calc for 

C 1 6 H |,N 7 FeNa2 *4.5H2 0 : C, 39.69; H, 4.16; N, 20.25%). Thermogravimetric (TGA) 

analysis indicates the loss of 4.1 molecules of water upon heating.

N a 2 [FeII(CN)5 (PhQ +)] 59. This was prepared and purified in manner similar to 58, 

using [PhQ+]Cl*2H20  (134 mg, 0.440 mmol) in place o f [MeQ+]Cl-0.7H2O to afford 

a dark blue solid: yield 170 mg (65%). 5H(D 2 0 )  9.18 (2 H, d, J =  6 . 6  Hz, C5 H4 N), 

9.14 (2 H, d, J = 6 . 9  Hz, C 5 H 4N), 8.48 (2 H, d, J  = 6 . 6  Hz, C5 H 4 N), 7.73 (5 H, m, 

Ph), 7.62 (2 H, d, J =  6.3 Hz, C 5 H 4 N). v(C=N) 2100 w, 2080 m, 2048 s cm - 1  

(Found: C, 42.28; H, 4.18; N, 16.92. Calc for C2 iH 1 3N 7 FeNa2 *7H 2 0 : C, 42.66; H,
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4.60; N, 16.58%). TGA analysis indicates the loss of 6.2 molecules o f water upon 

heating.

N a2[FeII(CN)5(4-AcPhQ+)] 60. This was prepared and purified in manner similar to 

58, using [4-AcPhQ+]Cl*2H20  (155 mg, 0.447 mmol) in place o f [MeQ+]Cl to afford 

a dark blue solid: yield 200 mg (69%). (5H(D 2 0 )  9.25 (2 H, d J6 .3 , C 5 H 4N), 9.16 (2 

H, d, J  5.9, C5 H 4 N), 8.5 (2 H, d, T5.7, C 5 H 4 N), 8.23 (2 H, d, T8.3, C6 H 4), 7.95 (2 H, 

d, J  8.2, C6 H4), 7.61 (2 H, d, J  6.4, C5H 4 N), 2.72 (3 H, s, Me). v(C^N) 2110 w, 2084 

m, 2048 s cm ” 1 (Found: C, 42.16; H, 4.15; N, 15.56. Calc for 

C 2 3 H 1 5N 7 FeNa20  8H 2 0 : C, 42.41; H, 4.80; N, 15.05%). TGA analysis indicates the 

loss of 7.3 molecules of water upon heating.

Na2 [Fen(CN)5(2-PymQ+)l 61. This was prepared and purified in manner similar to 

58, using [2-PymQ+]Cl (135 mg, 0.499 mmol) in place of [MeQ+]Cl to afford a dark 

blue/green solid: yield 120 mg (39%). dH(D 2 0 )  10.01 (2 H, d, J  6.6, C5 H 4 N), 9.24 (2 

H, d, J 6.6, C5 H 4 N), 9.06 (2 H, d, J4 .8 , C4 H 3N 2), 8.57 (2 FI, d, J6 .9 , C 5 H 4 N), 7.90 (1 

H, t, J  11.2, C4 H 3 N 2), 7.66 (2 H, d, J =  6.4 Hz, C 5 H 4 N). v(C -N ) 2119 w, 2086 m, 

2050 s cm- 1  (Found: C, 36.38; H, 3.73; N, 20.95: Calc for C 1 9 H n N 9 FeNa2 »8.5H2 0: 

C, 36.79; H, 4.55; N, 20.32%). TGA analysis indicates the loss of 7.0 molecules of 

water upon heating.

Na2[Feu(CN)5(Mebpe+)] 62. This was prepared and purified in manner similar to 

58, using [Mebpe+]I (162 mg, 0.500 mmol) in place of [MeQ+]Cl to afford a dark 

purple/blue solid: yield 82 mg (29%). <5H(D 2 0 )  8 . 8 6  (2 H, d /  6 .6 , C 5 H 4 N), 8.48 (2 

H, d, J  6 .6 , C 5 H 4 N), 7.73 (2 H, d,A6.9, C 5 H 4 N), 7.36-7.17 (2 H, m, CH -CH), 7.01



(2 H, d, J  6.9, C5 H 4 N), 4.24 (3 H, s, Me). v(C=N) 2086 w, 2044 s cm - 1  (Found: C, 

37.82; H, 4.37; N, 17.03. Calc for C |8 H 1 3N 7 FeNa2 -7.5H 2 0 : C, 38.31; H, 5.00; N, 

17.38%). TGA analysis indicates the loss of 7.6 molecules of water upon heating.

N a 2 [Fen(CN)5 (Phbpe+)] 63. This was prepared and purified in manner similar to 

58, using [Phbpe+]C1*2.25H20  (146 mg, 0.435 mmol) in place o f [MeQ+]Cl to afford 

a dark blue solid: yield 161 mg (6 6 %). <5H(D 2 0 )  8.93 (4 H, m, C 5 H 4 N), 8.10 (2 H, d, 

J  6.6, C5 H 4 N), 7.71-7.57 ( 6  H, m, Ph and CH), 7.36 (1 H, d, J  16.5, CH) 7.18 (2 H, 

d, J 6.6, C 5 H 4 N). v(C=N) 2092 w, 2058 s cm " 1 (Found: C, 41.96; H, 4.44; N, 15.88. 

Calc for C 2 3 H i5N 7 FeNa2 *9 H 2 0 : C, 42.28; H, 5.09; N, 15.01%). TGA analysis 

indicates the loss o f 8 . 1  molecules of water upon heating.

2.3 Results and Discussion

2.3.1 M olecular design and synthesis

4-AcPh

Figure 6 : Structures of the new complex salts 58-63
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Ligands are referred to in the text as MeQ* when R = Me, PhQ 1 when R = Ph, 

AcPhQ+ when R = 4-AcPh, PymQf when 2-Pym for salts 58-61 and Mebpe+ when R 

= Me and Phbpe^ when R = Ph for salts 62 and 63.

C om plex salts  5 8 - 6 3 ,  shown in F igure 6 , w ere syn thesized  from 

Na3 [Feli(CN)5 (NH3)]. The labile ammonia ligand readily undergoes aquation to 

produce the aquopentacyanoferrate(Il) ion, the N-heterocyclic ligand then displaces 

the aquo ligand to produce the desired compound as outlined in Figure 7. All of the 

new novel compounds show diagnostic proton NMR spectra, IR spectra confirm the 

presence o f the cyanide groups and elemental analyses provide further confirmation 

o f identity and purity. Both TGA and elemental analysis showed that all the 

complexes contained associated water molecules. This is consistent with previous 

complexes o f this type 1, 3 and is expected due to the strong H-bonding ability of the 

CN’ ligand.

nc^  £ N

N C --------- F e11 — N H 3

A
N C  C N

H ,0

N C  .CN 

N C ---------F e11— H20

A
N C  C N

N C

\
N C -

C N  

F e11— La

N C  C N

Figure 7: Reaction scheme for the formation of N a 2 [Fe(CN)5 LA]

2.3.2 Electronic absorption spectroscopy studies

The UV/Visible absorption spectra of salts 58-63 have been measured in water and 

methanol at 293 K and the results presented in Table 1. A representative spectrum of
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salt 61 is shown in Figure 8 . These compounds show intense, sharp absorptions in 

the UV region caused by je jt* intraligand charge-transfer (ILCT) transitions along 

with intense, broad djt[Fen] jt*[LA] (LA = pyridinium-substituted ligand) visible 

MLCT bands with maxima in the region 530-620 nm in water and 680-860 nm in 

methanol, giving rise to their purple/blue colours.

Table 1: UV/Vis data for complex salts 58-63 in water and methanol

Salt

W ater" Methanol a

Assignment

-̂max

[nm]

(fmax [M"‘ cm"'])

p̂max

[eV]

“̂max

[nm]

(tmax [M~ Cm ])

p-̂ max
[eV]

58 534 (3700) 2.32 6 8 6  (5800) 1.81 drt —> jt*

266 (16 300) 4.66 270 (17 900) 4.59 jt —9* jt*

59 566 (3900) 2.18 738 (6600) 1 . 6 8 djt -*■ Jt*

282 (18 700) 4.37 290 (21 800) 4.28 jt ^  Jt*

60 584 (4900) 2 . 1 2 771(6300) 1.61 djt Jt*

284 (32300) 4.37 291 (26 000) 4.26 jt -s- Jt*

61 618 (6400) 1.99 854 (7300) 1.45 djt -» jt*

290 (32 800) 4.28 293 (24 900) 4.23 jt —* Jt*

62 538 (5000) 2.30 685 (5800) 1.81 dot —> jt*

318 (26 800) 3.90 319 (27 500) 3.89 jt Jt*

232 (16 300) 5.34 228 (18 700) 5.44 jt Jt*

63 562(6600) 2.18 742 (6500) 1.67 djt -* jt*

334 (37 600) 3.69 336 (35 400) 3.69 Jt —9* jt*

232 (21 100) 5.34 231 (18 900) 5.37 Jt -9- Jt*

a Solutions ca. 3 -8  x 10 5 M.

85



Within the series 58-61 , irrespective o f the solvent, the energy o f the djr —► jt* 

MLCT transition decreases as the acceptor strength o f La increases. The energies o f 

these absorptions depend on the relative energies o f the metal-based HOMO and LA- 

based LUM O,14,15,26 and the red-shifting o f the MLCT band can be attributed to the 

LUMO energy decreasing as the acceptor strength o f La increases in the order MeQ+ 

< PhQ+ < AcPhQ+ < PymQ+. From the electrochemical data obtained (see section 

2.3.3) it can be seen that the energy o f the Fe-based HOMO is independent o f the 

nature o f LA and does not change within the series. These results parallel the trends 

observed in both the ruthenium pentaammine and ruthenium diarsine series studied 

by Coe et a/.22,23,27 The addition o f a rraHs-ethylene unit to the ligand has no 

significant effect on the MLCT energy, with the values for the M ebpe+ and Phbpe4 

complexes (in 62 and 63) being very similar to those o f their 4,4'-bipyridinium 

counterparts (in 58 and 59).
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Figure 8: UV/Vis absorption spectra o f 61 in water and methanol
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Large negative solvatochromic shifts of the MLCT absorption are observed on 

moving from water to methanol (AE  = 0.49-0.54 eV) and these red-shifts are also 

accompanied by decreases in intensity. The lone pairs on the cyanide nitrogens are 

able to form H-bonds with the O-H groups o f the solvent. Because methanol is a 

weaker hydrogen bond donor than water, there is more electron density at the metal 

centre therefore making it a better electron donor group and shifting the MLCT to a

28 30lower energy in this solvent. ' The sodium salts o f complexes 5 8 -6 3  are 

appreciably soluble only in water and methanol, so a full solvatochromic study in a 

range of solvents could not be carried out. To try to increase the solubility o f these 

compounds in other less polar solvents, attempts were made to metathesize the 

sodium cations with more lipophilic species. However, the addition o f saturated 

a q u e o u s  s o lu tio n s  o f  £efra-(«-buty l)am m onium  ch loride (TBAC1), 

tetraphenylphosphonium  chloride (TPPC1), tetra-(/i-hexyl)am m onium  chloride 

(TH A C1), te tra -(n -o c ty l)a m m o n iu m  b rom ide (T O A B r) or te tra - (« -  

octadecyl)ammonium bromide (TODABr) to a solution o f any o f the compounds 

58-63 in a minimum o f water gave no precipitation in any case.

2.3.3 Electrochemical studies

The complex salts 58-63 were studied by cyclic voltammetry in both water and 

methanol. The results are presented in Table 2, with representative voltammograms 

o f salt 61 shown in Figure 9. All salts show reversible or not fully electrochemically 

reversible FeIII/n oxidation waves and generally irreversible LA-based reduction 

processes, although complexes 58 and 59 in water and 58-61 in methanol do show 

reversible first LA reductions.
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Increasing the 7 1-acceptor strength o f LA has no significant effect on the FeIII/n E ]l2 

values, indicating that the nature o f this ligand has little effect on the iron-based 

HOMO. The LA-based Epc values show large anodic shifts as the jc-acceptor strength 

increases, caused by the L A-based LUMOs becoming more stabilized; this trend 

correlates with the red-shifting of the MLCT bands seen in section 2.3.2.

Table 2: Electrochemical data for complex salts 58-63

W atera Methanol

Salt Ei 12 [V vs. A g-AgC l] E m  [V vs. A g-A gC l]

(A £p  [m V]) (AEp [m V])

E i/2 [Fem/n] E m [LA™] or

E c^pc

jn rp 111/11"]Em  [Fe ] E m [Lat/u] or

V

58 0.48 (190) -0.90 (325) 

-1.42

0.28 (125) -0.72 (140)

59 0.48 (135) -0.74 (245) 

-0.86

0.29 (140) -0.53 (160)

60 0.46 (135) -0.78 0.31 (105) -0.43 (145)

61 0.46 (160) -0.61 0.30 (105) -0.23 (140)

62 0.45 (135) -0.94 0.24 (145) -0.60

63 0.45 (140) -0.82 0.25 (120) -0.52

fl Solutions ca.  1CT3 M  in 1 M  potassium nitrate in water at a glassy carbon working electrode with a 

scan rate o f  200 m V s~‘. b Solutions ca.  1CT3 M in 0.1 M tetra-«-butylammonium hexafluorophosphate 

in methanol at a platinum disc working electrode with a scan rate o f  200 m V s“'. Ferrocene internal 

reference E ia ~  0.67 V  (AE =  130 m V ).L For an irreversible reduction process.
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Figure 9: Cyclic voltammograms for 61 in methanol (with ferrocene internal

reference £ 1 /2  = 0.67 V) {a) and in water (b)

An ethylene unit is slightly electron donating and causes an increase in the basicity 

o f the Mebpe+ and Phbpe+ ligands compared to MeQ+ and PhQ+. The Fe11 centre 

therefore becomes easier to oxidise, with the £ 1 /2  values for 62 and 63 shifted by -30  

mV in w ater and -4 0  mV in m ethanol compared with those o f 58 and 59. 

Comparison o f the Fe1II/n £ 1 /2  values for 62 and 63 shows that replacing the methyl 

group with a phenyl group has a negligible effect on the reduction potential. 

However, the £ pc values show a shift to a more positive potential as the LA-based 

LUMO becomes more stabilized as the Ji-acceptor strength o f the ligand increases.

There are large negative solvent induced shifts of the FeIII/n E m  values on moving 

from water to methanol (A £i / 2  = 0.15-0.25 eV). In methanol, the £ 1 /2  values are 

lower in every instance when compared to those measured in water. This correlates 

with methanol being a weaker H-bond donor than water: the iron centre is more 

electron rich in methanol and this makes it easier to oxidise. This data supports the
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solvatochromic trends that are observed in the MLCT absorption studies (section 

2.3.2).

2.3.4 X-ray crystallographic studies

A single crystal X-ray structure of salt 58*9H20 was obtained and a representation of 

the molecular structures is shown in Figure 10. Selected crystallographic and 

refinement details are shown in Table 3, and selected bond angles and lengths in 

Table 4.

07

.Na2

09

010013 C12 09

£ 1 1Fe117 C16
Na1 C14

C15

Figure 10: Structural representation of the complex salt 58»9Fl20 (50%

probability ellipsoids)

The Fe-C bond located trans to the MeQ+ ligand is shorter by about 0.03 A than the 

four other Fe-C bonds. This observation can be attributed to the differing structural 

trans effects of the M eQ' and cyanide ligands.31 Because the M eQ+ ligand is a 

weaker 7i-acceptor than CN", more 7t-back-bonding can occur to the trans cyanide 

when compared to the cis ones. The MeQ+ ligand shows no significant evidence for
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ground-state charge-transfer, with a dihedral angle o f 24.26(4)° between the two 

pyridyl rings.

Unfortunately, salt 58 crystallizes in a centrosymmetric space group and is therefore 

not expected to show bulk NLO effects.

Table 3: Crystallographic data and refinement details for salt 58*9H20

Crystal system Triclinic

Space group P I

Unit cell dimensions [A, °]
a 8.5761(12)

b 8.9830(12)

c 17.030(2)

a 100.830(2)

(3 95.083(2)

r 99.411(2)

Volume [A3] 1261.6(3)

Z 2

Absorption coefficient [mm-1] 0.690

Reflections collected 10089

Independent reflections 5084

0Rint= 0.0248)

Final R indices [F2 > 2a(A2)] 1.059

R1 0.0292

wR2 0.0761

R indices (all data)

R1 0.0320

wR2 0.0812

91



Table 4: Selected interatomic distances (A) and angles (°) for complex salt

58*9H20

Fe(l)-C (16) 1.8927(16) N(5)-C(14) 1.165(2)

Fe(l)-C (15) 1.9179(16) N(6)-C(15) 1.160(2)

Fe(l)-C (14) 1.9209(16) N(7)-C(16) 1.166(2)

Fe(l)-C (12) 1.9211(16) C (l)-C (2) 1.380(2)

Fe(l)-C (13) 1.9216(16) C(2)™C(3) 1.397(2)

F e (l)-N (l) 2.0257(13) C(3)-C(4) 1.401(2)

N (l)-C (5) 1.348(2) C(3)-C(6) 1.480(2)

N (l)-C (l) 1.350(2) C(4)-C(5) 1.384(2)

N(2)-C(9) 1.347(2) C(6)-C(10) 1.397(2)

N(2)-C(8) 1.348(2) C(6)-C(7) 1.402(2)

N (2)-C (l 1) 1.4829(19) C(7)-C(8) 1.377(2)

N(3)~C(12) 1.169(2) C(9)“ C(10) 1.372(2)

N(4)-C(13) 1.162(2)

C( 16)~F e( 1 )-C ( 15) 89.58(7) C(14)-Fe(l)-C (13) 91.64(6)

C( 16)-F e( 1 )-C ( 14) 86.74(6) C(12)-Fe(l)-C (13) 89.63(6)

C( 15)-F e( 1 )-C ( 14) 90.01(7) C (16)-F e(l)-N (l) 175.86(6)

C( 16)-F e( 1 )-C ( 12) 92.04(7) C (15)-F e(l)-N (l) 89.38(6)

C (15)-Fe(l)-C (12) 88.72(7) C (14)-F e(l)-N (l) 89.25(6)

C (14)-Fe(l)-C (12) 178.24(6) C (12)-F e(l)-N (l) 91.94(6)

C (16)-Fe(l)-C (13) 89.99(6) C (13)-F e(l)-N (l) 91.18(6)

C (15)-Fe(l)-C (13) 178.27(6)
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2.3.5 Hyper-Rayleigh scattering studies

The /3 values of salts 58-63 were measured in water and methanol using the HRS 

technique with a 1 0 6 4  nm Nd:YAG laser fundamental. The 0 O values were estimated 

using the TSM and the results are presented in Table 5. It should be noted that a 

relatively large experimental error (±15%) applies to these measurements.

Table 5: Visible MLCT and HRS data for salts 58-63 in water and methanol

Water Methanol

Salt ^-max F̂max 01064^ ■^max -^max ^1064° /V

[nm] [eV] [10'3° [10“30 [nm] [eV] [10“30 [10“30

esu] esu] esu] esu]

58 5 3 4 2 . 3 2 3 1 1 2 6 8 6 1 . 8 1 3 3 0 1 2 7

59 5 6 6 2 . 1 8 2 2 8 2 2 7 3 8 1 . 6 8 3 3 9 1 6 2

60 5 8 4 2 . 1 2 2 1 8 31 7 7 1 1 . 6 1 7 2 8 3 7 6

61 6 1 8 1 . 9 9 2 1 4 5 0 8 5 4 1 . 4 5 4 8 5 2 7 2

62 5 3 8 2 . 3 0 2 3 9 4 6 8 5 1 . 8 8 1 3 6 9 1 3 9

63 5 6 2 2 . 1 8 2 5 9 2 2 7 4 2 1 . 6 7 3 9 6 1 9 2

0 The value is the uncorrected first hyperpolarizablity measured using a 1064 nm Nd:YAG laser 

(±15% eiror); the static first hyperpolarizability /30 is estimated using the TSM .32,33 The esu units can 

be converted into SI units (C3 m3 J’2) by dividing by a factor o f 2.693 x 10~20.

The (30 values obtained for these complexes in water are moderately large, but the (3 

and 0 O values obtained in methanol are very large, with salt 60 having a value 

amongst the largest found for metal-containing chromophores.
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W ithin the series 58-61  in water, (3Q increases as the 7i-acceptor strength o f LA 

increases, with salt 61 having the largest value. This corresponds with the PymQ+ 

ligand being the strongest electron acceptor. These results correlate with both the 

MLCT data (see section 2.3.2) and the electrochemical data (see section 2.3.3).

In water, the complexes of Mebpe+ and Phbpe+ (62 and 63) have values of /10 similar 

to those of their 4,4'-bipyridinium counterparts, 58 and 59. It is generally found in 

organic chromophores that as the length of the n -conjugation increases so does /10,34 

though the results obtained here show no such trend. However, similar unusual 

behaviour has been seen in related ruthenium ammine complexes studied within our 

group.24 Changing the methyl group in 62 for the phenyl group in 63 causes an 

increase in j30, correlating with the red-shifting seen in the MLCT absorption data. 

Due to the proximity o f Amax to 532 nm, the Rvalues determined in water are subject 

to considerable resonance enhancement, causing overestim ation o f /lio6 4  and 

therefore underestimation of /30. This effect is most pronounced in the complexes 

containing MeQ+ and Mebpe+, since their MLCT absorptions lie closest to 532 nm.

In methanol, as the 7i-acceptor strength o f L A increases, generally so do and fio, 

although salt 60 (LA = AcPhQ+) has a higher value for (30 than might be expected. 

From the MLCT data it would be predicted that salt 61 (LA = PymQ+) should have 

the largest value o f /30, as it has the lowest value for Emax. Previous HRS studies 

perform ed on related [Run(NH3 )5 LA][PF6 ] 3  complex salts have shown similar 

behaviour which was rationalized by the AcPhQ+ ligand having an increased n-

■+* 24conjugation length when compared to PymQ .
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The quadratic NLO responses o f salts 58-61  increase substantially when the 

measurem ents are taken in methanol, a phenomenon w hich can be attributed 

primarily to the marked red-shifting of the MLCT transitions.

2.3.6 Stark spectroscopic studies

Stark spectroscopic studies were carried out on complex salts 5 8 -6 3  in water- 

glycerol (50:50 vol %) glasses at 77 K and the results are presented in Table 6.

In all cases there is a red-shifting of the MLCT band upon glassing at 77 K. A similar 

effect has been observed previously with Ru11 ammine or arsine complex salts on 

moving from acetonitrile solutions to butyronitrile glasses.35,36 The observed 

changes in Emax within the pairs 58/62 and 59/63 are more pronounced at 77 K than 

when measured at room temperature.

W ithin the series 58-61 , as the 7t-acceptor strength of LA increases, so d o ^ s, ji i2, 

Ajun  and Ajiiah, although a decrease in Amax is seen. The same trends are also 

observed on moving from salt 62 to 63. The quadratic NLO responses of salts 58-63  

are directly related to Afii2 and /i \2 and it can be assumed that both of these lie along 

the Fe-L  bond. The values obtained for /u[2 have a small range (3.5-4.8 D) and 

increase within the series 58-61 in the order MeQ+ < PhQ+ < AcPhQ+ < PymQ+ and 

on moving from 62 to 63. Addition of a trans-Qthylene unit in pairs 58/62 and 59/63 

causes increases in jU\2 o f 0.9 and 0.8 D, respectively. As the size o f LA increases, so 

too does Aq.12: addition o f the trans-CH=CH moiety causes an increase o f 3.4 D in 

58/62 and 5.8 D in 59/63. Such increases in Aju]2 upon conjugation extension have



been observed previously in both transition metal-containing and purely organic 

systems.34"36 The values obtained for c\? and H& are not affected by the nature of the 

N-heterocyclic ligand and are more or less constant within the series 58-63. These 

values are indicative o f a limited degree of orbital overlap and electronic coupling 

within the complexes.

Table 6: MLCT absorption and Stark spectroscopic data for complex salts

58-63a

Salt ^max 'Wnax -'-'max /o s ft  12 A^b
'le

Cb tfa b A)

[nm] [nm] [eV] [D]b [ D f [D]rf [cm-1/ [10-30 esu]g

2 9 8  K 7 7  K

58 5 6 0 5 3 3 2 . 3 3 0 . 1 1 3 . 5 2 2 . 5 2 3 . 6 0 . 0 2 2 8 0 0 6 1

59 6 0 2 5 5 9 2 . 2 2 0 . 1 3 4 . 0 2 3 . 5 2 4 . 8 0 . 0 3 2 9 0 0 8 8

60 6 1 8 5 8 1 2 . 1 3 0 . 1 4 4 .1 2 6 . 3 2 7 . 5 0 . 0 3 2 6 0 0 1 1 4

61 6 6 0 6 1 7 2 . 0 1 0 . 1 7 4 . 7 2 6 . 5 2 8 . 1 0 . 0 3 2 7 0 0 1 6 6

62 5 6 4 5 5 7 2 . 2 3 0 . 1 6 4 . 4 2 5 . 9 2 7 . 4 0 . 0 3 2 9 0 0 1 1 9

63 5 9 8 5 8 2 2 . 1 3 0 . 1 9 4 . 8 2 9 . 3 3 0 . 9 0 . 0 2 2 7 0 0 1 7 4

0 M easured in glycerol-water (50:50 vol %) glasses at 77 K. b Calculated from eqn. 13. c Calculated 

fvomfntAfil2 using f nt = 1.33. d Calculated from eqn. 12. e Calculated from eqn. 14. /  Calculated from 

eqn. 15. 8 Calculated from eqn. 7.

The MLCT transitions will dominate the NLO response of these complexes and (3q 

has been derived using the TSM. The /30 values within the 4,4/-bipyridinium series 

58-63 increase as the rc-acceptor strength of LA increases in the order MeQ+ < PhQ+ 

< AcPhQ+ < PymQ+. (3q also increases on moving from 62 to 63. Extension of the 

conjugation within the pairs 58/62 and 59/63 causes increases in j30 o f about two­

fold.
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2.4 Protic Switching

The ability to switch the NLO response of a molecule could significantly enhance the 

potential utility at a device level and recently there has been interest in turning NLO

37responses reversibly ‘on and o ff . A simple dipolar NLO chromophore has D and 

A groups linked through a rc-conjugated bridge, and varying the electronic properties

3 8of any of these functional units will cause alteration of the NLO response, although 

for a pronounced switching effect to be seen the ‘on’ and ‘o f f  states must be stable. 

Protic switching has been demonstrated in both organic and metal-containing 

chromophores,39"42 but only one example has dem onstrated a w ell-understood 

switching of /30 49

It has previously been observed that the lone pairs of electrons on the nitrogen atoms

II 3—of the CN-  ligands in {Fe (CN)5) complexes can be reversibly protonated, causing 

the energy o f the MLCT absorption to increase.7,43,44 It can therefore be expected 

that protonation may also alter the NLO responses of such complexes.

When a dilute solution o f any of the complex salts 58-63 is acidified to below pH 1 

using concentrated hydrochloric acid, the MLCT absorption shifts to a much higher 

energy (corresponding to a colour change of blue to orange). Restoration of the 

original MLCT band is achieved by neutralization with triethylamine. A pH titration 

was performed on salt 60 in aqueous solution, measuring the position o f the MLCT 

band. U pon acidification, no isosbestic points are observed, indicating that 

protonation does not occur at specific CN- sites. A representative spectrum is shown 

in Figure 11. It should be noted that there is a small overall shift o f the MLCT band
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upon treatment with acid followed by neutralization with base in methanol, due to 

both o f the added reagents containing water and therefore changing the solvent 

medium slightly.

<  0.6 -

5 0.4

350 400 450 500 550 600 650

Wavelength [nm]

700 750 800

—  pH 0.30
—  pH 0.42
—  pH 0.59
—  pH 0.98
—  pH 1.17
—  pH 1.36
—  pH 1.66
—  pH 1.82

pH 2.00
pH 2.28

—  pH 2.67
—  pH 2.95
—  pH 3.27
—  pH 3.9
—  pH 6.7

Figure 11: pH titration o f salt 61 (aqueous solution ca. 10 M).

According to the TSM, it can be predicted that as the energy o f the MLCT absorption 

increases, then fa  should decrease.32'33 Both Stark spectroscopy and HRS have been 

em ployed to dem onstrate that the NLO responses o f these Fe" pentacyanide 

complexes can be switched by protonation o f the CN" groups.

2.4.1 Protic switching demonstrated via HRS studies

Due to negligible HRS signals from the protonated sam ples when using a 

fundamental wavelength o f 1064 nm, measurements were carried out using a 800 nm 

Ti3+:sapphire laser. Samples o f 58-61 (5 mg) were dissolved in water (20 cm3) and
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3portions (8 cm ) o f these solutions were acidified by the addition o f hydrochloric 

acid (38%, 2 cm ) to generate the fully protonated forms. The (30 values for both the 

neutral and acidified solutions were estimated from the (3m  data using the TSM, and 

the results are presented in Table 7. Reversibility o f  the switching effect was 

demonstrated with salt 61 using the following method. Four samples (numbered

3 * 31-4) of the stock solution (each 3 cm ) were placed in 10 cm capacity volumetric 

flasks. Hydrochloric acid (38%, 1 drop) was added to three o f these samples (2-4), 

and then samples 3 and 4 were neutralized by the addition o f triethylamine until their 

blue colours were completely restored. Hydrochloric acid (38%, 1 drop) was then 

added to sample 4, and all four samples were diluted up to 10 cm so that each 

contained the same concentration o f the complex species. The quadratic curves for 

samples 1-4 are shown in Figure 12, and the quadratic coefficients derived from 

these curves (with the value for the solvent subtracted) are shown in Figure 13.

Upon acidification, there are large increases in Emax (AZs = 0.45—0.65 eV) correlating 

with colour changes from blue to orange. Both (3m  and (30 are largest in the neutral 

solutions and increasing the proton concentration causes decrease in the NLO 

responses of ca. 70%. It should be noted that this effect in salt 58 is overestimated 

due to the MLCT absorption for 58A (where A = the acidified sample) being very 

close to the SH frequency of 400 nm.
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Table 7: HRS data for the acidified solutions o f 58A-61A alongside data for

the untreated compounds

Salt ^max

[nm]

Emax

[eV]

A  oo*

[10“30 esu]

A)*

[ 10 30 esu]

58 5 3 4 2 . 2 8 8 7 3 8

58A 4 1 0 3 . 0 2 3 5 2

59 5 6 6 2 . 1 9 1 2 3 6 2

59A 4 6 5 2 . 6 7 6 6 1 5

60 5 8 4 2 . 1 2 1 3 5 7 1

60A 4 5 5 2 . 7 3 9 2 1 8

61 6 1 8 2 . 0 0 2 1 1 1 1 7

61A 5 0 0 2 . 4 8 8 2 2 8

a The value /S80o is the uncorrected first hyperpolarizablity measured using a 800 nm T i’~:Saphire laser 

(±15% error); /30 is estimated using the TSM .32-33 The esu units can be converted into SI units (CJ m ’ 

J '2) by dividing by a factor o f 2.693 x 10‘20.

1 . 5 E - 0 6  -

d  1 0 E - 0 6  -

S

5 . 0 E - 0 7  -

O .O E + O O  4 -  
0 2 3 3 . 50 . 5 1 .5 2 . 5

I(o>) [a.u.]

Figure 12: Quadratic curves recorded at 800 nm for Salt 61 and 61A

Where solvent (water) = purple line; untreated = red line (sample 1); once-acidified = green line 

(sample 2); neutralized = yellow line (sample 3); twice-acidified = blue line (sample 4)
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Plot showing the quadratic coefficient for each of the curves in Figure 

12 for salt 61 with the solvent (water) value subtracted

2.4.2 Protic switching demonstrated via Stark spectroscopic studies

Measurements were carried out in water-glycerol glasses at 77 K, with the solutions 

being acidified with hydrochloric acid. Initially a-cyanoacrylate spin-coated slides 

were used as it was thought that the acid would damage the ITO coating on the slides 

(acid will etch the ITO coating o ff in about 3 0  minutes), but it was found that if  the 

samples are frozen quickly this precaution is not necessary. Some o f the samples 

precipitated out after addition o f 5 0  juL o f acid, and all o f the samples precipitated 

out o f solution over the course o f a few hours. The results obtained for frozen 

acidified solutions o f salts 58B, 60B and 61B are shown alongside the results for the 

pH neutral solutions 58, 60 and 61 in Table 8.

0

Figure 13:
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Table 8: Stark spectroscopic data for acidified solutions o f complex salts 58B,

60B and 61B alongside the data obtained for the untreated compounds a

Salt ^4nax F /o s /h 2 A/iab
. . .  T . .

Cb # a b Po

[nm] [eV] [D]* [D ]C [D ]rf [c m - 'f [10”3°

7 7 K esu]g

58 5 3 3 2 . 3 3 0 . 1 1 3 . 5 2 2 . 5 2 3 . 6 0 . 0 2 2 8 0 0 6 1

58B/! 4 3 2 2 . 8 7 0 . 0 8 2 . 8 2 4 . 4 2 5 . 0 0 . 0 1 2 5 0 0 2 6

58Br 4 3 2 2 . 8 7 0 . 0 9 2 . 9 2 4 . 3 2 5 . 0 0 . 0 1 2 7 0 0 2 9

60 5 8 1 2 . 1 3 0 . 1 4 4 .1 2 6 . 3 2 7 . 5 0 . 0 3 2 6 0 0 1 1 4

60B* 4 5 7 2 . 7 1 0 . 1 0 3 .1 2 8 . 6 2 9 . 3 0 . 0 1 2 3 0 0 4 2

60B' 4 6 9 2 . 6 4 0 . 0 9 3 . 0 2 8 . 4 2 9 . 0 0 . 0 1 2 2 0 0 4 2

61 6 1 7 2 . 0 1 0 . 1 7 4 . 7 2 6 . 5 2 8 . 1 0 . 0 3 2 7 0 0 1 6 6

61B7 4 4 4 2 . 7 9 0 . 1 1 3 . 2 2 9 . 7 3 0 . 4 0 . 0 1 2 4 0 0 4 7

6 1 B f ‘k 4 3 9 2 . 8 2 0 . 1 3 3 . 4 2 8 . 5 2 9 . 3 0 . 0 1 2 7 0 0 4 9

a M easured in glycerol-w ater (50:50 vol %) glasses at 77 K. b Calculated from eqn. 13. c Calculated 

from / jntAp12 by u s in g /inl = 1.33. d Calculated from eqn. 12. e Calculated from eqn. 14. J Calculated 

from  eqn. 15. 3 C alculated from eqn. 7. h 100 /iL o f concentrated HC1 added to 0.5 juL o f 

w ater-glycerol sample solution (2 M HC1 concentration). ' 50 }ih o f  concentrated HCI added to 0.5 

/rL w ater-glycerol sample solution (1.1 M  HCI concentration). J 200 o f concentrated HCI added to 

0.5 /iL  w ater-glycerol sample solution (3.5 M HCI concentration). k Using a-cyanoacrylate coated 

slides.

Upon acidification there is a large increase in Emax (AE  = 0.51-0.81 eV), with the 

largest change being for salt 61 (AE =  0.78-0.81 eV), consistent with a decrease in 

the electron-donating properties of the Fe11 centre. The values obtained for [i\ 2  are 

consistently higher for the neutral solutions, although the differences are not very 

large. A/r12 and AjWab increase only slightly in the acidified solution and there are no 

significant changes in ch and H ab between the acidified and neutral media.
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Increasing the proton concentration causes large decreases in /30, which can be 

attributed largely to the significant increase in Em&x. The consistently smaller values 

obtained for in the acidified media also contribute towards the smaller values 

observed.

We have successfully demonstrated, using both the HRS technique and Stark 

spectroscopy, that the NLO responses o f salts 58-61  are considerably decreased 

upon protonation of the GNT ligands. This phenomenon is directly related to the 

blue-shifting of the MLCT bands, and reversibility of the switching effect has been 

proven using HRS with salt 61.

2.5 Spectroscopic and quadratic NLO behaviour of ruthenium(II) 

pentaammine complexes

II 3~hThe electronic and quadratic NLO properties of complexes [Ru (NH3)5LA] (where 

La is a 4,4'-bipyridinium ligand) have been previously studied within our group and 

it is o f interest to draw comparisons between these and the related iron pentacyanide

22 24 II 2 +complexes. " [Ru (NH3)5] is a powerful electron donor group and its complexes 

e x h ib i t  la rg e  f i r s t  m o le c u la r  h y p e r p o la r iz a b i l i t ie s ;  in fa c t 

[Run(NH3)5(AcPhQ+)][PF6]3 shows one of the largest fi0 values found in transition 

metal-containing complexes.24 All previous NLO studies o f ruthenium pentaammine 

complexes have involved measurements in aprotic solvents. For the quadratic NLO 

properties o f the two systems to be directly com pared with one another, 

measurements must be taken in the same solvent system using the same technique.
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We have therefore now also studied these ruthenium ammine complexes in protic 

solvents, with a view to drawing comparisons with the iron pentacyanide species.

2.5.1 M aterials

\^  ^  3 _ 
"■“7 r NC w

h 3n  n h 3

3+ [c r ]3

+
N  R

R = M e (64 ), Ph (65), 4-A cP h  (66), 2-Pym  (67)

H3  ̂ Nh3

V r
H 3N  R u N

/  \
h 3n  n h 3

3+ [Cl-]3

N  R

/
R = M e (68), Ph(69)

Figure 14: Structures of the complex salts 64-69

The complexes in 64-69, depicted in Figure 14, were synthesized as their PF6~ salts 

according to published procedures.23,24 These PF6~ salts are not appreciably soluble 

in water and only partially soluble in methanol, so to allow for direct comparisons 

between the [FeH(CN)5L]2 and [Run(NH3 )5L]3+ system s, the PF6 salts were 

metathesized to the water-soluble CF salts. This was achieved by dissolution of the 

complex salt in a minimum of acetone and adding, dropwise, a solution of lithium 

chloride in acetone until precipitation of the chloride salt occurred. This precipitate 

was collected by filtration and washed with copious amounts of acetone. There is
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some uncertainty regarding the precise form ulations o f the [Run(NH3)5LA]Cl3 

m aterials, due to their hygroscopic nature, coupled with the well established 

difficulties in obtaining satisfactory CHN elemental analyses for such R u11 amtnine 

salts. Previous studies o f the chloride salts 64-66 indicated that these compounds 

retain 2 .5 -3 .5  m olecules o f w ater of crystallization after drying at room 

temperature.45 Unfortunately, satisfactory CHN analyses for salts 67-69 could not 

be obtained, even after prolonged drying under vacuum. As the salts 64-69 were 

prepared by simple anion metathesis from their PF6~ counterparts, confirmed pure by 

NMR and CHN analyses, there is no doubt of the chromophoric purity of 64-69. 

However, for the purposes of calculating the solution concentrations for physical 

studies the assumption has been made that all o f these samples contain 3 molar 

equivalents of water o f crystallization.

2.5.2 Electronic absorption spectroscopy studies

The UV/Visible spectra o f salts 64-69 have been measured in water and methanol at 

293 K. The results are presented in Table 9, with representative spectra of complex 

salt 66 shown in Figure 15. These complexes exhibit intense, broad drufRu11] 71* 

[La ] visible M LCT bands in the region of 600-720 nm, which account for their 

blue/purple colours.

The MLCT absorption data show the same trends as when measured in acetonitrile,24 

with the Emax values decreasing as the acceptor strength o f LA increases in the order 

MeQ+ < PhQ+ < AcPhQ+ < PymQ+. Addition o f the trans-CH=CH unit has no 

significant effect on the energy of the MLCT. Both methanol and water can form H-
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bonds with the NH3 protons, destabilizing the Ru11 forms by increasing the electron 

density at the metal centre. Previous studies on the solvatochrom ism  of

II 2+{Ru (NH3)5) complexes have shown that the energy of the MLCT can be related to 

the Gutmann donor number o f the solvent,46 although correlations can only be 

accurately made with data for aprotic solvents 47,48

Table 9: UV/Vis data for complex salts 64-69 in water and m ethanof

Water Methanol

Salt ^ m a x
p

- M n a x ^max p
- ' - 'm a x

[nm] [eV] [nm] [eV] Assignment

( W  [M-1 cm”1]) ( ^ m a x  [MT cm l)

64 606 (9300) 2.05 622 (10 300) 1.99 djr —* jr*

262 (22 300) 4.73 265 (16 100) 4.68 Jt —» f t *

65 622 (11 900) 1.99 655 (17 200) 1.89 djr - »  Jt*

283 (14 500) 4.38 287 (14 300) 4.32 jt jt*

66 638 (13 200) 1.94 672 (17 200) 1.85 dot Jt*

287 (18 300) 4.32 291 (14 300) 4.26 Jt —» Jt*

67 677 (13 400) 1.83 715 (13 000) 1.73 dxt —> jt*

287 (18 200) 4.32 286 (15 600) 4.34 Jt -» Jt*

68 596 (7700) 2.07 625 (11 900) 1.98 die jt*

316 (19 800) 3.92 318 (18 400) 3.90 jt —> Jt*

227 (9500) 5.46 228 (8100) 5.44 jt jt*

69 620 (13 600) 2.00 657 (15 300) 1.89 djt —> jt*

334 (27 300) 3.71 337 (25 100) 3.67 jt jt*

230(9800) 5.39 231 (9500) 5.37 jt —> jt*

Solutions ca. 3 -8  x 10 5 M. All concentrations calculated by assuming that each sample contains 3 

m olar equivalents o f water o f crystallization.
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Figure 15: UV/Vis absorption spectra for salt 66 in water and methanol

2.5.3 Electrochemical studies

Cyclic voltammograms o f complex salts 64-69 have been measured in aqueous 

solutions at 293 K and the results are presented in Table 10, with a representative 

voltam m ogram  shown in Figure 16. The solubility o f  6 4-69  in methanolic 

electrolyte solution was too low for data to be obtained. All o f the salts studied show 

reversible or not fully electrochemically reversible Ru1II/n oxidations and generally 

irreversible LA-based reduction processes, although salts 64 and 65 do show 

reversible first LA-based reductions.

The Em  values for the Ru111/11 waves are unaffected by the strength o f the 7i-acceptor 

ligand LA, but the E pc values for the LA-based reductions shift anodically as its 

acceptor strength increases. This is attributed to the LA-based LUMOs becoming 

more stabilized in the order MeQ+ < PhQ+ < AcPhQ+ < PymQ+. The energy o f the 

Ru-based HOMO is unaffected by the acceptor strength o f LA. Addition o f a trans­
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ethylene unit in 64 and 65 to form 68 and 69, respectively, causes the Em  o f the 

Rum/n wave to shift cathodically, as the basicity of La increases because the ethylene 

unit is slightly electron donating. The trends seen within the series 64-69 mirror 

those observed previously in the corresponding PF6~ salts.24

Table 10: Electrochemical data for complex salts 64-69 in aqueous solution77

Salt

E m  [V vs. Ag-AgCl]

(A£p [mV]) 

RuIII/n

E 1/2 or EpCb [V vs. Ag-AgCl] 

(AEP [mV]) 

L A -b a sed

64 0.26 (130) -0.88 (205)

-1 .336

65 0.27 (125) -0.76 (155)

66 0.29(115) -0.71*

67 0.28(115) -0.62*

68 0.21 (105) -0 .9 5 b

69 0.22(110) -0 .7 8 b

a. Solutions ca. 10 3 M in 1 M aqueous potassium nitrate at a glassy carbon working electrode 

with a scan rate o f 200 mV s~\ 6 For an irreversible process.
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Figure 16: Cyclic voltammogram for salt 68 measured in water

2.5.4 Hyper-Rayleigh scattering studies

The (3 values o f salts 64-69 were measured in water and methanol by HRS under the 

same conditions used for salts 58-63 (see section 2.3.5). /3b values were estimated 

using the TSM and the results are presented in Table 11.

The (3 and (3o values obtained for complex salts 64-69  in water and methanol are 

moderately large, but are consistently smaller than when measured in acetonitrile.

The new HRS data for salts 64-69  exhibit the same trends in (3o as previously seen 

when studied in acetonitrile.24 Moving from water to methanol causes the MLCT 

energy to shift to a lower energy and, as expected, the /50 values in methanol are 

much larger than those measured in water. The addition o f the trans-ethylene unit 

causes different behaviour in the two solvents; in water there appears to be a slight

109



decrease in /J0 as the conjugation length increases, but in methanol an increase in f50 

is seen, although the apparent changes are not very large.

Table 11: Visible MLCT and HRS data for salts 64-69 in water and methanol

Salt

Water Methanol

^ m a x

[nm]

F-mnax

[eV]

A  064a 

[ 1 CT30esu] [  10~30esu]

-^max

[nm]

F-Mnax

[eV]

^ 1 0 6 4 °

[ 1 Cf30esu]

/V

[ 10‘30esu]

64 606 2.05 169 34 622 1.99 455 110

65 622 1.99 255 62 655 1.89 493 158

66 638 1.94 333 93 672 1.85 522 178

67 677 1.83 402 148 715 1.73 497 220

68 596 2.07 150 26 625 1.98 589 147

69 620 2.00 212 50 657 1.89 522 170

° 1064 is the uncorrected first hyperpolarizablity measured using a 1064 nm  Nd:YAG laser (±15% 

eiTor); the static first hyperpolarizability /30 is estimated using the TSM .32,33 The esu units can be 

converted into SI units (C3 m3 T 2) by dividing by a factor o f 2.693 x 10”2°.

2.5.5 Stark spectroscopic studies

Stark spectroscopic studies have been carried out on complex salts 64-69 in water- 

glycerol (50:50 vol %) glasses at 77 K and the results are presented in Table 12.

In all cases glassing at 77 K causes a red shift in the MLCT band, as also observed in 

the iron pentacyanide complexes (see section 2.3.6). Generally, the trends observed 

mirror those seen in butyronitrile glasses at 77 K, with /30 increasing as the rr- 

acceptor strength and/or the conjugation length of LA increases. However, because a
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satisfactory data fit could not be obtained previously for salt 67, these are the first

22
Stark data available for this compound.

Table 12: MLCT absorption and Stark spectroscopic data for complex salts

64-69a

Salt

^ m a x

[nm]

298 K

■kniax

[nm]

77 K

F̂m a x

[eV]

/ o s R12

[o f

Ahl2

[D]c [D)"

Y e ......
T /a b

[cm-1/

&

[10~30e s u f

64 614 633 1.96 0.14 4.3 13.2 15.8 0.08 4300 74

65 632 678 1.83 0.17 4.9 15.2 18.1 0.08 4000 129

66 658 705 1.76 0.35 7.2 14.1 20.1 0.15 5000 275

67 696 751 1.65 0.25 6.4 15.3 19.9 0.12 4300 267

68 592 653 1.90 0.10 3.8 16.9 18.6 0.04 3200 80

69 640 690 1.80 0.29 6.6 18.2 22.4 0.09 4200 282

M easured in g lycerol-w ater (50:50 vol %) glasses at 77 K. A ll concentrations calculated by 

assuming that each sample contains 3 molar equivalents o f water o f crystallization. h Calculated from 

eqn. 13. c Calculated f r o m /ntA/.t|2 using/int^ L33. dCalculated from eqn. 12. e Calculated from eqn.

14. /  Calculated from eqn. 15. s Calculated from eqn. 7.

2.6 Com parisons between the {Fen(CN)5}3~ and {Run(NH3)5}2+ 

centres as electron donors

U 2  ij 34-
Complexes o f the form [Fe (CN)5LA] and [Ru (NH3)5LA] both possess low-spin 

d6 electronic configurations and have filled d orbitals which are of the correct 

symmetry to interact with the low-lying, unoccupied, 7t* orbitals on LA. The two 

types o f complex differ not only in the radial extension o f the 3d iron and 4d 

ruthenium orbitals, but also in the spectator ligands present (CN_ vs. NH3). In the
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iron pentacyanide complexes, metal-to-ligand back-bonding can occur because the 

cyanide ligands are both a-donors and a-acceptors. This back-bonding interaction 

stabilizes the metal-based HOMO, which greatly reduces the ability of the metal to 

back-bond with a sixth 7 1-acceptor ligand as shown in Figure 17.15 Ammine ligands 

are a-donors only and therefore have no capacity to participate in any back-bonding 

interactions. In both systems, LA is both a a-donor and rc-acceptor, and in the 

iron(II) pentacyanide complexes there are competing back-bonding interactions 

involving the spectator CbT groups and LA.

a. b.

Ji-bond a -b o n d

F'e C = N

O

 ̂ c=nCZ)

F illed  m etal Em pty C N  Em pty m etal F illed  CN
d-orbital n*-orbital d-orbital ji-orbital

=  electron density

Figure 17: The CN” ligand participating in 7r-back-bonding (a). The CN ligand

acting as a a-donor (b).

The [Fen(CN)5LA]2 and [Run(NH3)5LA]3+ complexes will interact very differently 

with the protic solvents used in the various measurements. As mentioned earlier the 

nitrogens of the cyanide ligands can act as H-bond acceptors with the O-H groups of 

the solvents. In contrast, the ammine ligands are FI-bond donors and have no H-bond 

accepting ability.
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Several previous studies have involved comparisons between these two metal 

centres3,7,12,15 but none feature either Stark spectroscopy or HRS. The data presented 

herein allow detailed comparisons between the two systems to be made.

2.6.1 MLCT absorption and electrochemical data

The MLCT absorption data for the iron pentacyanide complexes 58-63  and their 

ruthenium pentaammine counterparts 64-69  measured in both water and methanol 

are shown in Table 12. The E y2 values for the Fem/n and RuIII/n oxidation couples 

for 58-69  measured in water are also presented in Table 12. Representative UV- 

visible spectra for salts 59 and 65 measured in both water and methanol are shown in 

Figure 18.

In water, the MLCT absorption energies of complex salts 58-63 are higher than those 

o f 6 4 -6 9 . The F em/n E y2 values are also higher than the R um/n E y2 values, 

suggesting that the {Fen(CN)5}3” group is less electron rich than the {Run(NH3)5 }2+ 

centre. In methanol, the opposite behaviour is observed, the MLCT absorptions of 

the ruthenium pentaammine complexes are blue-shifted by between 0.17-0.28 eV 

when compared to those of their iron pentacyanide counterparts. However, the molar 

extinction coefficients for 64-69 are consistently larger (by ca. 50%) when compared 

with those measured for 58-63 in both solvents.
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S a l t  6 5  in  w a te r

—  S a l t  6 5  in  m e th a n o l

20000  -

1 5 0 0 0  -

“  10000 -

5 0 0 0  -

2 5 0 3 5 0 4 5 0 5 5 0 6 5 0 7 5 0

W a v e le n g th  [n m ]

Figure 18: UV/Vis absorption spectra for salts 59 and 65 ( L a = PhQ+) in water

and methanol

Given their lower MLCT energies and reduction potentials, it could be expected that 

in water the ruthenium pentaammine complexes will exhibit larger NLO responses 

than their iron pentacyanide analogues, due to {Run(NH 3 )5 }2+ being the more 

electron-rich centre. However, in methanol the {Fe“(CN)5 }3~ complexes may have 

the larger /30 values due to their markedly red-shifted MLCT transitions.
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2.6.2 Hyper-Rayleigh scattering data

In order to test the above hypotheses, the HRS data obtained for complex salts 58-63 

and 64-69 in both water and methanol are presented in Tables 14 and 15.

Table 14: MLCT and HRS data for salts 58-63 and 64-69 in water

Na2[Fen(CN)5LA] ■ [R um(N H 3)5La]C13

Salt 1^max

[nm]

064 

[ 1CT30 esu]

ft o 

[1CT30 esu]

Salt 7̂max

[nm]

fi\064 

[ 10”30 esu]

Po

[1 O'30 esu]

58 534 311 2 64 606 169 34

59 566 228 2 2 65 622 255 62

60 584 218 31 66 638 333 93

61 618 214 50 67 677 402 148

62 538 239 4 68 596 150 26

63 562 259 2 2 69 620 2 1 2 50

As predicted from the MLCT and electrochemical data, the j30 values measured in 

water for the iron pentacyanide complexes (58-63) are consistently smaller than 

those o f their ruthenium pentaammine analogues (64-69). It should however be 

noted that the ^ 1 0 6 4  values obtained for 58 -63  are subject to greater resonance 

enhancement (especially for complexes 58 and 62) due to the proximity o f their 

MLCT maxima to the SH at 532 nm, causing underestimation o f /30.

In methanol, the j30 values obtained for the iron pentacyanide complexes are 

generally larger than those of their ruthenium pentaammine counterparts, with the 

values for the AcPhQ+ complexes (60 and 66) having the largest difference. These
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observations are consistent with the considerably lower Eniax values obtained for the 

iron species.

Table 15: MLCT and HRS data for salts 58-63 and 64-69 in methanol

N a 2[F e n( C N ) 5L A] [R u n (N H 3)5L A]C l3

S a lt ^max

[nm]

A  064 

[10_3° 
esu]

fio

[10“30 esu]

S a lt ^max

[nm]

^  1064 

[10”3° esu]

Po 

[ n r 30 esu]

58 686 330 127 64 622 455 110

59 738 339 162 65 655 493 158

60 771 728 376 66 672 522 178

61 854 485 272 67 715 497 2 2 0

62 685 369 139 68 625 589 147

63 742 396 192 69 657 522 170

2.6.3 Stark spectroscopic data

Stark spectroscopic data for the complex salts 58-69  are shown in Table 16. In 

water-glycerol glasses (50:50 % vol) at 77 K, the MLCT absorptions for complex 

salts 58-63 are blue-shifted when compared with those o f 64-69. In general, the

2 II 2 +values of cb , 77ab and f i [2 are larger in the {Ru (NH3)5) complexes than for their

II 3“-{Fe (CN)5) analogues. These observations are indicative o f better orbital overlap 

between the R u 11 donor and bipyridinium acceptor and can be related to the 

ruthenium 4d orbitals being larger and more diffuse than the iron 3d orbitals. The 

iron pentacyanide complexes have significantly sm aller cb values than their 

ruthenium pentaammine counterparts (by ca. 70-80%, with the exception of the pair 

62/68). This observation indicates that in the iron pentacyanide compounds a
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significant amount o f electron density is located at the metal centre, whereas in the 

ruthenium pentaammine complexes the electron density is more delocalized over the 

bipyridinium ligand.

Table 16: MLCT and Stark spectroscopic data for complex salts 58-63 and

64-69*

p-'-'max /o s Ml2 A /ii2 A|Uab
2e

Cb ^ab
h

"̂ab Po

Salt [eV] [D]fo [Df [D]d [cm-1/ [A] [A] [1CT30 e su /

58 2 . 3 3 0 . 1 1 3 . 5 2 2 . 5 2 3 . 6 0 . 0 2 2 8 0 0 4 . 7 4 . 9 6 1

59 2 . 2 2 0 . 1 3 4 . 0 2 3 . 5 2 4 . 8 0 . 0 3 2 9 0 0 4 . 9 5 . 2 8 8

60 2 . 1 3 0 . 1 4 4 . 1 2 6 . 3 2 7 . 5 0 . 0 3 2 6 0 0 5 . 5 5 . 7 1 1 4

61 2 . 0 1 0 . 1 7 4 . 7 2 6 . 5 2 8 . 1 0 . 0 3 2 7 0 0 5 . 5 5 . 8 1 6 6

62 2 . 2 3 0 . 1 6 4 . 4 2 5 . 9 2 7 . 4 0 . 0 3 2 9 0 0 5 . 4 5 . 7 1 1 9

63 2 . 1 3 0 . 1 9 4 . 8 2 9 . 3 3 0 . 9 0 . 0 2 2 7 0 0 6 . 1 6 . 4 1 7 4

64 1 . 9 6 0 . 1 2 4 . 0 5 1 3 . 2 3 1 5 . 5 1 0 . 0 7 4 1 0 0 2 . 8 3 . 2 6 6

65 1 . 8 2 0 . 1 5 4 . 7 1 1 5 . 0 6 1 7 . 7 6 0 . 0 7 3 9 0 0 3 . 1 3 . 7 1 1 7

6 6 1 . 7 6 0 . 3 2 6 . 9 4 1 4 . 2 6 1 9 . 9 0 0 . 1 4 4 9 0 0 3 . 0 4 . 1 2 6 0

67 1 . 6 5 0 . 2 5 6 . 3 7 1 5 . 2 0 1 9 . 8 3 0 . 1 2 4 3 0 0 3 . 2 4 . 1 2 6 4

6 8 1 . 9 0 0 . 1 0 3 . 7 7 1 6 . 8 6 1 8 . 4 6 0 . 0 4 3 1 0 0 3 . 5 3 . 8 7 8

69 1 . 8 0 0 . 2 9 6 . 5 0 1 8 . 2 0 2 2 . 3 6 0 . 0 9 4 2 0 0 3 . 8 4 . 7 2 7 8

a Measured in glycerol-water (50:50 vol %) glasses at 77 K. b Calculated from eqn. 13. c Calculated 

fr o m y L A ^  using f nl =  1.33. Calculated from eqn. 12. e Calculated from eqn. 14. 1 Calculated from 

eqn. 15. 8 delocalised  electron transfer distance calculated using A q 12/e. k e ffective (localised) 

electron transfer distance calculated using A/iab/e. ' Calculated from eqn. 7.
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9
A/i12 is related to. A(uab through the degree of delocalization, cb" by equation 1 1 :

A K t - T T T  (11)l - 2 cb

A/i1 2  relates to a transition from a delocalized ground state and A/rab relates to a 

transition from a localized ground state (i.e. corrected for the effects of metal-to- 

ligand bonding). In every case, AjU[ 2  and A d e c r e a s e  quite considerably on 

moving from a {F e^C N ^}3- complex to its {Run(NH3)5}2+ analogue, so the
IIelectron-transfer distances r 1 2 and rab are also smaller for the Ru complexes. In the

Ru 11 complexes the charge is transferred onto the first pyridyl ring, whereas in the

Fe11 complexes the charge is transferred further towards the middle of the LA ligand.

The smaller values o f A i n  the Ru11 complexes can be attributed to stronger n-

back-bonding to LA . The amount o f charge transferred is given by (1 -  2cb2)e, so as 
2  ,

cb increases less charge is transferred and Â 1 2 also decreases. The difference 

between A/li12 and Afab is larger in the ruthenium complexes. A/uab allows for the 

‘correction’ o f the dipole moment for the manner o f bonding and the extent of 

delocalization between the metal and LA. If the only difference between the Fe11 and 

Ru11 complexes was the increased n back-bonding interaction o f the Ru centre, then 

both series o f complexes should exhibit similar values o f Afab. Therefore, another 

effect must contribute to the decreased A^i1 2 values seen in the Ru 11 complexes. This 

other effect is likely to be the repolarization of the ligand valence electrons in the 

excited state. When a molecule is excited to its M 111 state, the now positively charged 

metal centre causes displacement o f the ligand-based valence electrons. This 

repolarization causes the electronic distribution to be shifted towards the metal 

centre. This produces a dipole moment change in the opposite direction to that of the 

MLCT excitation, so a decreased value for A/un  is observed. In the iron complexes, 

the 7i-electrons in the GST ligands are more easily polarized than the electrons of the 

NH 3 ligands and therefore stabilize the increased charge at the metal centre.
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Therefore, the valence electrons o f LA are not as displaced and is larger than in 

the corresponding Ru11 complexes.

Except for 6 8 , the values derived from the Stark data are larger for the ruthenium 

pentaammine complexes than for their iron pentacyanide counterparts, primarily due 

to the decreased MLCT energies and the slightly increased /x12 values.

2.7 Conclusions

A novel series o f iron(II) pentacyanide complex salts has been synthesized and their 

m olecular quadratic NLO properties have been investigated using both Stark 

spectroscopy and HRS.

The solubility of the sodium salts of these iron(II) pentacyanide complexes is very 

lim ited and measurem ents can only be made in m ethanol and water. These 

complexes show very large solvatochromic shifts on moving from water to methanol.

II 3 -In water, the {Fe (CN)5) centre is a moderately effective electron donor group and 

the complexes studied exhibit relatively modest /30  values measured using HRS. In

II 3—methanol, the {Fe (CN)5) centre becomes a better electron donor due to weaker H- 

bond accepting interactions with the solvent, and therefore the (30 values determined 

using HRS are very large. Stark spectroscopic measurements in glycerol:water 

(50:50 % vol) show that in this medium the NLO responses are moderately large. 

Both Stark and HRS data show that as the x-acceptor strength o f L A increases, so too 

does p Q. Extending the conjugation within LA causes an increase in /30, although a 

convincing increase is only seen via Stark spectroscopy.
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Reversible switching of the NLO responses of the Fe11 pentacyanide complexes can 

be achieved by protonation of the lone pairs of electrons on the nitrogens of the CN~ 

ligands. The substantial decreases in derived from HRS and Stark data can be 

attributed primarily to large increases in Emax, with the original MLCT band and the 

/30 response being restored by the addition of base.

Comparisons between the linear and NLO behaviour o f the Fe 11 pentacyanide and 

related R u 11 pentaammine complexes have been made. In water, the {Run(NH3)5}2+

II 3—unit is more electron rich than the {Fe (CN)5) centre, corresponding with lower 

values of E max and ^ ^ [ M 111711] (M = Ru or Fe), and larger values o f (30 (measured 

using FIRS). In methanol, an opposite behaviour is observed, with the iron centre 

acting as the stronger electron donor. Stark spectroscopic measurements performed 

in water-glycerol glasses at 77 K allow for insights into the M LCT transitions.

II 2 +Under such conditions, the {Ru (NH3)5} complexes have the larger /30  values. This 

observation can be rationalized by these complexes having increased jc-orbital 

overlap when compared to their iron counterparts, and also more effective back- 

bonding to the pyridinium ligand because there are no competing back-bonding 

interactions with the spectator ligands.

2.8 Future W ork

Investigating the electronic and quadratic NLO behaviour o f complexes containing

JJ o  . . . .  ,
the {Ru (CN)5|  D group with 4,4'-bipyridinium ligands w ould provide further
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insights into the effects o f back-bonding between the metal and CN- groups. 

Although it might be predicted that the NLO responses o f such complexes will be 

smaller than those o f their iron counterparts, due to increased values o f E max,]5 

however, this is not a forgone conclusion since other factors also influence f$0. In

jj 2_
addition, further direct comparisons could be made with the {Fe (CN)5) complexes 

and insights gained concerning the effects of the radial extension o f the metal

IIorbitals. Comparisons could also be made with the Ru pentaammines, providing 

information on the effects o f back-bonding to the spectator ligands on the MLCT 

transitions . 15

II 3—The cyanide groups in the {Fe (CN)5|  com plexes are am enable to 

functionalisation . 4 ’4 9  For example, coordination of the free N atoms to other metal 

centres may strongly affect the central iron centre and therefore afford polymetallic 

and m ultifunctional (e.g. param agnetic) chromophores w ith substantial NLO 

responses.
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Chapter 3

Effects of Extending the 
TT-Conj ugation in Polyene 
Containing Ruthenium(II) 

Diarsine Complexes
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3.1 Introduction

The work presented in this chapter concentrates on comparing the linear and NLO

IIproperties of a novel series o f Ru diarsine complexes with those o f their previously 

studied ammine counterparts . 1 The primary aim of this study is to establish whether 

the unusual effects of extending the polyene bridging unit observed in the ammine 

system are also seen in this set o f analogous compounds.

The syntheses and optical properties o f Ru 11 complexes o f the chelating ligand 1,2- 

phenylenebis(dim ethylarsine) (pdma) have been previously studied within our 

group, but until now, no NLO studies on such complexes have been performed. 

This is because M LCT and electrochem ical data indicate that the tra n s -  

{RunCl(pdma)2}+ centre is a less effective electron donor group when compared with

II 2+a {Ru (NH3)5} centre, and therefore the NLO responses o f the pdma complexes are 

likely to be sm aller than those o f related ammine com plexes. The MLCT 

absorptions o f these pdma complexes are near 532 nm, the SH frequency o f a 1064 

Nd:YAG laser. Therefore measurements using this laser fundamental would be o f 

limited usefulness as they would be resonance enhanced, causing underestimation of 

/Jo- Stark spectroscopy has recently been found by our group to be a useful approach 

to determining the (30 values of dipolar transition metal complexes . 3 , 4  Although this 

approach is indirect, the resonance effects which may limit the utility o f HRS 

measurements can be discounted and meaningful data relating to the NLO responses 

of these complexes can be collected.
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Crystallographic data for the related Ru11 ammine complexes is very limited as

5 7growing single crystals suitable for X-ray diffraction studies has proved difficult. ’

2 8Previous work with pdma complex salts ’ has shown that these often crystallize 

readily. This means that crystallographic data can be obtained along with NLO and 

other electronic data, and there is also a greater likelihood o f obtaining materials 

which may exhibit bulk NLO behaviour.

3.2 Experimental

3,2.1 Materials and procedures

RuC13 *2H20  was supplied by Apollo and pdma obtained from Dr G. Reid, 

University o f  Southampton. The salts ^rnrzs’-[R uIICl(pdma)2 (NO)][PF 6 ]2 , 9  trans- 

[RunCl(pdma)2 (pyz)]PF 6 8  ( p y z  = p y r a z i n e )  7 0 ,  t r a n s - 

[RunCl(pdma)2 (Mepyz+)][PF6 ] 2 8 (M e p y z + = N -m eth y lp y raz in iu m ) 71 , t rans -  

[RunCl(pdma)2 (4,4'-bpy)]PF 6 1 0  ( 4 ,4 ; -b p y  = 4 ,4 '-b ip y r id y l)  7 2 , t r a n s -

[RuI1Cl(pdma)2 (MeQ+)][PF6 ] 2 2  73, fra/w -[R unCl(pdma)2 (bpe)]PF 6 1 0  (bpe = E - 1,2- 

bis(4-pyridyl)ethylene) 74 , the pro-ligand (E ,E ,E)-l,6-Bis(4-pyridyl)hexa-1,3,5- 

tr ie n e  (b p h ) 11 an d  th e  p r o - l ig a n d  s a l ts  iV-methyl-4-[(is)-2-(4-

4- 7pyridyl)ethynyl]pyridinium hexafluorophosphate ([Mebpe ]PF6) A-methyl-4- {E,E- 

4-(4-pyridyl)buta-l,3-dienyl}pyridinium hexfluorophosphate ([Mebpb+]PF6 ) 4  were 

prepared according to published procedures. All other reagents were obtained 

commercially and used as supplied. All reactions were conducted under an argon 

atmosphere. Products were dried at room temperature in a vacuum desiccator 

(C aS04) for ca. 24 h prior to characterization.
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3.2.2 Syntheses

trans- [RunC l(pdm a)2 (M ebpe+)] [PF 6 ] 2 7 5. A s o lu tio n  o f  trans-

[Ru“Cl(pdma)2 (NO)][PF 6 ] 2  (75 mg, 0 . 073 mmol) and NaN 3 (4.9 mg, 0.075 mmol) in 

acetone (5 cm ) was stirred at room temperature for 2 h. Butan-2-one (10 cm3) and 

[Mebpb+]PF6 (125 mg, 0.365 mmol) were added and the acetone removed in vacuo. 

The solution was heated under reflux for 2 h, cooled to room temperature, and 

diethyl ether added to afford a dark red/orange precipitate. The excess [Mebpe+]PF6 

was removed by two precipitations from acetone-diethyl ether. The product was 

further purified by precipitation from acetone-aqueous NH 4 PFg, then acetone-diethyl 

ether to afford a brick red solid. Recrystallisation from acetonitrile-diethyl ether 

afforded dark red needles: yield 43 mg 49%. 6 h(CD 3 COCD3) 8.91 (2 H, d, J  = 6.9 

Hz, C 5 H 4 N), 8.31 (4 H, m, 2C 6 H2), 8.22 (2 H, d, J  = 6.9 Hz, C5 H 4 N), 7.84 (4 H, m, 

2C 6 H2), 7.76-7.58 (4 H, m, CH=CH, C5H4N), 7.32 (2 H, d, J=  6.7 Hz), 4.48 (3 H, s, 

C5 H 4 N-M e) 1.91 (12 H, s, 4AsMe), 1.79 (12 H, s, 4AsMe). (Found: C, 33.71; H, 

3.63; N, 2.30. Calc, for C3 3 H 4 5 N 2 RuAs4 C1P2 F6: C, 33.14; H, 3.63; N, 2.34%).

trans- [RunC l(pdm a)2 (M ebpb+)] [PF 6 ] 2  76. This salt was prepared in an identical 

fashion to 6 , using [Mebpb+]PF6  (134 mg, 0.364 mmol) in place o f [Mebpe+]PF6. 

Recrystallisation from acetonitrile-diethyl ether afforded dark red needles: yield 53 

mg, 59%. 8 h(CD 3 COCD3) 8.52 ( 2  H, d, J=  6.7 Hz, C5 H 4 N), 8.29 (4 H, m, 2C 6 H2), 

7.98 (2 FI, d , J =  6.9 Hz, C5 H 4 N), 7.91 (4 H, m, 2C 6 H 2), 7.57 (1 H, m, CH), 7.43 (2 

H, d, J =  6.7 Hz, C5 H 4 N), 7.23 (1 H, m, CH), 6.99 (2 H, d, J =  6 . 6  Hz, C 5 H 4 N), 6 . 8 6  

(2 H, m, C H -CH ), 4.28 (3 H, s, C 5 H 4 N -Me), 1.91 (12 H, s, 4AsMe), 1.73 (12 H, s, 

4AsMe). (Found: C, 34.33; H, 3.56; N, 2.32. Calc, for C3 5 H 4 7 N 2 RuAs4 C1P2 F6: C, 

34.40; H, 3.88; N, 2.29%).



IIt t(ws~[Ru Cl(pdma)2(bpb)]PF6 77. This salt was prepared and purified in a 

similar fashion to 6  using trans-[RunCl(pdma)2 (NO)][PF 6 ] 2  (125 mg, 0.123 mmol) 

and NaN 3  (8.1 mg, 0.125 mmol) in acetone (10 cm ) and bph (286 mg, 1.22 mmol) 

in place of [Mebpe+]PF6. The product was obtained as a dark red solid: yield 47 mg, 

35%. 5h(CD 3 COCD3) 8.51 (2 H, d, J=  7.2 Hz, C5 H 4 N), 8.32 (4 H, m, 2C 6 H2), 7.84 

(4 H, m, 2C 6 H 2), 7.53 (2 H, d, / =  6.7 Hz, C 5 H 4 N), 7.42 (2 H, d, J =  7.3 Hz, C 5 H 4 N), 

7.31-7.13 (2 H, m, 2CH), 7.09 (2 H, d, J  = 6.7 Hz, C5 H 4 N), 6.75-6.66 (3 H, m, 

3CH), 6.52(1 H, d , J =  15.5 Hz, CH), 1.90 (12 H, s, 4AsMe), 1.78 (12 H, s, 4AsMe). 

(Found: C, 39.14; H, 4.06; N, 2.57. Calc for C3 6 H3 6 N 2 RuAsC1PF6: C, 39.67; H, 

4.44; N, 2.57%).

fra/u-[RiinCI(pdma)2(Mebph+)][PF6]2 78. A solution o f 77 (50 mg, 0.041 mmol)

in DMF (1.5 cm3) and methyl iodide (0.5 cm3) was stirred for 24 h. The excess 

methyl iodide was removed in vacuo and addition of aqueous NH 4 PF 6 to the dark red 

solution gave a brick red precipitate, which was collected by filtration, washed with 

water and dried. Purification was effected by precipitation from acetone-diethyl 

ether: yield 48 mg, 94%. 6 H(CD 3 COCD3) 8.84 (2 H, d, J =  6.9 Hz C5 H 4 N), 8.32 (4 

H, m, 2C 6 H 2), 8.14 (2 FI, d , J =  6.7 FIz, C5H 4 N), 7.88 (4 H, m, 2C 6 H2), 7.74-7.66 (1 

H, m, CH), 7.53 (2 H, d, J =  6.9 Hz, C5 H 4 N), 7.27-7.18 (1 H, m, CH), 7.12 (2 H, d, J  

= 6.9 Hz, C 5H 4 N), 6.96 (1 H, d, J =  15.5 Hz, CH), 6.89-6.74 (2 H, m, 2CH), 6 . 6 6  (1 

H, d, J  = 15.7 FIz, CH), 4.48 (3 H, s, C5 H 4 N-Me), 1.90 (12 H, s, 4AsMe), 1.78 (12 H, 

s, 4AsMe). (Found: C, 35.59; H, 3.50; N, 2.25. Calc, for C3 7 H 4 9 N 2 RuAs4 ClP2 F6: C, 

35.61; FI, 3.96; N, 2.24%).
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3.3 Results and Discussion

3.3.1 M olecular Design and Synthesis

d  Âs
Y /  / = \
— Rii N I'

/  \  YY

+ PFa

70

A s As

Y /  / = V
C l Ru N ,  N -

/  \  Y _ /\y‘

+ [pF«b

A s , ' As

Y/ r
Cl  Ru N

*  PF,

7\Y/T\ 
V V

n = 0 (72),1 (74), 3 (77)

f \
\ /  r

+ [PF6- ]2

V \V JT V ) j - \  
\ y  V

n =  0 ( 7 3 ) ,  I (75), 2 (76), 3 (78)

As

. AsMe?

AsMe->

Figure 19: Structures of the complex salts 70-78

The new complex salts 75 -78 , shown in Figure 19, were designed to probe the 

effects o f extending the 7i-conjugated polyene bridge on the electronic absorption 

and quadratic NLO properties. The salts 70-74 have been reported previously , 2 ’8 ’ 1 0  

but no Stark data obtained. All of the new compounds show diagnostic proton NMR 

spectra, and mass spectra and elemental analyses provide further confirmation of 

identity and purity.
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The compound bph is synthesized by a Wittig condensation between pyridine-4- 

carboxaldehyde and tetraethyl-(£,)-(2-butene-l ,4-diyl)diphosphonate (Figure 20)."

o

/ = \  H B ,o

H\ J \  *

O El

Figure 20: Reaction scheme for the formation o f the ligand bph

The known pro-ligand salt [Mebpb"]PF6  was synthesized by a Wittig reaction of 

pyridine-4-carboxaldehyde with (l,3-dioxolan-2-yl-m ethyl)tributyl phosphonium 

bromide , 4  followed by a base-catalyzed (Knoevenagel-type) condensation reaction 

with AMnethyl-4-picolinium iodide (Figure 21). See Chapter 5 for a full discussion 

of the Knoevenagel reaction mechanism.

Piperidine

Figure 21: Reaction scheme for the formation o f [Mebpb ]

The mechanism o f the Wittig reaction is given in Figure 22 :'“ aldehydes (and 

ketones) react with phosphorus ylides to produce alkenes and trialkyl/arylphosphine 

oxides. In the first step, the ylide acts as a carbanion and attacks the carbonyl carbon 

of the aldehyde to form a betaine. This unstable intermediate then becomes an
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unstable four-membered oxaphosphatane cyclic system, which spontaneously loses 

trialky 1/arylphosphine oxide to become an alkene.

R'

R— c , 

V o

R" R’ R" R' R"

C ------R"' ----------- ►- R------ C — ™ C — R"1 
|

R------C ” T“ C ------ R’"iRh
0 " L P(C nH„)nP (C nHn)n 0

1
? (C nH n)n

Y lide Betaine Oxaphosphatane

R"

R R 1"
Alkene X  =  alky or aryl

Figure 22: Mechanism of the Wittig reaction

The complex salts 70, 72, 74 and 77 were made via complexation o f the neutral 

ligands w ith  the sodium  az id e -trea ted  com plex  p recu rso r  t r a n s -  

[RunCl(pdma)2 (NO)]2+, as shown in Figure 23.9 Complex salts 73, 75 and 76 were 

prepared similarly but using the pro-ligand salts o f the appropriate //-methylated 

cations. The complex salts 71 and 78 were prepared via methylation o f 70 and 77, 

respectively, using methyl iodide in DMF.

r \

\A s ^  yks 

Cl Ru NO

NaN-,

Acetone

f \

\
---- R

p j f  A s

W

A s, As

V
Cl Ru N ,

/A\
Butan-2-one

A

As As\ /
Cl Ru La

/ 2

“O'
Figure 23: Reaction scheme for the formation o f complexes trans-

[RunCl(pdma)2 LA]2+
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11 2 +The complex /r<ms,-[Ru Cl(pdma)2 (NO)]~ is readily prepared by the reaction of 

[RullCl3 (NO)]*5 H 2 0  with two equivalents o f pdma . 9 The azide-assisted labilization 

o f electrophilic NO ligands is a useful method for generating substituted Ru11 

complexes. The reaction is thought to proceed via the dinitrogen intermediate 

fra«5 ,-[RuIICl(pdma)2 (N2)]+ (Figure 2 1) . 9 , 1 3  Feltham et al. proposed a mechanism for 

this reaction using '"N isotope labelling; they demonstrated that the reaction of trans- 

[RunCl(pdma)2 ( 1 5NO)]2+ with azide proceeds via the formation o f a 5-membered 

heterocycle comprising both the NO and N 3 components, which then decomposes to 

form the dinitrogen ligand with the loss o f N20  (Figure 22).

Figure 24: Feltham’s proposed mechanism for the formation of trans-

[RunCl(pdma)2 (N2)]+

3.3.2 Electronic absorption spectroscopic studies

The electronic absorption spectra o f the complex salts 75-78 were recorded in 

acetonitrile at 293 K and the results are presented in Table 17, with a representative 

spectrum shown in Figure 25. The complexes show intense, broad dn[Run] -» 

tt*[La] MLCT bands with maxima in the region 430-490 nm, which give rise to the 

dark red colour of these complexes. Intense absorptions due to intraligand n —> n* 

transition are also observed, which show red-shifting on extension o f the
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conjugation. The MLCT absorption data for the novel complexes 75-78 are shown 

in Table 18, alongside the corresponding data for the previously studied 

complexes . 2 , 8 , 1 0

Table 17: UV/Vis absorption data for complex salts 75-78 in acetonitrile

Salt A™ *

[nm] [M'1 cm 1]

£maxa
[eV]

Assignment

75 492 13 000 2.52 d7T —» 71*

316 28 500 3.92 n —* n*

76 486 15 700 2.53 dn —* n*

356 37 900 3.48 71 —* 71*

77 446 18 800 2.78 dn —* n*

362 37 300 3.43 n —* n*

78 472 15 000 2.58 dn —» 7i*

394 26 800 3.15 7i —* n*

a Solutions ca. 3-8  x 10’5 M

40000 -

_  30000 - 

EJJ
*L 20000 -
w

10000 -

570 620420 520220 320 370 470270

Wavelength [nm]

Figure 25: UV/Vis absorption spectrum of salt 77
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Table 18: MLCT absorption data for complexes 70—78 in acetonitrile

Salt 2  a Amax

[nm]

a£

[M_l cm-1]

Em ax" 

[eV]

70^ 422 6100 2.94

l \ b 558 1 2  0 0 0 2 . 2 2

12° 418 8400 2.97

13c 486 8300 2.55

434 14 300 2 . 8 6

75 492 13 000 2.52

76 486 15 700 2.53

77 446 18 800 2.78

78 A l l 15 000 2.58

Solutions ca. 3 -8  x 10“5 M . b R ef 8. c R ef 10.  ̂R ef 2.

As expected, when the uncoordinated pyridyl nitrogen in 70, 72, 74 and 77 is 

methylated (to give 71, 73, 75 and 78, respectively) large red-shifts o f the MLCT 

bands are observed, caused by the pyridinium group being a better 7T-electron 

acceptor than the pyridyl group. In complex 70, this red-shift is accompanied by a 

substantial increase in intensity, which can be attributed to better D -A  orbital 

overlap.
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Figure 26: Spectra showing the unusual blue-shifting o f the MLCT band in

complex salts 73, 75, 76 and 78.

As shown in Figure 26 within the methylated polyene series (73, 75, 76 and 78) there 

is an initial red-shift o f the MLCT band on moving from n = 0 to 1, but a blue-shift 

then occurs on moving from n = 1 to 2. The MLCT energy increases further as the 

chain is extended to 3 ethylene units. It would be expected that as the conjugation is 

extended there should be a steady red-shift in the MLCT absorption band, and such 

behaviour has been seen in many D -A  polyenes (including transition metal 

complexes ) . 1 4 ' 1 8  The only previous reports o f unusual b lue-shifting o f  the 

ICT/MLCT bands with increasing conjugation length in D -A  polyenes involve 

compounds containing tetrathiafulvalenyl (TTF) donor groups with various electron 

acceptors1 9 and also complexes previously studied within our group which are 

related to compounds 70-78 but contain Ru11 ammine D centres . 1 ,4
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3.3.3 Electrochemical studies

The new complex salts 75-78 were studied using cyclic voltammetry in acetonitrile 

and the results, along with those for compounds 70-74, are presented in Table 19. A 

representative cyclic voltammogram is shown in Figure 27. All of the complexes 

show reversible R u 111/11 oxidation waves, together with generally irreversible LA- 

based reductions, although 71, 73 and 74 do show reversible LA-based reduction 

processes.

Table 19: Electrochemical data for complex salts 70-78

Salt

E  [V vs. Ag-AgCl] (AEp [mV])fl

1------1

f§CN E m  [La +/°] o rEpcb

70c 1.22 (70) -1.48 b

71c 1.48 (75) -0.35 (65)

l l d 1.10(60) -1.46 b

13d 1.14(70) -0.74 (80)

74e 1.08 (60) -1.33 (60)

75 1.10(95) -0.79 b

76 1.09 (105) -0.80 b

77 1.05 (120) -1.31 b

78 1.07(110) -0 .80 b

° Solutions ca, 10-3 M in analyte and 0,1 M in N B un4PF6 at a platinum  bead/disc working electrode 

w ith a scan rate of 200 mVs-1. Ferrocene internal reference Em = 0.43 V. 6 For an irreversible 

reduction process.c R ef 8. d R ef 10. e R ef 2.
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Figure 27: Cyclic voltamogramm for salt 76

The red-shifting o f the MLCT absorption bands upon methylation o f 70, 72, 74 and 

77 to form 71, 73, 75 and 78 can be largely attributed to stabilization o f the LA-based 

LUMOs. However these electrochemical results show some stabilization o f the Ru- 

based HOMOs, especially on moving from 70 to 71. This effect can be attributed to 

greater D -A  electronic coupling and the extent o f orbital overlap is expected to be by 

far the largest in the pyrazine complex in 71.

W ithin the polyene series, there is only a small change in RuIII/n E 1 / 2  upon 

methylation and the change in this potential decreases as n increases. The sequential 

addition o f trans-ethylene units within the series 73, 75, 76 and 78 causes the Ru 1 1 1 11 

£ 1 / 2  to shift slightly to a more negative potential. This can be attributed to the slight 

electron-donating properties o f a CH=CH group, a similar trend was seen in the 

complexes discussed in Chapter 2. The largest cathodic shift in the RuIII/u E 1 / 2 values 

is seen between 73 and 75, corresponding to the addition o f one trans-CH=CH unit, 

and smaller changes occur as the conjugation is extended further because the effect 

o f each extension becomes less significant.
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3.3.4 X-ray crystallographic studies

Single crystal X-ray structures for salts 7 0 , 2.5MeCN, 74#2MeCN and 75 were 

obtained and representations o f their molecular structures are shown in Figures 

28-30. Selected crystallographic and refinement details are shown in Table 20 and 

selected bond angles and lengths in Table 21.

The dihedral angles between, the pyridyl rings in salts 74 and 75 are 5.21(23)° and 

12.32(62)°, respectively, apparently consistent with significant D -A  Ji-electronic 

coupling. It is however worth noting that such dihedral angles in complexes o f this 

type do not give meaningful indications o f electronic properties, but are more 

strongly influenced by solid-state effects.

Salt 71 crystallizes in a noncentrosymmetric space group and so may exhibit bulk 

NLO behaviour, although as it possess a relatively small (50  value (see section 3.3.5) 

its value as a NLO material may be limited. U nfortunately, salts 74 and 75 

crystallize centrosym m etrically and so are not expected to exhibit bulk NLO 

behaviour, although the crystal packing structures could potentially be altered by 

changing the counter anion.
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Figure 28: Structural representation of the complex salt 70*2.5MeCN (50%

probability ellipsoids)
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Figure 29: Structural representation of the complex salt 74#2MeCN (50%

probability ellipsoids)
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Table 20: - Crystallographic data and refinement details for complex salts

70*2.5MeCN, 74*2MeCN and 75

Salt

70*2.5MeCN 74*2MeCN 75

Crystal system Orthorhomb ic Monoclinic Monoclinic

Space group Fdd2 P2\/n P 2x/c

Unit cell dimensions [A,°]

a 21.9898(5) 12.214(5) 20.4769(2)

b 43.4293(11) 13.109(5) 9.44240(10)

c 16.3636(4) 26.675(5) 24.6388(3)

a 90 90 90

13 90 90.7850(13) 112.9200(10)

r 90 90 90

Volume [A] 15627.3(7) 4271(3) 4387.82(8)

Z 16 4 4

Absorption coefficient 3.928 3.600 3.563

[mm”1]

Reflections collected 35833 37632 14172

Independent reflections 6876 7489 7731

(R-mt= 0.0936) (* int= 0.0656) (*int = 0 .0 2 2 1 )

Final R indices [F2 > 2 a (F z)]

R1 0.0443 0.0392 0.0558

wR2 0.1086 0.0895 0.1564

R indices (all data)

R1 0.0509 0.0699 0.0617

wR2 0.1131 0.1007 0.1628
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Table 2 1 : ^Selected interatomic distances (A) and angles (°) for complex salts

70*2.5MeCN, 74*2MeCN and 75

Salt

70*2.5MeCN 74*2MeCN 75

R u l-N l 2.118(10) 2.114(4) 2.110(4)

R u l-A s l 2.4270(15) 2.4133(7) 2.4127(11)

R ul-A s2 2.4290(15) 2.4228(7) 2.4210(12)

R u l—As3 2.4320(15) 2.4122(7) 2.4226(12)

Ru-As4 2.4259(15) 2.4179(7) 2.4179(12)

R u l—Cl 1 2.436(3) 2.4292(14) 2.441(3)

N l-R u l-A s l 94.0(3) 92.52(13) 92.27(16)

N l—R u l—As2 93.0(3) 93.82(12) 91.84(16)

N l-R u l-A s3 93.9(3) 90.96(13) 94.67(16)

N l-R u l-A s4 94.4(3) 92.70(12) 94.39(16)

A sl-R u l-A s2 172.98(6) 84.90(2) 85.51(4)

As 1-R u l-A s  3 84.71(5) 176.46(3) 172.98(5)

A sl-R u l-A s4 94.65(5) 95.26(2) 93.16(4)

A s2 -R u l—As3 94.60(5) 94.17(2) 95.33(4)

A s2-R ul-A s4 85.03(5) 173.46(3) 173.67(5)

A s4-R ul-A s3 171.77(6) 85.27(2) 85.25(4)

N l—R u l-C ll 178.6(3) 178.47(13) 179.11(18)

As 1-R u l-C l 1 87.30(8) 88.01(4) 87.85(7)

A s2 -R u l-C ll 85.69(8) 87.66(4) 87.29(8)

As3—R u l—Cll 86.95(8) 88.54(4) 85.23(7)

As4—R u l—Cll 84.83(8) 85.81(4) 86.48(8)
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3.3.5 Stark spectroscopic studies

Stark spectroscopy has been carried out on com plex salts 7 0 - 7 6  and 7 8  in 

butyronitrile  glasses at 77 K and the results are presented in Table 22. 

Representative electronic absorption and Stark spectra for salts 73, 75, 76 and 78 are 

shown in Figure 31. Satisfactory data fits could only be obtained for the MLCT 

bands and not the higher energy ILCT bands. The E max values generally decrease on 

moving from acetonitrile solution to a butyronitrile glass, as has previously been

II 2 2 0
seen in related Ru ammine compounds, ’ but the opposite behaviour is seen for 

compound 71, where Emax increases slightly.

Table 22: MLCT absorption and Stark spectroscopic data for complex salts

7 0 -7 6  and 78 in butyronitrile at 77 K

Salt 1̂max
[nm]

F- ' - 'm a x

[eV]
/os

a
Ah 2 

[D]

kpi\2

[D]

Apab

[D]

2 cl
Cb H*>e Pof

[ 1CT30 esu]

70 424 2.92 0.10 3.0 8.2 10.2 0.10 7000 10

71 545 2.28 0.31 6.0 6.1 13.5 0.27 8200 50

72 422 2.94 0.21 4.3 11.1* 14.0 0.11 7300 28

73 491 2.53 0.41 6.6 14.3 19.4 0.13 6900 113

74 506 2.45 0.26 5.5 18.6 21.5 0.07 4900 100

75 515 2.41 0.33 6.0 16.9 20.7 0.09 5600 123

76 506 2.45 0.94 10.0 20.6 28.7 0.14 6900 401

78 501 2.48 1.04 10.5 22.2 30.6 0.14 6900 468

0 Calculated from eqn. 13. b Calculated from_/JnlA/.t12 using f iM = 1.33. c Calculated from eqn. 12. d 

Calculated from eqn. 15. c Calculated from eqn. 14. j Calculated from eqn. 7. 8 Inferior data fit.
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Figure 31: Electroabsorption spectra and calculated fits for 73 (n = 0), 75 (n=  1),

76 (n = 2) and 78 {n = 3) in external fields o f 3.42, 3.43, 2.93 and 2.17 x 107 V m-1, 

respectively. Top panel: absorption spectrum; middle panel: electroabsorption 

spectrum, experimental (blue) and fits (green) according to the Liptay equation; 

bottom panel: contribution o f 0 th (blue), 1 st (green) and 2 nd (red) derivatives o f the 

absorption spectrum to the calculated fits.

On moving from LA = Mepyz+ (71) to MeQ+ (73), there is a large increase in £ max. 

However, fin  and especially AjUi2  both increase upon moving from 71 to 73, and 

these effects correlate with an increase in fa  upon extension o f the conjugation.

Within the A-methylpyridinium polyene series 73, 75, 76 and 78, as n increases from 

0 to 1 there is a slight decrease in ^ 1 2 . As n increases further, so does |U 1 2 , with a 

large increase between n = 1 and 2. The A ^i2  values increase steadily with n, as is 

normal for D -A  polyenes, correlating with the increase in the conjugation 

pathlength. The values for A^ab are consistently larger than for their adiabatic 

counterparts, but the same trends are observed. As the conjugation length increases
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from n = 0  to 1 , there is a small increase in /30, but this is within the large 

experimental error (±20%). As the conjugation extends further to n = 2, there is a 

large increase in p 0t but as the conjugation is extended further up to n = 3 there is no 

significant additional increase in /30. This trend in (30 is unexpected: it is predicted by 

the TSM that as the conjugation length increases so should /30, and this type of

1 9  0  1 0 0
behaviour has been observed in many metal containing D -A  polyenes. ’ " The 

behaviour exhibited by these complexes is similar to that seen in related R u 11 ammine 

complexes within our group , 1 , 4  and a full comparison between these two systems can 

be found in section 3.4.

Upon methylation o f 70, 72 and 74, Emax decreases predictably, as discussed earlier 

for the room temperature data. Methylation also causes /.i1 2  to increase, with the 

largest increase between the pair 70/71  (A = 3 D). Small decreases in A/r1 2 are 

observed in pairs 70/71 and 74/75 , but the inferior data fit for salt 72 means that the 

values for the pair 72/73  cannot be accurately compared. The values of A/4 b for the 

pair 70/71  show an increase, but for pair 7 4 /7 5  there is a small decrease. As 

expected due to the increased acceptor strength, methylation leads to increases in (30 

in every case.

Complex 71 has the largest values for both cb and f / ab, consistent with it having the 

strongest D -A  electronic communication o f the complexes studied. The maximum 

possible value that can be obtained for cb is 0.5, which corresponds to complete 

delocalization of the orbitals involved in the electronic transition.
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3.4 Comparisons with ruthenium(II) ammine complexes

From the MLCT and electrochemical data obtained for //'’£n.5’-{Ru1ICl(pdnia)2} + 

complexes, it has been assumed that these complexes will have considerably smaller 

I% responses than their ammine analogues. This assumption is based upon the 

MLCT absorptions o f the pdma species having higher energies and smaller 

extinction coefficients than those of their ammine counterparts. The RuII1/n E 1 /2  

values are also higher, showing that the trans- {RunCl(pdma)2}+ centre is less 

electron rich than the {Run(NH3 )5 }2+ centre, causing it to be a poorer electron donor. 

Previous com parative studies have shown that this difference can be largely 

attributed to the stabilization of the Ru-based HOMOs in the pdma species, and the 

molar extinction coefficients of these complexes are about 50-60%  lower than their 

ammine counterparts at room  tem perature. The M LCT absorption and 

electrochemical data recorded in acetonitrile at room temperature for salts 73, 75, 76 

and 78 are shown in Table 23, alongside those o f their ammine counterparts (73A, 

75A, 76A and 78A).1,6,7

The MLCT absorptions of the pdma complexes are blue-shifted by 0.4-0.45 eV 

when compared with those of their ammine counterparts. The molar extinction 

coefficients of the pdma complexes are also smaller than those of the ammines, with 

the largest difference between salts 73 and 73A of 47%. As expected, the 

electrochemical data show that the ^ran5 -{RunCl(pdma)2} ' centre is harder to oxidise

II 2 +than the {Ru (NH3)5} centre; the E m  values for the pdma complexes are higher in 

every instance by about 600 mV. It would therefore be expected that the pdma 

complexes will exhibit smaller NLO responses than their ammine counterparts
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Table 23: MLCT absorption and electrochemical data for complex salts 73, 75,

76 and 78 and their {Ruh(NH3 )5 }2+ analogues

Salt -̂max

[nm]

F

[eV]

£

[MT1 cm”1]

E  [V vs. Ag-AgC l]

tp r-n M/Hi£l/2 [Ru ]

73 486 2.55 8300 1.14

73Afl 590 2 . 1 0 15 800 0.51

75 492 ' 2.52 13 000 1 . 1 0

15A b 595 2.08 16 1 0 0 0.46

76 486 2.55 15 700 1.09

76AC 584 2 . 1 2 18 700 0.45

78 472 2.58 15 000 1.07

78AC 568 2.18 17 500 0.45

° Ref. 6. b Ref. 7. c Ref. 1.

The Stark spectroscopic data collected in this study allow  us to make direct 

comparisons between the two systems to test this premise. Selected data for the 

complex salts 73, 75, 76 and 78 and for their (Run(NH3)5}2+ analogues1 , 4  (73A, 75A, 

76A and 78A) are presented in Table 24. Representative UV-Visible absorption 

spectra of the n = 2 complex salt (76) and of its ammine analogue (76A) are shown 

in Figure 32.
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Table 24: MLCT absorption and Stark spectroscopic data for salts 73, 75, 76

and 78 and their {Run(NH 3 )5 }2+ analogues in butyronitrile at 77 K

Salt ^max

[nm]

Em&x
[eV]

£ 0 2

[D]

A £ 0 2  

[D]

A)
[KT30 esu]

73 491 2.53 6 . 6 14.3 113

73A 645 1.92 5.2 13.8 1 2 0

75 515 2.41 6 . 0 16.9 123

75A 681 1.82 5.5 16.2 175

76 506 2.45 1 0 . 0 2 0 . 6 401

76A 675 1.84 7.9 22.4 482

78 501 2.48 10.5 2 2 . 2 468

78A 669 1.85 7.2 27.1 475

 Salt 76
 Salt 76A

50000
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30000
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Figure 32: UV/Vis absorption spectra for salts 76 and 76A

When measured in butyronitrile at 77 K, the MLCT bands o f the pdma complexes 

are blue-shifted by about 0.6 eV when compared to their am mine analogues.
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Although the pdma complexes have lower molar extinction coefficients at room 

temperature, their values are actually higher in every case, since the band 

intensities increase substantially upon freezing. The A/,t1 2 values show no consistent 

variation between the two types o f complexes, but are generally o f a similar 

magnitude (with the exception of 78 and 78A). The values o f /30  derived using the

II 2 +TSM are only slightly larger for the (Ru (NH3)5) based chromophores, although 

the differences are within the experimental error. However, the consistency o f this 

trend is reasonably convincing evidence that the Ru11 ammine chromophores have the 

larger NLO responses, although this difference is smaller than would have been 

predicted.

3.5 Conclusion

The work presented in this chapter investigates the effects o f extending the 

conjugation within a series o f complexes o f pyridinium-substituted ligands with 

£rans-{RunCl(pdma)2}+ as the D group. The results obtained allow for direct

II 2+comparisons to be drawn with analogous (Ru (NH3)5} complexes.

The linear and NLO properties o f these pdma complexes show trends that mirror 

those found previously in the ammine series. Unusual blue-shifting of the MLCT 

bands is observed in both types of complex, in contrast to the red-shifting that would 

be expected in ‘norm al’ D -A  polyenes. The data obtained via Stark spectroscopy 

show a large increase in /30  on moving from n = 1 to 2 , and then a small (although 

perhaps not significant) increase on extending the chain further to n = 3. The clear 

evidence for a decrease in /J0  on chain extension that is observed in the ammine
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series is not observed w ithin these new complexes, but there is certainly no 

significant increase in jS0  on moving from n = 2 to 3.

The MLCT absorption and electrochemical data obtained at room temperature show

II 2"Fthat a {Ru (NH3)5} centre is considerably more electron rich than a trans- 

{RunCl(pdma)2 }+ unit. However, when the Stark spectroscopic data is analyzed 

according to the TSM it can be seen that the /3q responses of the pdma complexes are 

only slightly smaller than those o f their ammine analogues, at least when measured 

in frozen butyronitrile at 77 K. This unexpected behaviour can be attributed, at least 

in part, to an increase in the band intensities upon freezing, and it may be expected 

that at room temperature the NLO responses o f the ammine complexes will be 

substantially larger than those of their pdma counterparts.

Finally, these pdma complexes show relatively large quadratic NLO responses that 

are accompanied by an increase in the visible transparency, thermal stability and also 

crystallizing ability when compared with their ammine analogues.

3.6 Future work

Further studies involving long wavelength HRS and/or theoretical calculations will 

be required in order to establish whether the behaviour o f these dipolar ruthenium 

pdma complexes is actually fundamentally different from that o f the ammine species. 

Such studies may also afford a deeper understanding o f the effects of temperature 

changes on the optical properties.
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The presence o f a trans chloride ligand allows for the potential o f axial ligand 

substitutions, which may allow manipulation of the electron density at the metal

• II 2'bcentre, potentially making the trans- {Ru (pdma)2} centre a better D group. 

Previous work done by Coe et al. has shown that the trans chloride can be substituted 

by a A^methylimidazole ligand via stepwise reactions o f the precursor trans-

II 8[Ru Cl(pdma)2 (NO)][PF6]2. Other common anionic ligands which are stronger 

electron donors than chloride include azide, hydroxide and thiolates.

The ability to grow crystals and obtain structural data was one o f the driving forces 

for the use of the trans-{RunCl(pdma)2}+ centre. Such structural investigations 

reveal the crystal packing of the molecules and indicate whether or not the material 

may exhibit bulk NLO behaviour. Unfortunately, only crystals of salt 70 possess a 

noncentrosymmetric space group and this is accompanied by the smallest /30 o f the 

complexes studied. The crystal packing of 74 and 75 may be altered by anion 

exchange; a bu lk ier anion, such as te traphenylborate , m ay encourage 

noncentrosym m etric packing and may even allow crystallization o f the other 

complexes synthesized. It is worth noting that previous studies have shown that the 

salt ^ra7is'-[RuIICl(pdma)2 (4 -AcPhQ+)][PF6 ]2 *Me2CO adopts the noncentrosymmetric 

space group Pna2h proving that favourable structures o f  such com plex 

chromophores can be obtained.
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Chapter 4

Nonlinear Optical 
Properties of Ru(II) 

Complexes Containing 
Ethynyl Linkages
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4.1 Introduction

It is well established that for a dipolar chromophore to exhibit a large quadratic NLO 

response, it must possess an electron donor group linked to an electron acceptor 

group through a 7 1-conjugated bridge.1 A common strategy for increasing /30, in both 

organic and metal-containing chromophores, is by extending the ^-conjugation 

within the bridge, and it has been found that increasing the number o f ethylene units 

is an effective way to increase the NLO responses o f polyene systems.2 Previous 

studies within our group have involved the incorporation of trcins-ethylene units into 

pyridyl ligands, and the effects o f increasing the conjugation length have been 

investigated in both Ru11 ammine3,4 and diarsine complexes (see Chapter 3). To our 

knowledge, no NLO studies have been carried out on transition metal pyridyl 

com plexes w ith  e thyny l-connected  pyrid in ium  rings, a lthough  b is(4- 

pyridyl)acetylene and related molecules have been used as bridging ligands due to

5 9their linear structures. ' In purely organic compounds, it has been observed that the 

replacement of an ethenyl with an ethynyl linkage causes a decrease in the observed 

NLO response, with stilbene derivatives having /J0 values about 40-50%  larger than 

those of their diphenylacetylene counterparts, and both experimental and theoretical 

studies have been earned out in order to rationalize this behaviour.10’15 However, 

related extended polyyne systems have not been extensively studied.

The work presented in this chapter involves the synthesis o f Ru11 ammine and 

diarsine complexes with ethynyl-containing polypyridyl ligands. The linear and 

NLO properties of these complexes have been studied, with the primary aims of

159



investigating the effects of increasing the conjugation pathlength and comparing 

these systems with previously studied ethenyl-containing chromophores.

4.2 Experimental

4.2.1 Materials and procedures

The ligand pdma was obtained from Dr G. Reid, University o f Southampton. The 

com pounds [Rum(NH3 ) 5 (H 2 0 )][PF,5 ] 2 , 1 6  m 2ra-[RuV l(N H 3 )4 (S 0 2 )]Cl , ' 6  t r a n s -

[Rum(S0 4 )(NH 3 )4 (py)]Cl, 1 6 <ra;ii-[RuV:i(pdma)2 (NO)][PF6 ] 2 , 1 7  and l,4 -b is(4 -

18pyridyl)buta-l,3-diyne (bpbd) were prepared according to published procedures. 

The ligand bis(4-pyridyl)acetylene (bpa) was prepared via a modification of a 

literature procedure (see below ) , 1 9 with chromatographic purification resulting in 

improved yields. All other reagents were obtained com m ercially and used as 

supplied. All reactions were performed under an argon atmosphere. Products were 

dried at room temperature in a vacuum desiccator (CaSCT*) for ca. 24 hours prior to 

characterization.

4.2.2 Syntheses

Bis(4-pyridyl)acetylene. Br2  (3.5 cm3, 10.8 g, 6 8  mmol) was added dropwise to a 

stirred solution o f fs-l,2-bis(4-pyridyl)ethylene (3.52 g, 19.3 mmol) in HBr (48%, 

46.5 cm ) at 0°C. The mixture was stirred at 120 °C for 2 h, then cooled to room 

temperature. Chilling in ice caused the precipitation of an orange solid, which was 

recovered by filtration and washed with water, then stirred, as a suspension, in NaOH



(2 M, 120 cm3) for 30 min. The resulting white solid, l,2-dibrom o-l,2-bis(4- 

pyridyl)ethane, was recovered by filtration, washed with a large amount of water and 

dried. Yield 4.0 g (61%) <5H (CDC13) 8.69 (4 H, d, J =  5.9 Hz, C 5 H 4 N), 7.39 (4 H, d, 

J  = 5.9 Hz, C 5 H 4 N), 5.27 (2 H, s, CH). Finely cut sodium (1.2 g, 52 mmol) was 

stirred in f-BuOH (120 cm ) at 80 °C under argon until dissolution was complete 

(overnight). l,2-Dibromo-l,2-bis(4-pyridyl)ethane (4.0 g, 11.7 mmol) was added in 

portions and the mixture was stirred at 80 °C for 4 h. The mixture was cooled to 40 

°C and ethanol was added (20 cm 3), followed by water (20 cm 3 CAUTION!). The 

brown solution was extracted with CHC13 until the extracts become colourless (ca. 6  

x 50 cm 3), the extracts dried (CaCl2), and evaporated to dryness. The solid was 

dissolved in a minimum volume of CHC13, loaded onto a silica gel column and 

eluted with diethyl ether-THF (85:15). The major band was collected and 

evaporated to afford a white solid. Yield 2.0 g (95%). <5H (CDC13) 8.60 (4 H, d, J  = 

6.0 Hz, C 5 H 4 N), 7.35 (4 H, d , J  = 6.0 Hz, C5H 4 N) (Found: C 79.92; H, 4.42; N, 

15.31. Calc, for C1 2 H 8N 2: C, 79.98; H, 4.47; N, 15.54%). Note, bpa causes severe 

and painful blistering o f  the skin several days after contact, therefore gloves must be 

worn at all times when handling.

7V-Methyl-4-[2-(4-pyridyl)ethynyl]pyridmium iodide, [Mebpa+]I. To a stirred 

solution o f bpa (500 mg, 2.77 mmol) in diethyl ether (200 cm ) was added methyl 

iodide (60 cm ) and the solution was stirred for 24 h in the dark. The orange 

precipitate was collected by filtration and washed with diethyl ether. Yield 345 mg 

(39%). <5h (500 MHz, D2 0 )  8.79 (2 H, d , ./ -  6.7 Hz, C5 H 4 N), 8.60 (2 H, d, J =  6.2 

Hz, C 5 FI4 N), 8.10 (2 H, d, J=  6 . 8  Hz, C 5 FI4 N), 7.64 (2 H, d, J=  6.2 Hz, C 5 H 4 N), 4.37
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(3 Ii, s, Me). v(CsC) 2230 m and 2186 m cm ' 1 (Found: C, 48.30; FI, 3.36; N, 8.58. 

Calc, for C 1 3 H n N 2 I: C, 48.47; H, 3.44; FI, 3.44 N, 8.70%)

jty-Methyl-4-[4-(4-pyridyl)buta-l,3-diynyl]pyridiniiim iodide, [Mebpbd+]I. This 

compound was prepared in a manner identical to [Mebpa+]I, using bpbd (500 mg, 

2.45 mmol) in place of bpa. An orange solid was obtained. Yield 285 mg (34%). <5H 

(500 MHz, D 2 0 )  8.63 (2 H, d, J=  6.9 Hz, C5 FI4 N), 8.40 (2 H, d, J =  6.3 FIz, C 5 FI4 N), 

7.92 (2 H, d, J =  6.9 Hz, C5 H 4 N), 7.43 (2 FI, d ,J  = 6.3 Hz, C 5 H 4 N), 4.17 (3 H, s, 

Me). v(C=C) 2220 m and 2140 m cm " 1 (Found: C, 52.31; H, 2.81; N, 8.11. Calc, for 

C 1 5 H nN 2 I: C, 52.05; H, 3.20; N, 8.09%).

draws'-[Rum(S 0 4)(NH3)4(Mebpa+)]Cl2. A mixture of fraH,s-[RunCl(NH 3 )4 (S0 2 )]Cl 

(100 mg, 0.329 mmol) and [Mebpa+]I (159 mg, 0.494 mmol) was dissolved in Ar- 

degassed water (10 cm ) and heated with stirring at ca. 45 °C under Ar for 30 mins. 

Acetone was added to the brown solution and a dark brown precipitate was collected 

by filtra tion , w ashed  w ith  acetone and dried to affo rd  crude t r a n s -  

[Run(NFI3 )4 (S 0 2 )(Mebpa+)]X 3 (X = Cl and/or I). This material was dissolved in 

water (5 cm ) and oxidised by the addition o f a 1/1 mixture o f 30% aqueous H2 0 2/2 

M HC1 (2 c m ). After 10 min at room temperature, acetone was added and the 

golden precipitate collected by filtration, washed with acetone and dried. Crude 

yield 104 mg (59 %). This material was used in a subsequent reaction without 

further purification.
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rm «s-[Ru,n(S 0 4 )(N H 3 )4 (M ebpbd+)]Cl2. This compound was prepared in a manner 

identical to *raw,s-[Runi(S 0 4 )(NH3 )4 (Mebpa+)]Cl2  using [Mebpbd+]I (171 mg, 0.494 

mmol) in place of [Mebpa+]I to afford a golden solid. Crude yield 100 mg (55%).

lRull(NH 3 )5 (Mebpa+)]IPF 6 ] 3  80. A solution o f [Rull(NH 3 ) 5 (H 2 0)][PF 6 ] 2  (100 mg, 

0.202 mmol) and [M ebpa+]I (65 mg, 0.202 mmol) in Ar-degassed acetone (20 cm )

was stirred at room temperature under Ar in the dark for 6  h. The addition of diethyl 

ether afforded a dark precipitate, which was collected by filtration, washed with 

diethyl ether and dried. Purification was effected by precipitations from 

acetone/aqueous N H 4 PF6  and then from acetone/diethyl ether (three times) to afford 

a dark blue-purple solid: yield 50 mg (30%). <5H(200 MHz, CD3 COCD3) 9.09 (2 H, 

d, J =  6.5 Hz, C 5 H 4 N), 9.01 (2 TI, d, J =  6.9 Hz, C 5 H 4 N), 8.31 (2 H, d , J =  6.7 Hz, 

C5 H 4 N), 7.37 (2 H, d, J  = 6.1 Hz, C5 H 4 N), 4.58 (3 H, s, Me), 3.51 (3 PI, s, trans- 

NH3), 2.63 (12 H, s, 4 x cw-NH3). v(C=C) 2229m and 2195m cm - 1  (Found: C, 

19.69; H, 3.26; N, 11.45. Calc, for C 1 3 H 2 6 F 1 8N 7 P 3 Ru: C, 19.13; H, 3.21; N, 12.01%).

[RuII(NH 3 ) 5 (Mebpbd+)][PF 6 ] 3  81. This com pound was prepared in a manner 

identical to 80, using [Mebpbd+]I (70 mg, 0.202 mmol) in place of [Mebpa+]I. A 

dark blue-purple solid was obtained: yield 45 mg (27%). <5H(200 MHz, CD3 COCD3) 

9.13 ( 2  H, d, J =  6.5 Hz, C5 H 4 N), 8.96 ( 2  H, d ,J =  5.8 Hz, C5PI4N), 8.36 (2 H, d, J  =

6.7 PIz, C5H4N), 7.40 (2 H, d , J =  6.7 PIz, C5H 4N), 4.68 (3 H, s, Me), 3.53 (3 H, s, 

fra«s-NH3), 2.63 (12 H, s, 4 x cA-NPI3). v(CsC) 2214m and 2157m cm-1 (Found: 

C, 19.41; H, 2.71; N, 10.35. Calc, for C15H 26F l8N 7P3Ru: C, 21.44; PI, 3.12; N, 

11.67%).
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bwzS“[RuIl(NH 3 ) 4 (py)(M ebpa+)]IPF 6 ] 3  83 . A s o lu t io n  o f  trans- 

[Ruln(S0 4 )(NH 3 )4 (py)]Cl (100 mg, 0.263 mmol) in Ar-degassed water ( 6  cm3) was 

reduced over zinc amalgam (3 lumps) with Ar agitation for 20 min. The resulting 

yellow/brown solution was filtered under Ar into a flask containing [Mebpa+]I (127 

mg, 0.394 mmol) in Ar-degassed water (4 cm ) and the solution was stirred at room 

temperature in the dark under Ar for 6  h. The addition o f solid NH 4 PF6  to the deep 

blue-purple solution gave a dark precipitate, which was allowed to settle overnight in 

a refrigerator. The solid was collected by filtration, washed with water and dried. 

Purification was effected by precipitation from acetone/diethyl ether, acetone/LiCl, 

acetone/aqueous N H 4 PF6  and finally acetone/diethyl ether (three times) to afford a 

dark purple solid: yield 50 mg (22%). <5H(200 MHz, CD3 COCD3) 9.13 (2 H, d, J  -

6.7 Hz, C5 H4 N), 9.04 (2 H, d, J  = 7.0 Hz, C3 H4 N), 8.90 (2 H, d, J  = 5.3 Hz, H2'6), 

8.37 (2 H, d, J  = 6.9 Hz, C5H 4 N), 8.00 (1 H, t, J  = 7.47 Hz, H4), 7.68-7.55 (4 H, m, 

C5 H4 N + H3'5), 4.62 (3 H, s, Me), 2.80 (12 H, s, 4 x NH3). v(C=C) 2233m and 

2198m cm” 1 (Found: C, 26.67; H, 2.63; N, 9.54. Calc, for Ci8 H 2 gF 1 8 N 7 P3 Ru: C, 

24.61; H, 3.21; N, 11.16%).

trans- [Run(NH3)4(py)(Mebpbd )] [PF 6 ] 3 84. This com pound was prepared and 

purified in a manner identical to 83, using [Mebpbd+]I (137 mg, 0.396 mmol) in 

place o f [Mebpa+]I. A dark purple solid was obtained: yield 51 mg (21%). <5H(200 

MHz, CD 3 COCD3) 9.14 (2 H, d, J  = 6 . 6  Hz, C 5 H 4 N), 8.98 (2 H, d, J  = 6.7 Hz, 

C 5 H 4 N ) ,  8.87 (2 H, d, J =  5.1 Hz, H2'6), 8.38 (2 H, d, J =  6.9 Hz, C 5H 4N ) ,  7.97 (1 H, 

t, J= 7.6 Hz, H4), 7.63-7.54 (4 H, m, C 5H 4N  + H3'5), 4.63 (3 H, s, Me), 2.79 (12 H, s, 

4 x N H 3) . v(C=C) 2213m and 2151m cm”1 (Found: C, 29.36; H, 2.66; N, 9.20. 

Calc, for C 2o H 2 s F ,8 N 7P 3R u :  C, 26.62; FI, 3.13; N, 10.86%).
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trans- [R»1 1(NH 3 )4 (m im )(M ebpa+)J [PF 6 ] 3  8 6 . A so lu tio n  o f  t r a n s -  

[Ruin(S0 4 )(NH 3 )4 (Mebpa+)]Cl2  ( 1 0 0  mg, 0.188 mmol) in Ar-degassed water ( 6  cm3) 

was reduced over zinc amalgam (3 lumps) with Ar agitation for 20 min. The 

resulting purple solution was filtered under Ar into a flask containing N -

3 3methylimidazole (0.2 cm , 2.51 mmol) in Ar-degassed water (4 cm ) and the solution 

was stirred at room temperature in the dark under Ar for 6  h. The crude product was 

precipitated by the addition o f solid NH 4 PF6 to the deep blue-purple solution, and 

purification was effected as for 83 to afford a dark purple solid: yield 35 mg (21%). 

<5h(200 MHz, CD 3 COCD3) 9.09 (2 H, d, J  = 6 . 6  Hz, C5 H 4 N), 9.01 (2 H, d, J  = 6.4 

Hz, C5 H 4 N), 8.35(2 H, d, J =  6.9 Hz, C5 H 4 N), 8.20 (1 Ii, s, C3 N 2 H3), 7.54-7.37 (4 H, 

m, C5 H4N + C3 N 2 H 3), 4.58 (3 H, s, Q H 4 N-Afe), 3.91 (3 H, s, C 3N 2 H 3 -M?), 2.65 (12 

H, s, 4 x NH3). v (C s C )  2229m and 2195m cm - 1  (Found: C, 23.58; H, 3.36; N,

11.79. Calc, for C 1 7 H 2 9 F i8N 8 P 3 R u:C , 23.17; H, 3.32; N, 12.71%).

trans- [RuII(NH 3 )4 (m im )(M ebpbd+)] [PF 6 ] 3 87. This compound was prepared and 

purified in a manner identical to 8 6 , using ?r<3 n.s’-[RuI11(S 0 4 )(NH 3 )4 (Mebpbd+)]Cl2 

(100 mg, 0.180 mmol) in place of /rtfns-[Rum(S 0 4 )(NH 3 )4 (Mebpa+)]Cl2. A dark 

purple solid was obtained: yield 31 mg (19%). <5H(200 MHz, CD 3 COCD3) 9.14 (2 H, 

d, J  = 6 . 6  Hz, C 5 H 4 N), 8.99 (2 FI, d , J =  6.1 Hz, C 5 H 4 N), 8.37 (2 H, d, J  = 6.7 Hz, 

C5 H 4 N), 8.15 (1 H, s, C3N 2 H3), 7.49-7.35 (4 H, m, C5 H4N + C3 N 2 H 3), 4.62 (3 H, s, 

C 5 H4N -Me), 3.93 (3 PI, s, C3N 2 H 3 -Me), 2.69 (12 PI, s, 4 x NH3). v(C^C) 2212m and 

2157m cm ' 1 (Found: C, 24.84; H, 3.11; N, 10.15. Calc, for C I9 fI 2 9 F 1 8N 8 P 3 Ru: C, 

25.20; PI, 3.23; N, 12.38%).
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ftw /s-[R uC l(pdina)2 (bpa)]PF 6 89. A solution of ^rflnj,-[RuCl(pdm a)2 (NO)][PF6 ] 2 

(125 mg, 0.123 mmol) and N aN 3 (8.1 mg, 0.125 mmol) in acetone (10 cm3) was 

stirred at room temperature for 2 h. Butan-2-one (15 cm ) and bpa (221 mg, 1.22 

mmol) were added and the acetone removed in vacuo . The solution was heated to 

reflux for 2  h, cooled to room temperature, and diethyl ether added to afford a dark 

red/brown precipitate. The excess bpa was removed by two precipitations from 

acetone-diethyl ether. The product was further purified by precipitation from 

acetone-aqueous NH 4 PF6, then from acetone-diethyl ether to afford a red/brown 

solid. Yield 79 mg (58%). <5H(CD 3 COCD3) 300 MHz) 8.70 (2 H, br s, C5 H 4 N), 8.30 

(4 H, m, C 6 H4), 7.83 (4 H, m, C6 H4), 7.77 ( 2  H, d, J =  6.1 Hz, C 5 H 4 N), 7.50 (2 H, d, 

J  = 6 . 6  Hz, C5 H 4 N), 7.19 (2 H, d ,J  = 6.1 Hz, C5 H 4 N), 1.90 (12 H, s, 4AsMe), 1.80 

( 1 2  H, s, 4AsMe). (Found: C, 36.33; H, 3.62; N, 2.61. Calc, for C3 2 FI4 0 RuAs4 C1PF6: 

C, 37.18; H, 3.62; N 2.70). v(C=C) 2230 m cm ' 1

£ra/zs-[RuCl(pdma)2 (bpbd)]PF 6  90. This compound was prepared in a manner 

identical to 89, using /rn/w-[RuCl(pdma)2 (NO)][PF6 ] 2  (150 mg, 0.148 mmol) and 

NaN 3  (9.6, 0.148 mmol) in acetone (5 cm ) and bpbd (149 mg, 0.73 mmol) in place 

o f bpa. The product was obtained as an orange solid. Y ield 42 mg (26%). 

5h(CD 3 CN, 300 MHz) 8.61 (2 H, d, J=  6.0 FIz, C 5H 4 N), 8.17 (4 H, m, C 6 H4), 7.80 (4 

H, m, C 6 FI4), 7.42-7.39 (4 H, m 2C 5 H 4 N), 6 . 8 8  (2 H, d, J=  6.9 Hz, C 5 H 4 N), 1.80 (12 

IT, s, 4AsMe), 1.61 (12 IT, s, 4AsMe)(Found: C, 38.27; IT, 3.70; N, 2.53. Calc. For 

C 3 4 H 4 0 N 2 R 11AS4 CIPF6 : C, 38.60; H, 3.81; N, 2.65). v(C«C) 2 2 2 0  m cm - 1
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^Ym5 “[RuCI(pdm a)2 (M ebpa+)][PF(j] 2  92. A solution o f 8 8  (50 mg, 0.048 mmol) in

DMF (1.5 cm 3) and methyl iodide (0.5 cm3) was stirred for 24 h. The excess methyl

iodide was removed in vacuo and addition of aqueous NH4 PF6  to the dark red

solution gave a brick red precipitate, which was collected by filtration, washed with

water and dried. Purification was effected by precipitation from acetone-diethyl

ether. Yield 48 mg (94%). <5H(CD 3 COCD3, 300 MHz) 9.06 (2 FI, d, J  = 6.7 Hz,

C5 H 4 N), 8.30 (4 H, m, C6 H4), 8.21 (2 FI, d, Y= 6.9 FIz, C5 H 4 N), 7.83 ( 6  H, m, C6 H 4

and C 5 H 4 N), 7.26 (2 H, d, J=  6.9 Hz, C5 FI4 N), 4.57 (3 H, s, C5 H 4 N-Mu), 1.91 (12 H,

s, 4AsMe), 1.85 (12 FI, s, 4AsMe). (Found: C, 33.20; H, 3.63; N, 2.35. Calc, for

C 3 3 H 4 3 N 2 RuAs4 C1P2 F6: C, 33.21; H, 3.26; N, 2.41). v(C=C) 2234 m and 2199 m 

-1cm

trans- [RuCl(pdm a)2 (M ebpbd+)][PF 6 ] 2  93. This com pound was prepared and 

purified in a manner identical to 92, using 90 (20 mg, 0.019 mmol) in place of 8 8 . 

The product was obtained as a dark red solid. Yield 19 mg (83%). <5H(CD 3 CN, 300 

MHz) 8.57 (2 H, d, J =  6.9 Hz, C5 H 4 N), 8.17 (4 H, m, C 6 H4), 7.98 (2 H, d, J =  6.9 

Hz, C5 H 4 N), 7.80 (4 H, m, C 6 H4), 7.51 (2 H, d, J=  6.7 Hz, C5 H 4 N), 6.89 (2 H, d, J=  

6.9 Hz, C 5 H 4 N), 4.24 (3 H, s, C5 H 4 N -M e), 1.80 ( 1 2  H, s, 4AsMe), 1.61 ( 1 2  H, s, 

4AsMe) (Found: C, 34.47; H, 3.57; N, 2.21. Calc for C3 5 H 4 3 N 2 RuC 1As4 P 2 F 12: C, 

34.52; H, 3.56; N, 2.30). v(C^C) 2217 m and 2154 m cm - 1
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4.3 R esu lts  and  D iscu ss io n

4.3.1 M olecular design and synthesis
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3

t  /“N- R u  N . />J\ \_J ~ \ _ r
h 3n  n h 3

n = 0 ( 7 9 ) ,  1 ( 8 0 ) ,  2  ( 8 1 )

3+ [PF6-]3

\

OttOTTli
n =  0  ( 8 2 ) ,  1 ( 8 3 ) ,  2  ( 8 4 )

\ h 3 N N H 3

" \  V  / '
3 (PF6 -J3

N  Ru N / /

/ \  v _ /
H3N n h 3

n =  0  ( 8 5 ) ,  1 ( 8 6 ) ,  2  ( 8 7 )

A s  ^ A s

\ /  r
C! Ru N

+ PFfi f ^ \  
A s. As

A vy\y
\  \ /  r

N Cl Ru N

n =  0  ( 8 8 ) ,  1 ( 8 9 ) ,  2  ( 9 0 )  

^ As

As

A w  V/
%

/ '

«  =  0  ( 9 1 ) ,  1 ( 9 2 ) ,  2  ( 9 3 )

. AsMe->

AsMe->

Figure 33: Structures of the complex salts 79-93

2+ [ PF6-]2
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The novel complex salts 80, 81, 83, 84, 8 6 , 87, 89, 90, 92 and 93, as shown in Figure

33, were synthesized in order to probe the effects o f separating the D and A units by

an ethynyl linkage, and alongside the existing compounds 79 , 2 0  82 ,4 85,20 8 8 2 1  and 

2291 will provide insights into the electronic and NLO properties o f such compounds. 

All o f the new salts show diagnostic proton NMR spectra, and infrared spectra 

confirm the presence o f the ethynyl units. Elemental analyses are only useful in 

providing further confirmation of identity and purity for the complex salts containing 

the pdma ligand. Although satisfactory CHN data for related compounds have 

previously been reported ,4 , 2 0  the new compounds 80, 81, 83, 84, 8 6  and 87 repeatedly 

gave poor results. The results obtained could not be improved by adding burn-aids 

such as V2 O 5 or by invoking solvents of crystallization (water and acetone have been 

found in related compounds). In most cases, the values obtained for carbon are high 

and the values for nitrogen low, but this behaviour is not always consistent or 

reproducible. It can therefore be concluded that there is some inherent problem with 

the R u 11 ammine complexes containing ethynyl groups. The NM R data obtained 

show clean products and with the standard synthetic and purification procedures 

used, it is reasonable to assume that the compounds isolated are at least sufficiently 

pure for the studies we describe herein.

The synthesis o f bis(4-pyridyl)acetylene (bpa), as outlined in Figure 34, firstly 

involves the conversion of 2s-l,2-bis(4-pyridyl)ethylene to its perbromide by stirring 

in hydrobromic acid (63%) and bromine . 1 9  Debromination of the pyridyl nitrogens 

w ith  sod ium  hydrox ide  affo rds l ,2 -d ib ro m o -l,2 -b is (4 -p y rid y l)e th a n e . 

Dehydrobromination is then achieved using sodium terLbutoxide (this is made in 

situ by the dissolution of sodium in terrtbutanol), producing bpa. This solid product
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must be handled with care as it causes severe and painful blistering o f the skin 

several days after contact, so gloves must be worn at all times.

HBr (63 %)

2Br'

Br N

N  Br

NaOH

/
^  Z - \  //

Na+ BuCT r 
\

Br V //

Figure 34: Reaction scheme for the formation o f bpa

The compound l,4-bis(4-pyridyl)buta-l,3-diyne (bpbd) is synthesized in a three-step 

reaction, shown in Figure 35. Firstly, 4-bromopyridine hydrochloride is coupled 

with 2-methyl-but-3-yn-2-ol, a commercially available protected terminal alkyne. 

This coupling reaction is catalyzed by bis(triphenylphosphine)palladium (II) 

dichloride and copper(I) iodide, with diethylamine acting as both the solvent and the 

base. Removal o f acetone by heating to reflux with sodium hydroxide in toluene, 

produces the unprotected alkyne, which is unstable and decomposes over the course 

o f a few hours. When a solution of 4-ethynylpyridine is stirred in oxygenated 

pyridine in the presence of copper(I) chloride, bpbd is formed. This type of reaction

23is known as an Eglington coupling.
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Cul
Pd(PPIi3)Cl2

Diethylamine

NaOH

Toluene

Pyridine

Figure 35: Reaction scheme for the formation of bpbd

The Eglington reaction (Figure 36) provides a facile route to the formation o f 

symmetrical acetylenes . 2 3 , 2 4

B ase

2 R C = C H  + CiT  ► CR=EEEr--------- ^ F ^ CR

0 2

Figure 36: The Eglington reaction

Pyridine is chosen as both the base and the solvent because as well as deprotonating 

the term inal alkyne, it removes any HC1 liberated during the reaction. The 

mechanism of the Eglington reaction is still not truly understood, but is thought to be

• • • 25ion-radical in nature. The first step probably involves the deprotonation of the 

acidic terminal hydrogen and the final step probably involves the coupling of two 

radicals (Figure 37):
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B a se
R- C = C H R C = C

2 R- C = C R‘ c = c — c C R

Figure 37: Possible reaction scheme for the Eglington coupling

It is unclear exactly how the carbanion is oxidised to the radical, but after much

The synthesis o f l,4 -b is(4-pyridyl)hexa-l,3-5-triyne (bpbt) (n -  3) was also 

attempted, w ith the aim of further extending the acetylenic conjugation. This 

compound, to our knowledge, has never been synthesized before. The initial strategy 

proposed was to perform a Cadiot-Chodkiewicz coupling reaction between 4-(buta- 

l,3-diynyl)pyridine and 4-(bromoethynyl)pyridine (Figure 38):26

Figure 38: Proposed reaction scheme for the formation of bpbt

The Cadiot-Chodkiewicz reaction provides a synthetic route for the formation of

speculation this process is thought to somehow involve the cuprous ion 2 3

5 % PdC l2 (PPh3 ) 2  

Pyrrolidine

unsymmetrical acetylenes (Figure 39) : 2 4
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Base

R C = C H  + B r C = C R '   ►------C R ^ ---------^ ^ C R '  +  HBr

Gu+

Figure 39: The Cadiot-Chodkiewicz coupling

A catalytic amount of a cuprous salt in a primary amine is added to a solution of the 

terminal acetylene, and the highly reactive bromoacetylene is added slowly in order 

to avoid homocoupling.

A proposed mechanism for this reaction is given in Figure 40:

R C = C H  +  B ase ----------------------------- R C = C

R C = C '  +  Cu+ ------------------ ► R C = C C u +
Br_ . _  /

R C = = C C u + + B r C = C R '  ------------------------------------R C = -------Cu

CuBr +  C R = =  = C R ’

Figure 40: Proposed reaction mechanism for the Cadiot-Chodkiewicz coupling

Catalytic concentrations o f the cuprous ion m ust be m aintained to avoid 

hom ocoupling of the highly reactive bromoacetylene, and the reducing agent, 

hydroxylamine hydrochloride is added in order to maintain the Cu+ concentration.

173



The required starting materials 4-(butadiynyl)pyridine and 4-(bromoethynyl)pyridine 

are known but not commercially available and therefore must be synthesized. The 

synthesis of 4-(bromoethynyl)pyridine was attempted by using two methods:

i. The conversion o f 4-pyridinecarboxaldehyde to its /I, ft -dibromostyryl 

derivative by a dehydrohalogenation reaction with carbon tetrabromide and

* * 27triphenylphosphine in the presence of zinc dust. Reaction with potassium

tert-butoxide in boiling toluene was intended to convert the bromoalkene to

28the bromoacetylene (Figure 38).

nC /—~ B r

Figure 41: Initial synthetic method for the attempted formation o f 4-

(bromoethynyl)pyridine

After work up, a cream coloured solid was obtained, but unfortunately no v(C«aC) 

band was seen in the IR spectrum (quoted literature value = 2195 cm-1) and the 

NMR showed a complex product mixture.

ii. The second m ethod attem pted involved the reac tion  betw een 4-

29ethynylpyrid ine and sodium  hypobrom ite (F igure 42). Sodium  

hypobromite was formed in situ by the slow addition o f bromine to a solution 

of sodium hydroxide at 0 °C, and 4-ethynylpyridine was then added. After

PPh3, CBr4

Zn Dust O a
Br

K+ BuO'

g r Toluene 
A
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work up, *H NMR spectroscopy confirmed the presence of only the starting 

material, 4-ethynylpyridine, which slowly decomposed.

/  \  NaOBr

Figure 42: Second method for the attempted formation of 4-

(bromoethynyl)pyridine

The synthesis o f 4-(buta-l,3-diynyl)pyridine is a two-step reaction (Figure 43): 

firstly, 4-ethynylpyridine is coupled with l-bromo-2~(triethylsily)acetylene, and the

30unprotected diyne is then formed by the removal of the trie thy lsily 1 group.

/ / ’= r \  C u c i, n h 2o h .h c i  / = = = r \

N —=  + Br------  =  SiEt3  N  ■■ --------—... .  

'--------- ' THF, /j-propylamine '-----------'

NaOH
M eOH

O  = =

Figure 43: Reaction scheme for the attempted synthesis o f 4-

(butadiynyl)pyridine

l-B rom o-2 -(trie th y ls ily l)ace ty len e  was synthesized  by reac tion  betw een

* 31triethylsilyacetylene, ethylmagnesium bromide and bromine, and the resulting clear 

liquid was stored in the fridge because it is very reactive. IR spectroscopy showed

SiEt3

■H
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the presence o f both l-brom o-2-(triethylsilyl)acetylene (v (C sC ) 2123 vs) and 

unreacted triethylsilyacetylene (v (C sC ) 2034 vs) which could not be separated.

32Therefore, an alternative preparation was tried. This involved the reaction of 

triethylsilyacetylene with silver nitrate and A^-bromosuccinimide. Once again 

how ever, the IR spectrum  showed the p resence o f  both  l-b rom o-2- 

(triethylsilyl)acetylene and triethylsilyacetylene.

A coupling reaction between 4-ethynylpyridine and the im pure l-brom o-2- 

(triethylsilyl)acetylene was attempted. This reaction was catalyzed by copper 

chloride in THF with hydroxylamine hydrochloride (this prevents the oxidation of 

Cu1 to Cu11), using /i-propylamine as the base.30 Unfortunately, after work up, only 

the starting material 4-ethynylpyridine was recovered, probably a result o f the 1- 

bromo-2-(triethylsilyl)acetylene being impure.

Given that neither 4-(buta-l,3-diynyl)pyridine nor 4-(bromoethynyl)pyridine were 

successfully synthesised, the coupling reaction could not be performed. Since the 

synthetic demands in making these starting materials are high and all the reactions 

time-consuming, it was decided to abandon the pursuit o f bpbt, at least for the 

present.

The new complex salts 80, 81, 83, 84, 86 and 87 were synthesized according to 

established co-ordination chemistry as shown in Figure 44.16,33 The precursor 

com pound [RuI1(NH3)5(H20)][PF6]2 was p repared  by the reduction  o f 

[Rum(NH3)5Cl]Cl2  with Zn(Hg) in acidified water with argon agitation. The very
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labile aquo ligand is easily substituted for either o f the LA ligands, Mebpa" or 

Mebpbd' to form complex salts 80 and 81.

H3N

\ 3 i \  NHi
Zn/Hg

H3N  Ru111 Cl

A
h 3n  n h 3

h 3n\ 2+

h 2o  t f a

H3N  Ru11— H20

/
h 3n  n h 3

h 3 ^  NH3 

H3N -------Ru11 — La

A
h 3n  n h 3

La = Mebpa+ or Mebpbd4

Figure 44: Reaction scheme for the formation of [Run(NH3)5LA]3+

The synthesis o f 83, 84, 86 and 87 occurs in a stepwise fashion from trans-  

[Ruh(NH3)4(S02)C1]C1 as shown in Figure 45. The S 0 2 ligand labilizes the chloride 

and allows for substitution by LD = pyridine (in the preparations o f 83 and 84) or by 

La = Mebpa4 or Mebpbd (in the preparations of 86 and 87, respectively). It has

previously been reported that the substitution of S 0 2 for LD = yV-methylimidazole

• • 20 (mim) can be achieved, but when this synthesis was repeated, a sticky black oil was

formed and the desired product could not be isolated. Oxidation by H20 2/HC1

produces the Ru111 S 0 4“ complex and Zn(FIg) reduces Ru111 to Ru11 in aqueous

solution, affording rratts-[RuII(NH3)4LA/D(FI2C))]'' 3' (LD = pyridine, LA = Mebpa or

Mebpbd ). The latter, when added to an aqueous solution o f the second ligand

(Mebpa+ or Mebpbd' for 83 and 84, respectively, or mim for 86 and 87) lose their

labile aquo groups to produce the desired compounds.
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Figure 45: Reaction scheme for the formation of the complexes trans-

[Rum(NH3)5LaLd]3+

The complex salts 89 and 90 were made via complexation of the neutral ligands with

I I  2 +the sodium azide-treated precursor trans-[Ru Cl(pdma)2(NO)]“ (see section 3.3.1 

for a full discussion of the reaction mechanism), and the /V-methylated complexes 92 

and 93 were prepared via methylation of 89 and 90, respectively, using methyl iodide 

in DMF.

4.3.2 Electronic absorption spectroscopy studies

The electronic absorption spectra o f the novel complex salts 80, 81, 83, 84, 86, 87, 

89, 90, 92 and 93 were recorded in acetonitrile at 293 K and the results are presented 

in Table 25, with a representative spectrum shown in Figure 46. All the complexes 

show intense dTcfRu11] -> tc*[La ] MLCT bands, with maxima in the region 450-600 

nm. Intense absorptions caused by intraligand 7t —» 7T* transitions are also observed 

and in the extended pyridyl ligands (in 81, 84, 87, 90 and 93) vibronic fine structure



is observed. The M LCT absorption data for the novel complexes and their 

previously studied 4,4'-bipyridinium counterparts (79, 82, 85, 88 and 91) are shown 

in Table 26.

It would be expected that as the conjugation is extended, a red-shifting in the MLCT 

band should occur. However, in the three ammine series (79-87), as n increases, the 

M LCT bands show slight blue-shifts. For any given LA, the E max o f the MLCT 

absorption decreases in the order py < NH3 < mim, correlating with mim being the 

most electron-donating o f the three LD ligands. Such red-shifting o f the MLCT 

bands can be attributed to destabilization of the Ru-based HOMOs, and these trends 

are also reflected in the electrochemical data (see section 4.3.3).

W ithin the unmethylated pdma systems (8 8 -90 ), as n increases, E max decreases. 

M ethylation o f the uncoordinated pyridyl nitrogen in 8 8 -9 0  (to form 9 1 -9 3 , 

respectively) leads to red-shifting of the MLCT band, correlating with the N- 

methylpyridinium group being a better Tt-acceptor than pyridyl. This red-shift upon 

methylation of 89 to form 92 is accompanied by a large increase in intensity, which 

is indicative o f more effective D -A  orbital overlap. W ithin the series 9 1 -9 3 , 

addition of one ethynyl unit has no significant effect on Emax, but as the conjugation 

is extended further to n = 2, a slight blue-shifting of the MLCT is seen.
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Table 25: UV/Vis absorption data for complex salts 80, 81, 83, 84, 86, 87, 89,

90, 92 and 93 a

Salt ^rnax
[nm]

£
[iVT1 cm '1]

fP-^max
[eV]

A ssignm en t

80 586 19 000 2.12 d x  —> 7 1 *

296 27 500 4.19 TC ~ >  7 C *

81 580 20 500 2.14 d T C  711*

324 23 000 3.83 7 t  -> 7 1 *
306 (sh) 20 500 4.05 7 t  — > T C *

268 24 000 4.63 7C —>  7 1 *
254 (sh) ' 22 500 4.88

TC  ̂ 7 1 *

83 558 15 500 2.26 d 7 t  —> 7 C *

286 40 500 4.34 71  >  T C *

84 546 18 000 2.27 d T U  ~ >  T C *

345 (sh) 18 500 3.59 71 7 1 *
324 22 500 3.83 71  — >  T C *

304 (sh) 
268

20 000 
26 000

4.08
4.63

71 =* T C *  

7 t  — »  T C *
258 (sh) 25 500 4.81

7C —>  7 C *

86 596 14 000 2.08 d T t  7 1 *

284 33 200 4.37 TC - >  7 1 *

87 586 16 500 2.12 d 7 t  7 1 *

324 19 000 3.83 7C - >  T C *

304 (sh) 17 500 4.08 71 >  7 1 *
270 21 000 4.59 71  — >  T C *

89 434 6000 2.86 d T t  - »  7 t *

286 22 100 4.33 TC — ^  7 1 *

90 454 8800 2.73 d 7 t  — >  7 1 *

324 17 300 3.82 7C — i>  7 C *

302 23 000 4.11 TC — >  T l *

286 23 400 4.34 71 — >  7 1 *
272
240

28 800 
36 200

4.56
5.16

71 — >  T C *  

7C T C *

92 488 11 500 2.54 d T t  — >  7 C *

300 21 900 4.13 7C T C *

93 482 10 700 2.57 d T C  — >  T C *

342 13 800 3.63 7 t  >  7 C *

320 16 100 3.88 7C - >  7 t *

298 15 500 4.16
7C - >  T C *

280 (sh) 
264

18 000 
20 000

4.43
4.70

TC — >  7 C *  

7X T C *

a Solutions ca. 3 -8  x 10 5
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Table 26: MLCT absorption data for salts 79-93 a

Salt ^max

[nm]

£

[M '1 cm '1]

^max

[eV]

19h 590 15 800 2.10

80 586 19 000 2.12

81 580 20 500 2.14

82c 566 17 200 2.19

83 558 15 500 2.22

84 546 18 000 2.27

85^ 602 16 200 2.06

86 596 14 000 2.08

87 586 16 500 2.12

88" 418 8400 2.97

89 434 6000 2.86

90 454 8800 2.73

9 \f 486 8300 2.55

92 488 11 500 2.54

93 482 10 700 2.57

a' Solutions ca. 3-8  x 1(T5 M. b Ref 2 0 .c Ref. 4. d Ref. 2 0 .c Ref. 21 /  Ref. 22.

30000 -

E 20000 -

10000 -

400 800200 600
Wavelength [nm]

Figure 46: UV/Vis absorption spectrum for salt 84
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Comparison o f the MLCT data for the ammine (7 9 -8 7 ) and diarsine (91 -93 ) 

complexes shows that the ammines have lower values o f E max in every instance, due 

to {Run(NH3 )5}2+ being a more efficient electron donor than frm s-{R unCl(pdma)2 } + 

(see also Section 3.4). The intensity of this transition is also consistently higher for 

the ammine complexes, indicative of more effective D -A  orbital overlap.

4.3.3 Electrochemical studies

The new complex salts 80, 81, 83, 84, 86, 87, 89, 90, 92 and 93 were studied using 

cyclic voltammetry in acetonitrile and the results, alongside those for 79, 82, 85, 88 

and 91 are presented in Table 27, with a representative voltammogram for salt 81 

shown in Figure 47. All of the complexes show reversible RuIII/n oxidation waves, 

together with generally irreversible LA-based reductions, although 79, 85 and 91 do 

show reversible LA-based processes

W ithin the three ammine series (79-87), for any given LD, the E m  values for the 

Rum/n couple are essentially independent o f the nature of L A, showing that the tc- 

acceptor strength of the latter has no significant influence on the energy of the Ru- 

based HOMO. For any given LA, the Ruin/11 E\n values shift cathodically in the order 

py > NH3 s  mim, with the py complexes being the hardest to oxidise.
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Table 27: Electrochemical data for complex salts 79-93

Salt E  [V vs. Ag-AgCl] 

(AEp [mV])fl

Ai/2[Rum/11] £ i/2 [La"/u] or V

79c 0.48 (75) -0.91 (70)

-1.52 (70)

80 0.50 (100) -0.83

81 0.49 (85) -0.73

-1.49

82f/ 0.66 (85) -0.81

83 0.65 (80) -0.81

84 0.65 (100) -0.73

-1.52

85" 0.49 (75) -0.83 (70)

86 0.48(115) -0.82

87 0.46(115) -0.75

s t f 1.10(60) -1.49

89 1.12 (95) -1.10

90 1.15 (70) -1.28

91s 1.14(70) -0 .74  (80)

92 1.15 (105) -0.98

93 1.14(70) -0.69

a' Solutions ca. 10 3 M in analyte and 0.1M in N B u'\PF6 at a platinum disc w orking electrode with a 

scan rate o f 200 m V sA  Ferrocene internal reference Em = 0.43 V . b' For an irreversible p ro cess /' 

Ref. 20. d' Ref. 4. R Ref. 2 0 ./  Ref. 2 1 .g' Ref. 22.
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The red-shifting o f the MLCT absorption band upon methylation o f 88-90  to form 

9 1 -9 3 , respectively, can largely be attributed to stabilization o f the LA-based 

LUM Os. The electrochem ical studies, however, show evidence o f  a slight 

stabilization o f the Ru-based HOMO for pairs 88/91 and 89/92, while the absence o f 

such an effect for the pair 90/93 is likely to be associated with decreased D -A  

electronic coupling when compared with the shorter chromophores.

Further comparison o f the Ru11111 E 1 /2  values shows that the ammine compounds 

consistently have more negative Em  values than their diarsine counterparts. This 

trend reflects the fact that the {Ru"(NH 3 )5 }2+ centre is a more efficient electron 

donor than /nm y-{RunCl(pdma)2 }+, as also observed in the MLCT data (see also 

Section 3.4).

1 . 8 1 .3 -0 . 8 -0.3 0.2 0.7
E  [V vs. Ag-AgCl]

Figure 47: Cyclic voltammogram for salt 81
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4.3.4 X-ray crystallographic studies

Single crystal X-ray structure were obtained for salts 84*M eN 02 and 92 and 

representations of their m olecular structures are shown in Figures 48 and 49. 

Selected crystallographic and refinement details are shown in Table 28 and selected 

bond angles and lengths in Table 29.

The dihedral angles between the pyridyl and pyridinium rings are 18.32(0.21)° in 

84*M eN 02 and 12.66(3)° in 92. Although these data might appear to indicate more

effective D -A  electronic communication in 92, they are likely to result largely from 

22solid-state effects. In addition, there is substantial bending o f the buta-l,3-diynyl 

unit within 84*M eN 02. The trans coordinated pyridyl rings in 84*M eN02 are 

almost coplanar, with a dihedral angle o f 4.79(0.22)°, and essentially bisect the 

(ammine)N-Ru-N(ammine) angles. Unfortunately, both of these salts crystallize in 

centrosym m etric space groups, so no significant bulk NLO behaviour can be 

expected.
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Figure 4 8 :  Structural representation of salt 84*M eN02 (50% probability ellipsoids)
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Figure 4 9 :  Structural representation of salt 92 (50% probability ellipsoid
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Table 28: Crystallographic data ancl refinement details for salts 84°MeNC>2 and 92

84-M eN 02 92

Crystal system Monoclinic Monoclinic

Space group P2[/c Pli/C

Unit cell dimensions [A, °]

a 8.912(3) 20.2299(11)

b 20.527(7) 9.5405(4)

c 18.680(6) 24.5138(14)

a 90 90

p 92.498(6) 112.535(2)

r 90
90

Volume [A3] 3413.8 (19) 4370.0 (4)

Z 4 4

Absorption coefficient [mm-1] 0.736 3.544

Reflections collected 17196 28451

Independent reflections 6005 8355

(Rnt= 0.0676) Ĉ int -  0.0774)

Final R indices [A2 > 2o(/j2)]

R1 0.0630 0.0527

wR2 0.1513 0.1243

R indices (all data)

R1 0.0993 0.0923

wR2 0.1664 0.1372
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Table 29: Selected interatomic distances (A) and angles (°) for complex salts

84*M eN02 and 92

84 •M eN 02 92

R u l-N l 2.051(5) R u l-N l 2.081(5)

R ul-N 3 2.087(5) Ru 1 -A s 1 2.4094(7)

R u l-N 4 2.129(6) R ul-A s2 2.4163(7)

R ul-N 5 2.136(5) R ul-A s3 2.4210(7)

R ul-N 6 2.132(6) Ru-As4 2.4159(7)

R ul-N 7 2.135(5) R u l-C ll 2.4360(16)

N l-R u-N 3 178.2(2) N 1-R ul-A sl 92.19(12)

N l-R u -N 4 89.9(2) N l-R u l-A s2 91.63(13)

N l-R u -N 5 98.49(19) N l-R u l-A s3 94.99(12)

N l-R u -N 6 90.32(19) N l-R u l-A s4 94.43(13)

N l-R u -N 7 90.8(7) A sl-R u l-A s2 85.61(2)

N 3-R u-N 4 89.0(2) A sl-R u l-A s3 172.72(3)

N 3-R u-N 5 89.98(19) A sl-R u l-A s4 93.25(2)

N 3-R u-N 6 90.8(2) A s2-R ul-A s3 95.39(3)

N 3-R u-N 7 89.71(19) A s2-R ul-A s4 173.87(3)

N 4-R u-N 5 87.2(2) A s4-R ul-A s3 84.99(2)

N 4-R u-N 6 179.5(2) N l-R u l-C ll 178.59(13)

N 4-R u-N 7 93.1(2) As 1-R u l-C ll 87.62(4)

N 5-R u-N 6 93.3(2) A s2 -R u l-C ll 86.96(5)

N 5-R u-N 7 179.6(2) A s3 -R u l-C ll 85.23(4)

N 6-R u-N 7 86.4(2) A s4 -R u l-C ll 86.97(5)

C6-C7 1.186(9) C26-C27 1.190(9)

C8-C9 1.200(9)



4.3.5 H yper-Rayleigh scattering studies

The [5 values o f the novel complex salts 80, 81, 83, 84, 86, 87, 92 and 93 were 

measured via HRS using a 1064 nm Nd:YAG laser. The values o f f3o were estimated 

using the TSM and the results, alongside the data for the previously studied 

compounds 79, 82 and 844 are presented in Table 30. Previous studies within the

group involving complexes containing the brans'-{RunCl(pdma)2}+ centre have 

* 21 22included no HRS data, ’ due to the close proximity o f Amax to the SH frequency of 

532 nm. However, since the Amax values of the complex salts 79 -87  are as well 

separated from 532 nm as are those for salts 91-93, HRS measurements on the latter 

are worthwhile.

For the two series 79-81 and 85-87, as n increases from 0 to 1 there is an apparent 

increase in /30, but further extension o f the conjugation causes a decrease in /30, 

although the difference between the values for 86 and 87 is within the experimental 

error. For salts 82-84, as n increases, fio apparently decreases, although due to the 

proximity of the MLCT Amax to the SFI, the (3G for 84 may be underestimated. For 

any given LA, the m im  com plexes generally have the largest (30 values, 

corresponding with this being the most electron-donating o f the L D ligands, 

supporting the trends observed in both the MLCT and electrochemical data (see 

sections 4.3.2 and 4.3.3). For the series 9 1 -9 3 , there is no change in /30 as n 

increases from 0 to 1, but as the conjugation is extended further to n = 2, j30 

increases.
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Table 30: MLCT absorption and HRS data for complex salts 79-87 and91-93fl

Salt -^■max

[nm]

1064 

[ 1 (T30 esu]

A>

[ 10-30 esu]

79 590 750 123

80 586 1136 169

81 580 884 117

82 566 899 85

83 •588 1076 78

84 546 1280 50

85 602 523 100

86 596 1143 200

87 586 1300 193

91 486 341 45

92 488 359 45

93 482 490 70

a The value /J1064 is the uncorrected first hyperpolarizablity measured using a 1064 nm Nd:YAG laser 

(±15% eiTor); the static first hyperpolarizability /30 is estimated using the TSM .34’35 The esu units can 

be converted into SI units (C3 m3 T2) by dividing by a factor of 2.693 x 10-20.

Although these HRS data show no clear trend in the NLO responses for salts 79-87  

and 91-93, with the exception of the latter pdma complexes, the estimated (3q values 

are largest when LA is Mebpa+.

4.3.6 Stark spectroscopic studies

Stark spectroscopy has been carried out on the novel complex salts 80, 81, 83, 84, 

86, 87, 89, 90, 92 and 93 in butyronitrile glasses at 77 K and the results are 

presented, alongside data previously obtained for salts 79, 82, 85, 88 and 91, in Table



31. As observed previously in related systems, the Em,dX values decrease on moving 

from an acetonitrile solution to a butyronitrile glass.36,3

Table 31: MLCT absorption and Stark spectroscopic data for complex salts 79-93

in butyronitrile glasses at 77 K

Salt 4-max

[nm]

F

[eV]

/os Ah 2  

[D] [D]

Â fab

[D]

l d
Cb i V Po

[ 10~30 esu]

19s 645 1.92 0.20 5.2 13.8 17.3 0.10 4700 120

80 648 1.91 0.25 5.9 19.6 22.9 0.07 4000 216

81 664 1.87 0.28 6.3 23.4 26.6 0.06 3600 308

82g 611 2.03 0.29 6.1 16.2 20.3 0.10 4900 171

83 618 2.01 0.24 5.6 19.8 22.7 0.06 4000 178

84 627 1.98 0.32 6.6 25.7 28.9 0.05 3600 331

85g 658 1.88 0.22 5.5 17.1 20.3 0.08 4100 170

86 661 1.88 0.24 5.8 21.6 24.5 0.06 3600 241

87 667 1.86 0.34 7.0 27.6 31.0 0.05 3400 457

91h 491 2.53 0.41 6.6 14.3 19.4 0.13 6900 113

92 509 2.44 0.38 6.4 18.2 22.3 0.09 5600 146

93 506 2.45 0.22 4.9 22.8 24.8 0.04 3900 106

a Calculated from eqn. 13. 6 Calculated fro m A A ^u  rising f mt = 1.33. e Calculated from eqn. 12. d 

Calculated from eqn. 15. e Calculated from eqn. 14. f  Calculated from eqn. 7. ^ 'R ef 4 . 1 This work, 

Ch.3.

The trends in £ max for the three ammine series within 7 9 -8 7  measured in 77 K 

glasses differ from those determined in solutions at 293 K. In butyronitrile glasses, 

as n increases, Emax decreases, whereas in acetonitrile solutions the opposite 

behaviour is observed. Generally, as the conjugation is extended, there is a slight 

increase in b o th /os and although salt 83 has lower than expected values for both
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parameters. A/,i12 ancl A/iab both increase as the conjugation is extended, i.e. as the 

size of La increases. In contrast, H ab and cb both decrease as n increases, and as 

these parameters are related to the extent of D -A  orbital overlap, it is evident that as 

the number of triple bonds increases, the orbital overlap becomes less effective. The 

derived values for (30 increase as n increases, and for any given LD the complexes 

containing the Mebpbd+ ligand (n = 2) always have the larger value. This trend in /30 

can be attributed to a slight decrease in fsmax, alongside increases in both A/.i12 and 

/ii2. For a given LA, the mim complexes generally have the larger values for /30) 

corresponding with mim being the strongest electron donor of the LD ligands.

W ithin the pdma series 9 1 -93 , as for the ammine series 79 -8 7 , the E mnx values 

exhibit different trends when measured in butyronitrile glasses at 77 K or in 

acetonitrile solutions. At 77 K, as n increases from 0 to 1, there is a decrease in E max, 

but as the bridge length is increased to n = 2, there is no significant change. For this 

series, ^ s, ,u12, cb and H ab all decrease as n increases, again indicative of poorer 

orbital overlap in the more extended systems. Afj,i2 and A/iab, as expected, increase as 

the L a length increases and the values for A/iab are larger in every instance. Most 

importantly, /30 peaks at n = 1, meaning that this diarsine series shows a different 

trend when compared with the analogous ammine series.

Generally, the diarsine complexes have substantially smaller NLO responses than 

their ammine counterparts (although the (3q values for the n — 0 complexes in 79 and 

91 are o f a similar magnitude). This behaviour can be attributed to the trans- 

{RunCl(pdma)2} h centre being a less effective electron donor when compared with 

{Run(NH3)5 }2+ (see above and Section 3.4).
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4.4 Comparisons between ethynyl and ethenyl-containmg ligands

Ru11 ammine complexes containing pyridyl-pyridinium polyene ligands have been 

previously studied within our group 4 These ligands have also been attached to 

^<ms-{RunCl(pdma)2}+ D groups and the linear and NLO properties o f such 

complexes have been studied as part of this thesis (see Chapter 3). Unusual optical 

behaviour is seen for both series of compounds, with E max blue-shifting after n ~ 1 

and pQ peaking at n -  2.

Electron mobility and D -A  communication are important factors in nonlinear optics. 

A sp-hybridized ethynyl unit possessing a short carbon-carbon triple bond (with an 

average bond length of 1.20 A), cannot overlap very efficiently with a sp2-hybridized 

pyridyl ring. An ethenyl unit, on the other hand, consisting o f a bent sp2-hybridized 

carbon-carbon double bond (with an average bond length o f 1.33 A) can overlap 

effectively with a pyridyl ring. The electrons in an ethynyl unit are also less mobile 

than those in an ethenyl group because they are held closer to the backbone. It could 

be expected that larger NLO responses may be observed in polyene as opposed to 

polyyne-based chromophores due to better D -A  com munication and the greater 

polarizability of the jt-electrons within the bridge. Although quite limited, existing 

studies (both theoretical and experimental) on purely organic systems confirm such 

an expectation.10' 15,38’41 Complexes incorporating polyyne-bridging units into 

pyridyl-pyridinium  ligands have not been studied previously for their NLO 

properties, and Stark spectroscopy has not been used to compare ethenyl with 

ethynyl chromophores of any sort.
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4.4.1 Ruthenium ammine complexes

Within this section, the optical and electronic properties o f only the {Rull(NH3)5}2+ 

complexes (salts 80 and 81) will be discussed, but the conclusions drawn are 

applicable to any of the Ru11 ammine complexes studied.

The MLCT absorption and electrochemical data for salts 80 and 81 measured in 

acetonitrile at 293 K are shown in Table 32, alongside the data for their ethenyl- 

containing counterparts 80D and 81D.4 Representative UV-visible spectra for salts 

81 and 8ID are shown in Figure 50.

The MLCT bands for the ethynyl-containing complexes are slightly blue-shifted 

when compared with those of their ethenyl counterparts, but both types of complex 

show an increase infsmax as n increases from 1 to 2. The e values for salts 80 and 81 

are larger than those of 80D and 81D , with a greater difference for n = 1. The 

ethynyl-containing chromophores have slightly higher R umm E U2 values, indicating 

that their Ru centres are less electron-rich due to the mildly electron-donating 

properties of ethenyl units.
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Table 32: MLCT absorption and electrochemical data for complex salts 80 and 81

and their ethenyl counterparts

Salt ^ma\

[nm]

Fornax

[eV]

£

[IVT1 c m '1]

E [Ag vs. AgCl] 

Eu2[Ruum]

80 586 2.12 19 000 0.50

80D 595 2.08 16 100 0.46

81 580 2.14 20 500 0.49

81D 584 2.12 18 700 0.45

35000 —  Salt 81

—  Salt 81D30000

25000

“ <= 20000

“  15000

10000

5000

720220 320 420 520 620

Wavelength [nm]

Figure 50: UV/Vis absorption spectra for salts 81 and 81D

Selected Stark spectroscopic and HRS data for complexes 80 and 8 1 , along with 

those for their ethenyl analogues,4 are presented in Table 33.
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Table 33: MLCT and selected Stark spectroscopic data for salts 80 and 81 and their

ethenyl counterparts (80D and 81D)

Salt 7 a 
[nm]

£maxfl
[eV]

a
E\2

[D]

A fr2a 
[D]

/30[Stark f  
[10-30 esu]

/30[HRS]

[lCf30esu]

80 648 1.91 5.9 19.6 2 1 6 169

80D 681 1.82 5.5 16.2 175 142

81 664 1.87 6.3 23 .4 308 117

81D 675 1.84 7.9 22 .4 4 8 2 372

fl' M easured in butyronitrile at 77 K. k Measured in acetonitrile at 293 IC

As at 293 K in acetonitrile solutions, in butyronitrile glasses the ethynyl-containing 

complexes (in 80 and 81) have slightly higher values for Emax than their ethenyl 

counterparts. In the ethynyl complexes, Emax red-shifts as n increases, but in the 

ethenyl complexes an opposite behaviour is observed. The /.t12 values for salts 80 

and 80D (n = 1) are o f similar magnitude, and as the conjugation extends further to n 

= 2, an increase in fj,n  is observed for both types of complex. However, this increase 

is greater within the ethenyl pair, so that 81D has a somewhat higher value of /r12 

than does 81. A/712 increases with n for both types o f complex, but the ethynyl 

species have slightly larger values than their ethenyl analogues. The /30[Stark] values 

show an increase as n increases for both the ethynyl and ethenyl compounds, and this 

can be attributed to increases in both /i12 and A/r12 and decreases in Amax. However, 

the estimated NLO responses measured using HRS show different behaviour to those 

determined using Stark spectroscopy. In the ethynyl compounds, /?o[HRS] decreases 

on moving from n = 1 to 2, whereas in the ethenyl complexes, /30[HRS] increases
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with the same change. The origins of these differing trends are unclear, but may be 

related to temperature effects.

4.4.2 Ruthenium diarsine complexes

The MLCT absoiption and electrochemical data for salts 92 and 93 are presented in 

Table 34, along w ith those for their ethenyl counterparts 9 3 D and 93D . 

Representative UV-visible spectra for salts 93 and 93D shown in Figure 51.

Table 34: MLCT and electrochemical data for salts 92 and 93 and their ethenyl

counterparts

Salt ^max

[nm]

F-'-'max

[eV]

£

[M-1 cm"1]

E  [V Ag vs. AgCl]

T7 IT! IH/IIn£ i/2[Ru ]

92 488 2.54 11 500 1.15

92D 492 2.52 13 000 1.10

93 482 2.57 10 700 1.14

93D 486 2.55 15 700 1.09

The ethynyl-containing complexes have slightly larger Emax values than their ethenyl 

counterparts, and for both types of complex Emax increases on moving from n = 1 to

2. In contrast with the ammine complexes, the extinction coefficients for the ethynyl 

chromophores are smaller than those of the ethenyl complexes, and the difference is 

largest for n = 2. As for the ammines, the ethynyl-containing complexes have 

slightly higher Ru1II/u E y2 values than their ethenyl analogues.
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Figure 5 1: UV/Vis absorption spectra for salts 93 and 93D

Table 35 shows the Stark spectroscopic data for complex salts 92, 92D, 93 and 93D. 

FIRS measurements have not been performed on salts 92D and 9 3 D due to the 

proxim ity o f their MLCT absorptions to 532 nm, so com parisons o f  the NLO 

responses o f these complexes using this technique cannot be made.

The increase in £ max on moving from n = 1 to 2 at 77 K is most pronounced for the 

ethenyl complexes. The /u\ 2  values for all four complexes are o f a similar magnitude. 

A/in increases on moving from n = 1 to 2 for both types o f complex, but the ethynyl- 

containing chromophores have slightly higher values, as also observed in the ammine 

complexes. For the ethenyl chromophores, /3b[Stark] increases sharply on moving 

from n = 1 to 2, but the same structural change produces a decrease in the NLO 

response in the ethynyl species. This behaviour contrasts with that o f the ammine 

systems in which /3o[Stark] increases with conjugation extension for both types o f
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complex; these observations may be attributed to differences in the behaviour of ji\2 

within the diarsine and ammine series.

Table 35: MLCT and selected Stark spectroscopic data for complex salts 92 and 93 

and their ethenyl counterparts (92D and 93D)

Salt % a ^max

[nm]

Em ax" 

[eV]

a
Ah 2 

[D] [D]

/30[Starkf 

[10~30 esu]

92 509 2.44 6.4 18.2 146

92D 515 2.41 6.0 16.9 123

93 506 2.45 4.9 22 .8 106

93D 506 2.45 10.0 20 .6 401

4.5 Conclusions

The work presented in this chapter has investigated the effects of incorporating an 

ethynyl linkage into pyridyl-pyridinium ligands in both Ru11 ammine and diarsine 

chromophores. The optical and electronic properties o f these complexes have been 

studied and compared with the data obtained for ethenyl-containing compounds.

It might be expected that as the number of ethynyl units increases, the MLCT 

absorption band should red-shift, but in the complexes studied, the MLCT bands 

actually blue-shift as n increases. The NLO responses of the complex salts were 

m easured using both Stark spectroscopy and HRS, and the trends in /?o differ 

depending on the technique used. Within the ammine series, /30[Stark] increases with
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n , but /?o[HRS] generally peaks at 77 = 1. This different behaviour may be related to 

the measurements being carried out under different physical conditions, which may 

affect the electronic properties o f the molecules. For the diarsine complexes, 

/30[Stark] peaks at n = 1, although the HRS measurements indicate that the n = 2 

complex has the largest NLO response. It should be noted that the (3 values obtained 

using HRS will be subject to resonance enhancement due to the close proximity of 

the MLCT Amax to 532 nm, so these data for both types of complex should be treated 

with caution.

Com parison o f the optical properties o f the ethynyl and ethenyl-containing 

complexes shows that the MLCT absorptions of the polyyne complexes are slightly 

blue-shifted when compared to those o f their polyene analogues. Although the 

trends observed using the two different measurement techniques are not consistent, 

the ethynyl complexes generally have slightly larger NLO responses than their 

ethenyl analogues, but the differences are within the experimental errors. However 

the buta-l,3-diynyl chromophores have lower NLO responses in every instance when 

compared to their buta-l,3-dienyl counterparts. This result may be related to poorer 

D -A  com m unication in the ethynyl complexes, attributed to orbital mismatch 

between the sp-hybridized triple bonds and the sp -hybridized pyridyl rings.

As expected from  the MLCT absorption and electrochem ical data, the NLO 

responses o f the pdma complexes are consistently lower than those of their ammine

II 2+counterparts. This outcome can be attributed to the {Ru (NH3 )5) centre being a 

more efficient electron donor than ^rfl?is-{RunCl(pdma)2 }+ (see also Section 3.4).
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4 .6  Future work

From a synthetic viewpoint, the most obvious next step is to make the n = 3 (and 

possibly the n = 4) ethynyl-containing pyridyl-pyridinium ligands and to complex

IIthese to both the Ru ammine and diarsine centres. The purity o f the starting 

materials seemed to be the major factor in the synthesis o f the n = 3 ligand, and was 

probably the reason w hy the Cadiot-Chodkiew icz coupling reaction was 

unsuccessful. Different synthetic routes could also be considered, using alternative 

terminal acetylenes and haloacetylenes. However, the results obtained indicate that 

pursuing such studies may not be worthwhile from a NLO perspective.

Long wavelength HRS studies could be performed on both the existing Ru11 ammine 

and diarsine com plexes, in order to eliminate the problem s o f resonance 

enhancement encountered when using a 1064 nm laser.

Dinuclear complexes of the ethynyl-containing bridging ligands (possibly including 

the n = 3 and n = 4 species) could be synthesized, and electrochem ical and 

spectroscopic measurements performed to probe the metal-metal communication via 

the polyyne bridge. Comparisons could then be drawn between dinuclear complexes 

o f ethynyl-containing ligands, affording insights into the electronic properties of the 

two systems. Finally, molecular orbital calculations performed on the complexes 

synthesized within this study (and perhaps also on related dinuclear species) may 

allow rationalization of the optical and electronic properties of such compounds.
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Chapter 5

A New Family of 
Extended Ligands and 
their Complexes with 

Ruthenium(II) Diarsine
Centres
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5.1 Introduction

When designing a chromophore to exhibit a large second-order NLO response an 

important consideration is the optical transparency. For a m olecule to have any 

application at a device level it must be transparent at both the operating and SH 

frequencies . 1 For example, for the efficient frequency doubling o f short wavelength 

diode lasers a molecule should be transparent at both 800 and 400 nm . 2  For diode 

laser-based modulators absorption in the region 630-980 nm will result in large 

optical losses and transparency at the telecommunications operating wavelengths of 

1300 or 1550 nm (and therefore at the respective SHs of 650 and 775 nm) is required 

for all-optical signal processing 4  According to the TSM the magnitude o f (3 is

5 7inversely proportional to the square o f the ICT energy. ” This relationship leads to 

the so-called nonlinearity-transparency trade off, w hereby increases in (3q are 

generally achieved at the cost of decreased optical transparency. Increasing the 

length o f the Tt-conjugated pathway has proved to be an efficient method for 

increasing molecular NLO responses, causing A/i1 2 to increase and ismax to decrease, 

which in accordance with the TSM leads to an increase in /30 . 8 Flowever, such a red- 

shifting o f the ICT band leads to reduced transparency in the visible region. It has 

been found that the introduction of a 1,4-phenylene group into a conjugated pathway

9 13causes hypsochromic shifting of ICT bands, increasing the visible transparency. ’ 

The NLO properties of Ru11 ammine complexes of the ligand 77-methyl- l,4-bis-(£-2- 

(4-pyridyl)ethenyl)benzene (Mebpvb+) have been previously reported by our group . 9  

Such species show large NLO responses com bined with increased optical 

transparencies, when compared with analogous polyenyl chromophores.
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The work presented in this chapter concerns the synthesis o f some novel //-aryl

analogues of Mebpvb+ and their complexation to the /ra«s,-{Ru 1ICl(pdma)2}+ centre.

The optical and electronic properties of these complexes have been studied, with the

aim o f achieving large NLO responses accompanied by appreciable optical

transparencies. A new potential ligand containing a bis(l,3-diethyl-2-thiobarbitur-5-

yl)methane A group has also been synthesised, but unfortunately the coordination of

n “bthis molecule to the trans-{Ru Cl(pdma)2} centre proved unsuccessful.

5.2 Experimental

5.2.1 Materials and Procedures

RuC 13 *2 H 2 0  was supplied by Apollo Scientific and the pdma ligand was provided by 

Dr. G. Reid, University of Southampton, brans'-[RuuCl(pdma)2 (NO)][PF6 ] 2 , 1 4  2-[2- 

(4-form ylphenyl)ethenyl]pyridine (FEP ) , 1 5 //-phenyl-4-p ico lin ium  chloride

([Phpic+]C1) , 1 6 A-(2-pyrimidyl)-4-picolinium hexafluorophosphate ([Pympic+]PF6 ) , 2  

1,4 -b is [fs -2 -(4 -p y r id y l)e th e n y l]b e n z e n e  (b p v b ) , 17 l , 4 - b i s [ £  -2-(4-

p y rid y l)e th y n y l]b e n z e n e  (b p e b ) 18 and N  - m e th  y 1 - 1 , 4 - b i s - {E  -2-(4- 

pyridyl)ethenyl)benzene hexafluorophosphate ([Mebpvb+]PF6 ) 9  were synthesised 

according to the literature procedures. All other reagents were obtained 

commercially and used as supplied. All reactions were performed under an inert 

Argon atmosphere. Products were dried in a vacuum desiccator (C aS04) for ca. 24 h 

prior to characterization.
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5.2.2 Syntheses

Ar“P lienyl-l,4 -b is(£ '-2-(4-pyricly l)ethenyl)benzene C hloride, [Phbpvb+]CI. 

[Phpic+]CM.25H20  (100 mg, 0.438 mmol) and FEP (108 mg, 0.516 mmol) were

dissolved in methanol (1 cm ) and heated to 95 °C. Pyridine (1 drop) was added and 

the mixture heated for a further 3.5 h. The dark brown solution was cooled to room 

temperature and diethyl ether was added to afford a brown precipitate, which was 

collected by filtration and washed with diethyl ether. Purification was effected by 

precipitation from methanol-diethyl ether to afford a yellow solid. Yield 95 mg 

(48%). <5h (300 MHz, CD3 OD) 9.04 (2 H, d, J =  6.7 Hz, C 5 H 4 N), 8.34 (2 H, d, J  =

6.1 Hz, C5 H 4 N), 8.11 (1 H, d, J =  15.5 Hz, CH), 7.86-7.58 (15 PI, C5 H4N + 2CH + 

C 6 H 4  + Ph + C5H 4 N), 7.31 (1 H, d, J=  16.1 Hz, CH). (Found: C, 68.59; H, 5.58; N, 

6.29. Calc, for C26H21C1N2-3.25PI20 : C; 68.56, H; 6.09, N; 6.15%). m/z: 362 ([M -  

Cl]+).

P /-P h en y l-l,4 -b is(£ '“2-(4-pyridyl)ethenyl)benzene H exafluorophosphate, 

[P hbpvb]P F6. [Phbpvb+]C1*3.25H20  (500 mg, 1.10 mmol) was dissolved in 

methanol ( 2 0  cm ) and aqueous NFkPFg was added to produce a yellow precipitate, 

which was collected by filtration and washed with water. Purification was effected 

by several reprecipitations from DMF-water to afford a yellow solid. Yield 747 mg 

(96%). <5h (500 MHz, (CDj)2 SO) 9.22 ( 2  H, d, J =  6.9 Hz, C5 H 4 N), 9.14 (2 H, d, /== 

5.9 Hz, C5 H 4 N), 8.38 (2 H, d, J  = 6.9 FIz, C 5 H 4 N), 8.21 (1 H, d, J  = 16.3 Hz, CH), 

7.89-7.70 (13 H, C 5 H4N + 2CH + C 6 PI4 ,Ph), 7.47 (1 H, d, J =  16.4 Hz, CH). (Found: 

C, 43.98; H, 3.27; N, 4.63. Calc, for C2 6 H 2 iF6 N 2 P‘FIPF6 *3H2 0 : C; 44.21, H; 3.99, 

N; 3.97%). m/z: 362 ([M -  PF6]+). Orange shards suitable for X-ray crystallography 

were grown via slow diffusion o f diethyl ether vapour into an acetonitrile/DMF



solution. (Found: C, 53.05; H, 4.42; N, 6.35. Calc, for C 2 6 PI2 ]F 6 N 2 P'0.5H PF 6 -DMF: 

C; 53.38, FI; 4.40, N; 6.44%)

Ar-(2-Pyrim idyl)-l,4-bis(£,-2“(4-pyridyl)ethenyl)benzene Hexafluorophosphate, 

[Pymbpvb+]PF6. This com pound was prepared in a fashion identical to 

[Phbpvb+]C1, using [Pympic+]PF6*0.06C4H i0O (154 mg, 0.479 mmol) in place of 

[Phpic+]C1*1.25H20 . Purification of the brown solid was achieved by several 

reprecipitations from acetone-diethyl ether. Yield 132 mg (58%). <5H (300 MHz, 

(CD 3 )2 SO), 9.84 (2 H, d, J =  6 . 6  Hz, C5 H 4 N), 9.17 (2 H, d ,J  = 4.8 Hz, C5 H 4 N), 8.56 

(2 FI, d, J =  4.8 Hz, C4 H 3 N 2), 8.36 (2 H, d, J=  6.9 Hz, C5 H 4 N), 8.35 (1 H, d, J=  16.5 

Hz, CH), 7.88-7.72 ( 6  H, C6 H 4 + CH + C4 FI3 N2), 7.62-7.55 (3 H, C 5 H4N + CH), 

7.52 (1 H, d, J  = 16.2 Hz, CFI). (Found: C, 52.35; H, 4.08; N, 9.67. Calc, for 

C2 4 FI1 9 F 6 N 4 P-2.5H 2 0 : C, 52.09; H, 4.37; N, 10.12%). m/z: 363 ([M -  PF6]+).

((jF-2-(4-Pyridyl)ethenyl)phenyl)bis(l,3-diethyI-2-thiobarbitur-5-yl)methane, 

PEPBDTM. To a solution of FEP (135 mg, 0.645 mmol) in ethanol (50 cm3) was 

added a solution of l,3-diethyl-2-thiobarbituric acid (513 mg, 2.56 mmol) in ethanol 

(45 cm ). The clear yellow solution was stirred under argon and became cloudy 

within 10 min. After 8  h, a fine yellow/brown solid was collected by filtration and 

washed with ethanol. Purification was effected by precipitation from DMF-water to 

afford a dark yellow solid. Yield 295 mg (75%). dH (300 MFIz, (CD 3 )2 SO), 8.79 (2 

FI, d, T -  6.3 Hz, C5 H 4N), 8.16 (2 H, d, J =  6 . 6  Hz, C5 FI4N), 7.94 (1 H, d, 7 =  16.2 

Hz, C2 H4), 7.59 (2 H, d, J  = 8.1 Hz, C6 H4), 7.40 (1 H, d, J  = 16.2 Hz, C2 FI4), 7.09 (2 

FI, d, J  = 7.8 I-Iz, C6 FI4), 6.32 (1 FI, s, CH), 4.45 ( 8  H, d, J =  6 . 6  Hz, 4CFI2), 1.17 (12 

H, br s, 4Me). v(C=0) 1618s cm-1. (Found: C, 59.22; H, 5.21; N, 11.32. Calc, for 

C3oH33N5S2(V H 2 0 : C, 59.09; H, 5.45; 11.49%). m/z: 592 ([M]+).



*raMS-[RunCl(pclrna)2(FEP)]PF6 94. A s o l u t i o n  o f  t r a n s -

[RuIICl(pdma)2(NO)][PF6]2 (250 mg, 0.243 mmol) anclNaN3 (16.2 mg, 0.249 mmol)

3 3in acetone ( 2 0  cm ) was stirred at room temperature for 2  h. Butan-2-one ( 2 0  c m ) 

and FEP (102 mg, 0.487 mmol) were added and the acetone removed in vacuo. The 

solution was heated under reflux for 4 h, then cooled to room temperature. Diethyl 

ether was added, affording a dark orange precipitate which was collected by filtration 

and washed with diethyl ether. Purification was effected by precipitation from 

acetone-aqueous N ff4 PF6, followed by three reprecipitations from acetone-diethyl 

ether to afford an orange solid. Yield 125 mg (48%). (300 MHz, (CD3 )2 CO)

10.00 (1 I-I, s, CHO), 8.33 (4 H, m, C 6 /74 (AsMe2)2), 7.91-7.84 ( 6  H, C 6 774 (AsMe2 ) 2 + 

C5 H 4 N), 7.85 ( 2  H, d ,J =  8.4 Hz, C6 H4), 7.63 (2 H, d, J =  6.9 Hz, C5 H 4 N), 7.50 (1 H, 

d, /  = 16.5 Hz, CH), 7.28-7.22 (3 FI, C5 H4N + CH), 1.91 (12 FI, s, 4AsMe), 1.80 (12 

H, s, 4A sM e). (Found: C, 37.40; H, 3.81; N , 1.69. Calc, for 

C3 4 H 4 3 As4 C 1F 6 N 0 PRu*H 2 0 : C, 37.78; H, 4.20; N, 1.30%). m/z: 918 ([M ~ PF6 f ) .

trans- [Ru1ICl(pdma)2(bpvb)l[PF6]2 95. This compound was prepared in a fashion 

identical to salt 94 using ^'•nn5 ,-[RullCl(pdma)2 (NO)][PF6 ] 2  (125 mg, 0.122 mmol) 

and NaN 3 (8.1 mg, 0.125 mmol) in acetone (10 cm3), bpvb (179 mg, 0.629 mmol) 

and butan-2-one (10 cm3). A red solid was isolated. Yield 32 mg (23%). <5H (200 

MHz, (CD3 )2 CO) 8.63 (2 FI, d, J =  5.4 Hz, C5 H 4N), 8.29 (4 H, m, C ^ A s M e ^ ) ,  

7.92 (4 FI, m, C6 H 4 (AsMe2)2), 7.86 (2 H, d, J =  6.5 Hz, C5 H 4 N), 7.76-7.64 (5 H, CH 

+ C6 I-I4), 7.41-7.34 (4 H, 2CH + C5 H 4N), 7.11-7.01 (3 H, CH + C 5 H 4 N), 1.90 (12 H, 

s, 4AsMe), 1.73 (12 H, s, 4AsMe). (Found: C, 41.50; H, 4.20; N, 2.43. Calc, for 

C4 0 H 4 8 As4 ClF6N 2 PRu*FI2 O: C, 41.56; H, 4.36; N, 2.42%). m/z\ 993 ([M -  PF 6 f ) .
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bvms-[RunCl(pdma)2(Mebpvb+)][PF6]2 96. A solution o f 95*H 20  (32 mg, 0.028

3 3mmol) in DMF (1.5 c m )  and methyl iodide (0.4 c m ) was stirred at room

temperature for 24 h. The excess methyl iodide was removed in vacuo and addition

of aqueous NFI4 PF6  to the dark red solution gave a red precipitate, which was

collected by filtration, washed with water and dried. Purification was effected by

reprecipitation from acetone-diethyl ether to afford a red solid. Yield 19 mg (51%).

<5h (300 MFIz, (CD3 )2 CO) 8.91 (2 FI, d, J  = 6.9 Hz, C 5 FI4 N), 8.34-8.27 ( 6  H,

C 6T/4 (AsMe2 ) 2 + C5 H 4 N), 8.21 (1 H, d , J  = 16.4 Hz, CH), 7.85 (4 H, m,

C 6 /T4 (AsMe2)2), 7.78 (2 H, d , J  = 8.5 Hz, C6 H4), 7.65 (2 H, d, J  = 8.5 Hz, C6 H4),

7.61-7.43 (4 FI, 2CH + C5 H 4 N), 7.23-7.14 (3 H, C5 H4N + CFI), 4.55 (3 H, s, Me),

1.91 (12 H, s, 4AsMe), 1.80 (12 H, s, 4AsMe). (Found: C, 36.92; H, 3.97; N, 2.09.

Calc, for C4 1 FI5 1 As4 ClF 1 2N 2 P 2 Ru-2H 2 0 : C, 36.91; FI, 4.16; N, 2.10%). m/z\ 504 ([M 

2+-  2PF6] ). Red slabs suitable for X-ray crystallography were grown via slow 

diffusion o f diethyl ether vapour into an acetonitrile/DMF solution.

trans- [RunCl(pdma)2(Phbpvb+)][PF6]2 97. This com pound was prepared in a 

fashion identical to 95 using [Phbpvb+]PF6 HPF6"3H20  (94 mg, 0. 133 mmol) in 

place o f bpvb to afford a red solid. Yield 39 mg (24%). (5H (300 MHz, (CD3 )2 CO) 

9.20 (2 H, d, J =  1.2 Hz, C5 H 4 N), 8.46 (2 H, d, J =  7.0 Hz, C5 H 4 N), 8.32 (4 H, m, 

C ^ A s M e ^ ) ,  8.16 (1 H, d, J =  16.3 Hz, CH), 7.92 (2 H, m, Q H 4), 7.89 (4 H, m, 

Cfrf/4 (AsMe2)2), 7.81-7.66 ( 8  H, C 6 FI4  + CH + Ph), 7.56 (2 FI, d, J =  6.1 Hz, C5 H 4 N), 

7.46 (1 H, d, J  = 16.3 Hz, CH), 7.24-7.15 (3 FI, C5 H4N + CH), 1.90 (12 H, s, 

4AsMe), 1.80 (12 H, s, 4AsMe). (Found: C, 40.53; H, 3.47; N, 2.02. Calc, for 

C46H53As4C1F12N 2P2Ru: C, 40.62; H, 3.93; 2.06 %). m/z: 534 ([M -  2PF6]2+). Red 

needles suitable for X-ray crystallography were grown via slow diffusion of diethyl 

ether vapour into an acetonitrile/DMF solution.



trans- [Ru11Cl(pduia)2(Pymbpvb+)][PF6]2 98. This compound was prepared in a 

fashion identical'to 95, using [Pymbpvb+]PF6*2.5H20  (95 mg, 0.172 mmol) in place 

o f bpvb to afford a red/brown solid. Yield 37 mg (21%). <5H (300 MFIz, (CD3 )2 CO) 

10.05 (2 FI, d, J  = 7.3, C 5 H 4 N), 9.22 (2 H, d, J  = 4.8, C 4 H 3 N 2), 8.53 (2 H, d, J  = 7.3 

Hz, C5 I i 4 N), 8.33 (4 H, m, C 6 /74 (AsMe2)2), 8.28 (1 H, d, J =  16.7 FIz, CH), 7.96 (1

H, t, J =  4.8 Hz, C 4 H 3 N 2 ), 7.89-7.84 ( 6  H, C6 7/4 (AsMe2 ) 2  + C6 H4), 7.79 (1 H, 7  = 

16.3 Hz, CH), 7.70 (2 H, d, J=  8.4 Hz, C 6 H4), 7.58 (2 H, d, J =  6.7 Hz, C5 H 4 N), 7.48 

(1 H, d, J  = 16.4 FIz, CFI), 7.25-7.18 (3 H, CsH4N + CH), 1.90 (12 H, s, 4AsMe),

I.81 (12 H, s, 4AsM e). (Found: C, 36.91; H, 3.53; N, 3.96. Calc, for 

C4 4 H 5 iAs4 C1F1 2N 4 P 2 Ru*3H 2 0 : C, 37.32; H, 4.06; N, 3.96%). m /z : 536 ([M -  

2PF6]2+).

trans- [RuIICl(pdma)2(bpeb)]PF6 99. This compound was prepared in a fashion 

identical to 95, using bpeb (200 mg, 0.713 mmol) in place o f bpvb to afford an 

orange/red solid. Yield 30 mg (22%). <5H (300 MHz, (CD 3 )2 CO) 8.62 (2 H, d, J  = 

6.2 Hz, C 5 H 4N), 8.31 (4 H, m, C ^ A s M e ^ ) ,  7.84 (4 H, m, C ^ A s M e ^ ) ,  7.72 (2 

H, d, J =  6.9 Hz, C 5H 4 N), 7.63 (2 H, d ,J  = 8 . 6  FIz, C 6 H4), 7.60 (2 H, d, J=  8 . 6  FIz, 

C6 H 4), 7.47 (2 H, d, J =  6.0 FIz, C5 H 4 N), 7.15 (2 H, d, J=  6.9 Hz, C 5 H 4 N), 1.91 (12 

H, s, 4AsMe), 1.81 (12 H, s, 4AsMe). v(C=C) 2219w cm4  (Found: C, 41.80; H, 

4.07; N, 2.20. Calc, for C^H^As^IFjNjPRu^HjO: C, 41.71; H, 4.02; N, 2.43%). 

m/z: 988 ([M -  PF6]+).

tram- [Ru,1C l(pdm a)2(M ebpeb+)] [PF6]2 100. This compound was prepared in a 

fashion identical to 96, using salt 99 (30 mg, 0.026 mmol) in place of 95 in DMF

3 3(1.5 cm ) and methyl iodide (0.4 cm ). A red solid was isolated. Yield 25 mg 

(74%). 5h (300 MHz, (CD3)2CO) 9.08 (2 H, d, J =  6.7 Hz, C5H4N), 8.32-8.26 (6 H,



C&H4 (AsMe2 ) 2  + C 5 PI4 N), 7.83 (4 H, m, C6H4(A sM eJj), 7.73 (4 H, C 6 H 4  + C 5 H4 N), 

7.61 (2 H, d, J -  8.5 Hz, C 6 H4), 7.05 (2 H, d ,J =  6.7 Hz, C 5 H 4 N), 4.59 (3 H, s, Me), 

1.90 (12 H, s, 4AsMe), 1.80 (12 H, s, 4AsMe). v(C»C) 2220m and 2179w cm - 1  

(Found: C, 38.82; H, 4.13; N, 2.76. Calc, for C4 1 H 4 7 As4 ClF,2 N 2 P 2 Ru*0.5Me2 CO: C, 

38.58; H, 3.81; N, 2.12%). m/z: 502 ([M -  2PF6]2+).

5.3 Results and Discussion

5.3.1 M olecular Design and Synthesis

PFfi

Pym;

R = ph Phbpvb+
= Pym Pymbpvb+
= DNPh DNPhbpvb4

02N

W /
N" \  /

PEPBDTM

Figure 52: Structures of the extended ligands

Figure 52 shows the structures of the extended ligands and the structures of the novel 

complexes 94-100 are depicted in Figure 53.
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Figure 53: Structures of the complex salts 94-100

The novel compounds 95-100 were designed to probe the effects o f extending the 

length o f the 7i-conjugated bridge by the incorporation of a 1,4-phenylene unit on the 

optical and NLO properties. Related Ru 1 ammine compounds studied within the 

group have been found to have relatively large contributions o f ILCT (as well as 

MLCT) transitions to the NLO responses, com bined with increased optical 

transparencies when compared with related polyenyl chromophores.9 Although the
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'H NMR spectra o f 95-100 are quite complicated, they do show diagnostic patterns 

which can be fully assigned. CHN elemental analyses and mass spectrometry allow 

for further conformation of identity and purity.

The ligating unit Mebpvb+ was not isolated, but prepared already coordinated by the 

methylation o f the free pyridyl N atom in complex salt 95 to give 96. Such a 

synthetic approach is not suitable for complexes of related /V-aryl ligands. Therefore 

the species Phbpvb' and Pym bpvb+ were synthesized by Knoevenagel-type 

condensation reactions between FEP and the corresponding picolinium salt using 

pyridine as the base. Such base-catalyzed condensation reactions provide a 

convenient route for the formation of a,/i-unsaturated alkenes. The general reaction 

mechanism is outlined in Figure 54:19

Figure 54: General reaction mechanism for Knoevenagel condensation reactions

Deprotonation by a base (B) such as pyridine yields a carbanion, which attacks the 

carbonyl group, subsequent dehydration affords the alkene product.
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An attem pted  base-cata lysed  condensation betw een FEP and N - ( 2, 4-  

dinitrophenyl)picolinium chloride was unsuccessful, affording none o f the desired N- 

(2,4-dinitrophenyl)-1,4-bis(7A2-(4-pyridyl)ethenyl)benzene (DNPhbpvb+) product. 

H owever, a nucleophilic substitution reaction o f bpvb w ith l-ch loro-2 ,4- 

dinitrobenzene in refluxing ethanol, as shown in Figure 55, did appear to produce 

this compound, although the ]H NMR spectra showed a mixture o f products. The 

presence o f a number of closely-spaced but identically-shaped signals, together with 

reasonable CFIN analyses, perhaps indicates that a mixture o f at least two of the four 

possible E/Z isomers was produced.

02n Ethanol

\  A

Figure 55: Reaction mechanism for the proposed formation o f DNPhbpvh*

2 0  2  3The l,3-diethyl-2-thiobarbituric acid unit is a powerful electron acceptor, ' and 

polyene derivatives containing this group have been found to exhibit very large NLO

2 0  2 4  2 7responses. ’ " It was hoped that the reaction of 1,3-diethyl-2-thiobarbituric acid 

w ith FEP w ould produce the K noevenagel product l,3-diethyl-5-[(E'-2-(4- 

pyridyl)ethenyl)benzylidene]-2-thiobarbituric acid, but instead the disubstituted 

M ichael adduct ((£-2-(4-pyridyl)ethenyl)phenyl)bis(l,3-diethyl-2-thiobarbitur-5- 

yl)methane (PEPBDTM) was produced (Figure 56).
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Figure 56: Reaction scheme for the formation o f PEPBDTM

Carbon-carbon double bonds are generally unreactive towards nucleophiles due to 

the form ation of an unstabilized anion. However, a , (3-unsaturated carbonyl 

compounds can undergo nucleophilic addition due to the formation o f an enolate 

anion, which provides resonance stabilization, as depicted in Figure 57.

Nu Nu

R' R"

Nu‘

Enolate resonance stabilization

Figure 57: Stabilization of an enolate anion

This type o f reaction is known as a Michael addition.19 The formation o f Michael 

adducts often follows Knoevenagel condensations,28 and it has been shown that 

increased Lewis acidity o f the Knoevenagel products by the incorporation o f 

electron-withdrawing substituents favours Michael addition.29 Similar reactivity
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3 0behaviour has been reported in related compounds. It is w orth noting that 

PEPBDTM contains two protons shared between the four carbonyl/hydroxy groups,

31as demonstrated by a crystallographic study on the analogous phenyl compound.

The synthesis o f the ligand bpvb (Figure 58) employed the Heck reaction, which 

involves the coupling of 4-vinylpyridine with 1,4-dibromobenzene in the presence of 

palladium(II) acetate and triphenylphosphine.

Pd (O A c ) 2

PPh 3

Triethylam ine

Figure 58: Reaction scheme for the formation of bpvb

The Heck reaction is quite general and involves the coupling o f an aryl or vinyl 

halide with an activated allcene to form a new alkene, as represented in Figure 59.

Base

Figure 59: Generic scheme for the Heck reaction

31 *The mechanism comprises a catalytic cycle (Figure 60), involving the oxidative 

addition o f the halide, insertion of the alkene and formation of the product by /3-



hydride elimination. The presence o f triphenylphosphine causes the in situ formation 

of the active Pd(0) complex from Pd (OAc)2 and the base regenerates the Pd(0) 

catalyst.

Reductive elimination

B  HX

Pd(0)
Oxidative addition

R 1— X A

>
Starting
materials

J

Pd(II)

(L = PPh3)

Figure 60: The catalytic cycle of the Heck reaction

The ligand bpeb was synthesized by an Eglington coupling reaction between 4- 

e t h y n y  l p y r i d i n e  a n d  1 ,4 - d i i o d o b  e n z e n  e c a t a l y z e d  by 

bis(triphenylphosphine)palladium(II) diehloride and copper(I) bromide (Figure 61). 

The mechanism for this reaction has already been discussed in Chapter 4.

/3-hydride elimination H
Carbometallation

Pd(II) Pd(I I )
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(PPh3)2PdCl2 

I --------------------------------S*-

Cu(I)Br 
Triethylamine

Figure 61: Reaction scheme for the formation o f bpeb

The new pro-ligands [Phbpvb*], [Pymbpvb+] and PEPBDTM were designed with a 

view to form com plexes with many different transition m etal centres, e.g. 

{Run(NH3 )5 }2+, {Fen(CN)5}3“, etc. Unfortunately however, the solubility o f these 

pro-ligands (with the bpvb derivatives as their PF6- salts) is quite limited, being good 

only in DMSO or DMF at room temperature or in acetone or acetonitrile when 

heated. Because the ?ru^-{R uuCl(pdma)2 }+ centre is quite robust and can be heated 

to reflux in acetonitrile, it was chosen to focus on the preparation of complexes of 

this type.

Unfortunately, we have been unable to synthesize a complex o f PEPBDTM. 'U 

NMR spectroscopy showed no evidence for formation of the desired product, despite 

m anipulation o f the reaction conditions. PEPBDTM  has several potentially 

competing sites for coordination; the pyridyl nitrogen and the two thiocarbonyl 

groups. Coordination o f FEP afforded com plex salt 94 , but an attempted 

Knoevenagel reaction between this and l,3-diethyl-2-thiobarbituric acid proved 

unsuccessful (Figure 62). Nevertheless, it can be anticipated that other reactions 

with 94, such as Schiff base condensations, may be feasible.

"O +  i -
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Figure 62: Attempted synthesis

The complex salts 94, 95 and 99 were synthesized via complexation o f the neutral 

ligands w ith  the sodium  az id e -trea ted  com plex  p recu rso r  t r a n s -  

[Ru"Cl(pdma)2 (NO)][PF6]2,14 and 97 and 98 were prepared in a similar fashion, 

using the PF6“ salts o f the appropriate TV-arylated cations. The complex salts 96 and 

100 were prepared via methylation o f 95 and 99, respectively, using methyl iodide in 

DMF.

5.3.2 Electronic absorption spectroscopy studies

The electronic absorption spectra o f complex salts 9 4 -1 0 0  were recorded in 

acetonitrile at 293 K and the results are presented in Table 36, with a representative 

spectrum shown in Figure 63. The complexes show intense ILCT transitions

and intense, broad d7r[Ru]—»>7r*[LA] MLCT transitions with maxima in the region 

43CM80 nm, causing the observed orange or red colorations.

1,3-diethyl-2- 
thiobarbituric acid

No reaction

of rnms-[RunCl(pdma)2PEPBDTM]+
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Tabic 36: UV/Vis absorption data for complex salts 94-100"

Salt a
/ ',max

[nm]

E

[MT1 cm"1]

F̂
m a x

[eV]

Assignment

94 442 8400 2.81 d 7 I  —> 71*

322 31 900 3.85 71 — > 71*

95 4 3 2 20 300 2 .87 dTT -*>  71*

350 51 700 3.54 71 —* 71*

96 4 4 4 15 600 2 .79 dTT 71*

372 34 4 0 0 3.33 71 -* 71*

97 46 0 22 300 2 .70 d 7 l  —> 71*

398 36 700 3 .12 71 - >  71*

98 474 (sh) 25 600 2 .62 d r c  - >  71*

41 6 4 0  100 2 .98 71 * 7 t*

99 438 15 000 2.83 d 7 t  “ > 71*

320 39 200 3.88 71 — > 71*

100 44 6 15 500 2.78 dTT 71*

354 37 4 0 0 3 .50 71 —* 71*

344 (sh) 35 900 3.60 71 —* 71*

2 7 6 24 100 4 .49 71 * 71*

a' Solutions cci. 3-8 x 10 5 M.
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Figure 63: UV/Vis absorption spectrum for salt 97.

As expected, red-shifts o f the MLCT bands are observed upon methylation o f the 

uncoordinated pyridyl nitrogen o f salts 95 and 99 to give 96 and 100, respectively. 

These effects are attributable to iV-methylpyridinium being a better 7t-electron 

acceptor than pyridyl, but it is worth noting that the shifts are relatively small due to 

the extended nature o f the chromophores. Complex salts 94 and 96 have similar 

MLCT £max values, suggesting that the aldehyde group is o f comparable acceptor 

strength to the £-2-(iV-methyl-4-pyridinium)ethenyl group. However, the molar 

extinction coefficient for 94 is about 50% smaller than that o f 96, which is indicative 

o f less efficient orbital overlap in the shorter conjugated system. Within the series 

96-98, increasing the 7i-acceptor strength o f La causes the MLCT energy to decrease 

in the order M ebpvb+ > Phbpvb+ > Pymbpvb+ (Figure 64). This trend is consistent 

with previous observations on related com plexes32 and can be ascribed to 

destabilization o f the LA-based LUMO as the 7t-acceptor ability o f the ligand 

increases, as confirmed by the cyclic voltammetry measurements (see section 5.3.3).
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The intensity o f the MLCT absorption also increases with increasing La 7i-acceptor 

strength. The ILCT absorptions also red-shift in the same order, such that for 98 the 

ILCT and MLCT transitions are so close in energy that the MLCT band appears as a 

shoulder on the ILCT peak.

315 365 415 465 515

Wavelength [nm]

Effect o f increasing the 7i-acceptor strength o f LAon the UV/Vis 

absorption spectra for 96-98.

40000

35000

30000

„  25000  

jg 20000
to
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10000

5000

Figure 64:

The MLCT spectra o f 96 and 100 are very similar, showing that replacing the 

ethenyl units with ethynyl groups has no significant effect. However, the ILCT 

absorption spectra o f these two compounds are quite different. In contrast, for the 

corresponding unmethylated complexes (95 and 99), changing the structure o f the 

bridge affects both £ max and e o f the MLCT band to some extent.
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5.3.3 Electrochemical studies

The new complex salts 94-100 were studied using cyclic voltammetry in acetonitrile 

and the results are presented in Table 37. A representative voltamogram for 94 is 

shown in Figure 65. All o f the complexes show reversible RuII1/n oxidation waves, 

together with generally irreversible LA-based reductions, although salts 94, 95 and 99 

do show reversible LA-based processes.

Table 37: Electrochemical data for complex salts 94-100

Salt

E  [V vs. Ag-AgCl] 

(A£p [mV])“

£ l/2[Ru"™] E m ry A/O'] j-1 [)
[La ] 0 1  Epc

94 1.07 (55) -1.26 (55)

-1.42 (80)

95 1.05 (80) -1.40 (100)

96 1.06 (65) -0.95 b

-1.63 b

97 1.06 (60) -0 .7 6 b

-1 .60 6

98 1.05 (70) -0.55 b

- \ . S l b

99 1.10(75) -1.40 (95)

100 1.11 (75) -0.89 b

-1 .56 b

Solutions ca. 10-3 M in analyte and 0.1 M in N Bun4PF6 at a platinum disc working electrode with a 

scan rate o f  200 mVs A  Ferrocene internal reference E V1 = 0.43 V (A£p = 70 mV). b' For an 

irreversible process.
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Figure 65: Cyclic voltammogram for complex salt 94

Methylation o f the uncoordinated pyridyl nitrogen o f 95 and 99 (to form 96 and 100, 

respectively) causes increased stabilization o f the LA-based LUMOs, as evidenced by 

the increased (although irreversible) reduction potentials with shifts to a more 

positive voltage. Since the RuII1/u E m  values are unchanged upon methylation, the 

accompanying red-shifts o f the MLCT absorption bands can be attributed solely to 

destabilization o f the LA-based LUMOs, with the energies o f the Ru-based HOMOs 

being unaffected. The LA-based reductions in salt 94 occur at more negative 

potentials when compared with those o f the complexes o f pyridinium-substituted 

ligands (96-98  and 100). Within the series 96 -9 8  as the LA 7i-acceptor strength 

increases, so too does the first LA-based reduction potential, with shifts to a more 

positive voltage. Again, the Ru1II/u E m  value is constant for 96-98, showing that the 

red-shifting o f the MLCT band within this series is attributable only to stabilization 

o f the LA-based LUMO. Comparison o f the ethenyl-containing complexes in 95 and 

96 with their ethynyl counterparts in 99 and 100 reveals slightly higher Rum 11 E m  

values for the latter. This difference is due to the mild electron-donating properties



of the 4-ethenyl group making the R u11 centre easier to oxidise. Comparison of the 

La+/0 reduction potentials o f salts 96 and 100 indicates that the ethynyl-containing 

complex is slightly more easily reduced, although no such effect is observed in 95 

and 99.

5.3.4 X-Ray crystallographic studies

Single crystal X -ray structures w ere obtained for the pro-ligand  salt 

[Phbpvb+]PF6*0.5HPF6*DMF (the disordered solvent was not refined) and complex 

salts 96, 97 and 99, and representations o f the molecular structures are shown in 

Figures 66-69. Selected crystallographic and refinement details are shown in Table 

38 and selected bond angles and lengths in Table 39 and 40. Unfortunately, none of 

these four structures are of high quality, attributable largely to included solvents, so 

all bond lengths and angles must be treated with care.

The twisting within the conjugated pyridinium-substituted systems (where py = 

pyridyl and pyr = pyridinium) can be represented by the following dihedral angles 

(°): for [Phbpvb+]PF6-0.5fIPF6’DMF, py-P h  = 13.02(16), P h -py r -  13.28(14), 

py r-P h  = 50.92; for 96, py-Ph = 7.11(0.64), Ph-pyr = 2.28(0.68); for 97 (two 

in d e p e n d e n t c a tio n s) , p y -P h  = 1 .5 0 (2 .1 8 ) /6 .5 7 (2 .1 8 ), P h -p y r  =

1 3 .2 0 (1 ,9 0 )/3 .9 2 (2 .1 6 ), p y r-P h  = 42.5 1 (1 .6 0 )/3 8 .16(1 .68); for 9 9 , 

py(coordinated)-Ph = 9.35(1.11); Ph-py = 8.59(1.14). Unfortunately, all o f these 

materials adopt centrosymmetric space groups, therefore no significant bulk NLO 

behaviour can be expected.
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Figure 66: Structural representation of the protonated pro-ligand cation in salt 

[Phbpvb+]PF6*0.5HPF6«DMF (50% probability ellipsoids)

Figure 67: Structural representation of the complex cation in salt 96 (50%

probability ellipsoids)
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Figure 68: Structural representation of one of the two independent complex cations

in salt 97 (50% probability ellipsoids)
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Figure 69: Structural representation of the complex cation in salt 99 (50%

probability ellipsoids)
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Table 38: Crystallographic and refinement details for salts

- [Phbpvb1 ]PF6”0.5HPF6*DMF, 96, 97, and 99

[Phbpvb+]PF6*

0.5HPF6*DMF

96 97 99

Crystal system Monoclinic Monoclinic M onoclinic Monoclinic

Space group C2/c P2x/n P2\/n C2/c

Unit cell dimensions [A,°]

a 42.215(8) 9.5973(12) 9.345(2) 34.075(7)

b 10.309(2) 42.589(5) 53.743(9) 9.3403(19)

c 14.107(3) 15.082(2) 25.264(4) 32.136(6)

a 90 90 90 90

P 105.77(3) 105.201(10) 98.056(16) 102.73(3)

r 90 90 90 90

Volume [A3] 5908 5949 12562 9977

Z 4 4 8 8

Absorption coefficient [mm’1] 0.194 2.634 2.499 3.083

Reflections collected 33282 28132 46744 13131

Independent reflections 6697 8610 18289 5391

( ^ , =  0.1072) (Rint = 0.0635) ( ^ ,  = 0.0974) Ĉ im = 0.0760)

Final R indices [F 2> 2a(A 2)]

R! 0.1209 0.0955 0.1074 0.1333

wR2 0.2967 0.2765 0.2630 0.3419

R indices (all data)

RJ 0.2567 0.1663 0.2678 0.2359

wR2 0.3582 0.3289 0.3174 0.3956
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Table 39: Selected interatomic distances (A) and angles (°) for complex salts 96, 97

(one cation only) and 99

96 97 99

C ll-R u l 2.443(3) 2.445(9) 2.418(6)

R ul-N 21 2.142(10) 2.108(12) 2.080(17)

R u l-A s l 2.4197(17) 2.405(7) 2.410(3)

R u l-A s l 1 2.4141(19) 22.412(7) 2.413(3)

R u l-A s l 2 2.4118(17) 2.413(7) 2.415(3)

R u l-A s2 2.4134(19) 2.407(7) 2.416(3)

N21—R u l—A sl 94.5(3) 95.1(6) 93.7(5)

N 2 1 -R u l-A s l 1 91.4(3) 84.4(3) 91.1(5)

A s l-R u l-A s l 1 95.01(6) 93.5(3) 174.81(11)

N 2 1 -R u l-A sl2 91.8(3) 90.1(6) 92.6(5)

A s l-R u l-A s  12 173.61(6) 174.4(5) 93.11(10)

N21—R u l—As2 93.4(3) 93.5(6) 84.70(11)

A sl-R u l-A s2 85.29(6) 84.9(3) 93.11(10)

A sl 1-R ul-A s2 175.19(6) 175.4(5) 96.33(10)

A sl2 -R u l-A s2 94.91(6) 96.8(3) 174.74(11)

N21—R u-C ll 179.1(3) 178.4(7) 179.1(4)

As 1-R u l-C l 1 84.60(10) 86.4(5) 86.84(17)

A sl 1 -R u l-C ll 88.64(10) 88.4(4) 88.39(17)

A sl2—R u l-C ll 89.04(10) 88.3(5) 88.16(17)

A s2 -R u l-C ll 86.61(10) 87.1(4) 86.71(17)

231



Table 40: Selected interatomic distances (A) and angles (°) for 

[Phbpvb+]PF6-0.5HPF6*DMF

C15-C14-C11

C14-C15-C16

C6-C7-C8

C7-C6-C3

C14-C15

C11-C14

C15-C16

C6-C7

C7-C8

C3-C6 1.627(12)

1.222( 11)

1.583(12)

1.454(9)

1.357(8)

1.426(8)

115.9(10)

118.1(10)

125.4(6)

125.7(6)

5.3.5 Stark Spectroscopic studies

The com plex salts 9 6 -9 8  and 100 were studied using Stark spectroscopy in 

butyronitrile glasses at 77 K and the results are presented in Table 41. 

Representative absorption and Stark spectra for the MLCT bands o f salts 96-98 are 

shown in Figure 70.

The MLCT bands of all these complex salts undergo red-shifting in the 77 K glass,

33 34as seen in related compounds, ’ except for that of salt 98 which shows a slight 

blue-shift. In acetonitrile at 293 K, the MLCT band red-shifts as the acceptor 

strength of LA increases, but when in butyronitrile at 77 K the MLCT band red-shifts 

on moving from 96 to 97 and then shows a slight blue-shift on moving to 98. 

However, it should be noted that the strong overlapping of the MLCT and ILCT
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bands in 98 means that the quoted Amax and £ max values should be viewed only as 

rough estimates."'

Table 41: MLCT absorption and Stark spectroscopic data for salts 96-98 and

100

Salt
^m ax

[nm f

1
'bnax

[nmf

F

[eV]b

f  bJ  os A* 12

[D]c

A /il2

[ o f

A /4 b

[D f

....r Vcb #ab

[cm -'f

P 0

[10“30 esu]"

96 4 4 4 471 2.63 0.4 6.4 18.8 22 .8 0 .09 6000 131

97 4 6 0 481 2.58 0.5 6.8 24 .9 2 8 .4 0 .06 5000 203

98 474 4 6 4 2.67 0 .4 6.3 31 .0 3 3 .4 0 .0 4 410 0 200

1 0 0 44 6 4 7 2 2.63 0.3 5.4 23 .2 25 .7 0 .05 44 5 0 114

a M easured in acetonitrile solutions at 293 K. b M easured in butyronitrile glasses at 77 IC. c 

Calculated from eqn. 13. d Calculated f r o m /ntA/q2 using y[nt = 1.33. e Calculated from eqn. 12. f 

Calculated from eqn. 14. g Calculated from eqn. 15. h Calculated from eqn. 7.

Within the series 96-98, the nature of La has no significant effect on or f os. AjU12 

and A/iab both increase steadily within the series 96-98, with A/iab being larger in 

every instance. Steady decreases in b o th / /ab and cb are observed as the 7i-acceptor 

ability o f LA increases; as these quantities are related to the degree of orbital overlap, 

it is clear that the D -A  electronic communication decreases on moving along the 

series 9 6 -9 8 . The derived values for fio increase as the LA acceptor strength 

increases on moving from 96 to 97, but replacing the Ph group in 97 for 2-Pym in 98 

causes no significant change in the NLO response. This unexpected result can be 

rationalized by considering that 98 has a lower than expected apparent value for 

£ max, as discussed above.
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Figure 70: Absorption and electroabsorption spectra and calculated fits for the

MLCT bands o f salts 96-98 in external fields of 2.47, 2.47 and 2.48 x 107 V m_1,

respectively.

Top panel: absorption spectrum (blue line = experimental, green line = fit), middle 

panel: electroabsorption spectrum (blue line = experimental, green line = fit) 

according to the Liptay equation; bottom panel: contribution o f the 0th (blue line), 1st 

(green line) and 2nd (red line) derivatives o f the absorption spectrum to the calculated

fit.

Replacing the trans-C H = C \\ units in 96 for C=C bonds in 10 0  causes slight 

decreases in both ^ 1 2  and / os, though the two chromophores have similar MLCT 

absorption energies. A/ 1 1 2  and A^ab are both larger for salt 100. 96 has larger values 

for both //ab and Cb2, attributable to more effective D -A  electronic communication in 

the ethenyl-containing complex. However, the NLO responses o f salts 96 and 100 

are o f a similar magnitude and this observation can be ascribed to the effects o f the 

smaller value o f /u\ 2  for 100 being offset by its larger AjUi2  value.
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Because the ILCT bands of complex salts 96-98 are so intense and close in energy to 

the MLCT bands, it is likely that their corresponding transitions will contribute 

significantly to the overall NLO responses. The cutoff wavelength for our Stark 

setup is ca. 350 nm, which arises from several factors including the intensity o f the 

light source, detector sensitivity and near-UV absorption by the ITO glass window 

used in the Stark cell. As the ILCT bands for salts 96-98  are in the region of 

390-430 nm (in butyronitrile at 77 K) it is possible to analyse them using the Stark 

technique, and the resulting data is presented in Table 42. Representative absorption 

and Stark spectra for the ILCT bands of salts 96-98 are shown in Figure 71.

Table 42: ILCT absorption and Stark spectroscopic data for complex salts

96-98

^max ^max Fornax fas’ f*\2 A/T12 A/iab Cbf H ab A)

Salt [nm]" [nm]6 [eV]6 [d r [D]d id r [cnT1]* [ 10—30 e su f

96 ill 398 3.12 0.7 7.5 10.8 18.5 0.21 10 100 73

97 398 413 3.00 0.8 8.3 15.4 22.6 0.16 8900 137

98 416 430 2.88 0.9 9.0 21.0 27.7 0.12 7600 241

a M easured in acetonitrile solutions at 293 K. b M easured in butyronitrile glasses at 77 K. c 

Calculated from eqn, 13. d Calculated f ro m ^ nAMi2 u s in g ^ nt = 1.33. e Calculated from eqn. 12, f  

Calculated from eqn. 14. 8 Calculated from eqn. 15. h Calculated from eqn. 7.
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Figure 71: Absorption and electroabsorption spectra and calculated fits for the

ILCT bands o f salts 96-98 in a external fields of 2.47, 2.47 and 2.48 x 107 V m_1,

respectively.

Top panel: absorption spectra (blue line = experimental, green line = fit), middle 

panel: electroabsorption spectrum (blue line = experimental, green line = fit) 

according to the Liptay equation; bottom panel: contribution o f the 0th (blue line), 1st 

(green line) and 2nd (red line) derivatives o f the absorption spectrum to the calculated

fit.

Within the series 96-98, H\2 , f os, A^ 1 2  and A âb all increase and Emax decreases as the 

7r-acceptor strength o f La increases. The ^ 1 2  values o f the ILCT absorptions are 

larger than those o f the MLCT absorptions in every instance, correlating with the 

ILCT transitions being more strongly allowed. However, the Aju\ 2  values o f the 

ILCT bands are smaller by ca. 40% when compared with those o f the MLCT 

absorptions. The derived (3o values associated with the ILCT transitions increase
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steadily as the rc-acceptor strength of LA increases, attributable to f.i[2 and Afj,12 

increasing while'2?max decreases.

It is clear that both the M LCT and ILCT transitions in the simple dipolar 

chromophores under study lie along the same axis, so their contributions to the total 

NLO response are additive. The sums of /30[MLCT] and /30[ILCT] are shown in 

Table 43, and it is apparent that the contribution of the ILCT excitation to the overall 

static first hyperpolarizability increases steadily on moving along the series 96-98, 

reaching as much as 45% for 98. However, the lower than expected fsmax[MLCT] 

and /?o[MLCT] for 98 may mean that the ILCT contribution in this case is actually 

less than that implied by the data presented below. N evertheless, complex salts 

96 -98  evidently  exhibit relatively large j80[total] values, which make these and 

related chromophores promising candidates for further study.

Table 43: Estimated ILCT and MLCT contributions to the total NLO response

for complex salts 96-98

Salt A,[ ILCT]

[10”3° esu]

/30[MLCT] 

[IO~30 esu]

Po [total] 

[1CT30 esu]

96 73 131 20 4

97 1.37 203 340

98 200 241 441
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5.4 Comparisons with polyenyl systems

One o f the initial driving forces behind this work was the observation that Ru11 

ammine complexes o f the extended ligand M ebpvb+ exhibit large NLO responses 

together with increased visible transparency, when compared with related polyenyl 

systems o f similar length.9 The effects o f extending the conjugation in trans-

II
{Ru Cl(pdma)2} pyridinium polyenyl complexes have been investigated as part of 

this thesis (see Chapter 3 ) .  For such complexes, j60 increases with the number of E- 

ethylene units (up to n = 2), but this increase is accompanied by an unfavourable loss 

in visible transparency. The MLCT and Stark data for the ,/V-methylpyridinium 

polyenyl complex salts (73 n = 0 ,  75 n = 1, 76 n = 2  and 78 n = 3 )  are shown in Table 

44, alongside that for 96-98. Representative UV/Vis absorption spectra measured in 

butyronitrile glass at 7 7  K and acetonitrile at 2 9 3  K are shown in Figures 7 2  and 7 3 .

Table 44: MLCT and Stark spectroscopic data for salts 73, 75, 76, 78 and 96-98

measured in butyronitrile at 77 K

Salt n ^-max F Fn A/,ij2 A ) [ M L C T ] j30[ total]

[nm] [eV] [D] [D] [ 1 Cf30 esu] [ 1 O'30 esu]

73 0 4 9 1 2 . 5 3 6 . 6 1 4 . 3 1 1 3

75 1 5 1 5 2 . 4 1 6 . 0 1 6 . 9 1 2 3

76 2 5 0 6 2 . 4 5 1 0 . 0 2 0 . 6 4 0 1

78 3 5 0 1 2 . 4 8 1 0 . 5 2 2 . 2 4 6 8

96 4 7 1 2 . 6 3 6 . 4 1 8 . 8 1 3 1 2 0 4

97 4 8 1 2 . 5 8 6 . 8 2 4 . 9 2 0 3 3 4 0

98 4 6 4 2 . 6 7 6 . 3 3 1 . 0 2 0 0 4 4 1
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Figure 72: UV-visible absorption spectra for salts 73, 75, 76, 78 and 96-98 in

butyronitrile at 77 K
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acetonitrile at 293 K



The ^ 1 2  values for 96-98 are comparable to those of the n = 0 or 1 complexes (73 

and 75), but are lower by ca. 40% when compared with those of 76 and 78. The 

A/ ^ 2  values for 97 and 98 are larger than those of their polyenyl counterparts. The 

/fo[total] for 98 is similar to /30[MLCT] for 78, although it should be noted that the 

NLO response for salt 78 can be expected to also have a significant ILCT 

contribution which we have unfortunately been unable to measure (A ^flL C T ] = 394 

nm in acetonitrile at room temperature). Given the absorption profiles, 96 has a 

considerable gain in visible transparency compared with the n — 3 chromophore in 78 

(which also has a iV-methylpyridinium A group and a similar length). This potential 

benefit is however accompanied by at least a 2-fold decrease in the estimated NLO 

response. A lthough 98 may have a /% value approaching that o f 78, no 

accompanying increase in visible transparency is achieved. Therefore the insertion 

o f a 1,4-phenylene ring is not an effective strategy for combating the transparency - 

efficiency trade-off in these pdma complexes.

5.5 Conclusion

The work presented in this chapter describes the synthesis o f novel A-aryl analogues 

of Mebpvb+ and their complexation to the £raw$-{R.unCl(pdma)2} + centre. The 

optical and electronic properties of the compounds have been investigated and the 

effects o f the extending the ^-conjugation by the addition o f a 1,4-phenylene ring 

probed.

Increasing the rc-acceptor strength of the bpvb ligand by either methylation or 

arylation causes red-shifting of both the MLCT and ILCT absorptions. The NLO 

responses associated with both the ILCT and MLCT excitations have been analyzed



using Stark spectroscopy. Generally /?o[ILCT] and /30[MLCT] increase with the 71- 

acceptor strength of La , although 98 has a lower than expected /30[MLCT] value, 

which is probably caused by underestimation of Emax due to the strong overlapping of 

the ILCT and MLCT absorption bands. Comparisons with the related polyenyl- 

containing complexes show that the insertion of a 1,4-phenylene unit into the n- 

conjugated pathway maintains large NLO responses, but with no significant gains in 

the visible transparency.

5.6 Future work

Although several new complexes have been prepared, an inherent problem with the 

PF6“ salts o f the new extended pro-ligands Phbpvb+ and Pymbpvb+ is their poor 

solubility in most organic solvents at room temperature, being only appreciably 

soluble in DMF or DMSO. Therefore the coordination o f these ligands to other 

metal centres is limited. Test reactions with the precursor [Run(NH3)5(H20 )]2+ in 

DMF were unsuccessful. The solubility of these compounds could potentially be 

increased by counter-anion exchange, for exam ple using species such as 

tetrapheny lb orate or tosylate.

The pyridyl aldehyde FEP could be condensed with a variety o f other A groups to 

affording new potential ligands, the introduction of more polar groups may increase 

the solubility o f these compounds. Although attempts to react complex salt 94 with 

l,3-diethyl-2-thiobarbituric acid were unsuccessful, there is scope for further 

experiments using different reaction conditions. A range of other reagents such as 

barbituric acid or acceptor-substituted anilines may well react with 94 to form new
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extended complex chromophores. There is also potential for complexing FEP with 

other metal centres and then carrying out related condensation reactions.

242



5.7 References

1. J. Zyss in Conjugated Polymeric Materials: Opportunities in electronics, 

optoelectronics and molecular electronics, Ch 4. Eds. J. L. Bredas and R. R. 

Chance, Kieuwer Academic, Dordrecht, 1989

2. W. Tam, L-T. Cheng, J. D. Bierlein, L. K. Cheng, Y. Wang, A. E. Feiring, G. 

R. Meredith, D. F. Eaton, J. C. Calabrese and G. L. J. A. Rikken in Materials 

fo r  nonlinear optics, chemical perspectives, Ch. 9. Eds. S. R. Marder, J. E. 

Sohn and G. D. Stuclcy, ACS Symposium Series 455, ACS, Washington DC, 

1991

3. F. Wang, A. W. Flarper, M. S. Lee, L. R. Dalton, IT. Zhang, A. Chen, W. El. 

Steier and S. R. Marder, Chem. Mater., 1999, 11, 2285 — 2288

4. C. Bosshard, Adv. Mater., 1996, 8, 385 -  397

5. J. L. Oudar and D. S. Chemla, J. Chem. Phys., 1977,66, 2666 -  2668

6. J. L. Oudar, J. Chem. Phys., 1997, 67, 446 -  457

7. J. L. Oudar and H. Le Person, Opt. Comm., 1975, 15, 248 -  262

8. Nonlinear Optics o f  Organic Molecules and Polymers, Eds. H. S. Nalwa and 

S. Miyata, CRC Press, Boca Raton, FL. 1997

9. B. J. Coe, L.A. Jones, J. A. Flarris, B. S. Brunschwig, I. Asselberghs, K. 

Clays, A. Persoons, J. Garin and J. Orduna, J. Am. Chem. Soc., 2004, 126, 

3 8 8 0 -3 8 9 1

10. V. Alain, S. Redoglia, M. Blandchard-Desce, S. Lebus, K. Lukaszuk, R. 

Wortmann, U. Gubler, C. Bosshard and P. Gunter, Chem. Phys., 1999, 245, 

5 1 -7 1

11. FI. Meier, J. Gerold and D. Jacob, Tet. Lett., 2003, 44, 1915 -  1918

243



12. J. A. Mata, S. Uriel, R. Llusar and E. Peris, Organometallics, 20 0 0 ,19, 3797 

-3 8 0 2  "

13. PI. Meier, J. Gerold, PI. Kolshorn, W. Baumann and M. Bletz, Angew. Chem. 

Int. Ed. Eng., 2002, 41, 292 -  295

14. P. G. Douglas, R. D. Feltham and PI. G. Metzger, J. Am. Chem. Soc., 1971, 

93, 8 4 - 9 0

15. K. Ichimura and S. Watanabe, J. Polym. Sci., Polymer Chem. Ed., 1982, 20, 

1 4 1 9 -1 4 3 2

16. B. J. Coe, J. A. Harris, I. Asselberghs, K. Clays, G. Olbrechts, A. Persoons, J. 

T. Hupp, R. C. Johnson, S. J. Coles, M. Plursthouse and K. Nakatani, Adv. 

Fund. Mater., 2002, 12, 110 -  116

17. A. J. Amoroso, A. M. W. Cargill Thompson, J. P. Maher, J. A. McCleverty 

and M. D. Ward. Inorg. Chem., 1995, 34, 4828 -  4835

18. N. R. Champness, A. N. Khlobystov, A. G. Majuga, M. Schroder and N. V. 

Zyk, Tet. L ett, 1999, 40, 5413 -  5416

19. Organic Chemistry, M. Jones Jr., Norton, New York 1997

20. V. Vohra, S. Suresh, S. Ponrathnam, C. R. Raj an and F. Kajzar, J. Polym. 

Chem. 2 0 0 0 ,3 8 ,9 6 2 -9 7 1

21. M. Blanchard-Desce, V. Alain, P. V. Bedworth, S. R. Marder, A. Fort, C. 

Runser, M. Barzoukas, S. Lebus and R. Wortmann, Chem. Eur. J., 1997, 3, 

1 0 9 1 -1 1 0 4

22. V. Alain, A. Fort, M. Barazoukas, C. -T . Chen, M. Blanchard-Desce, S. R. 

Marder and J. W. Perry, Inorg. Chim. Acta, 1996, 242, 43 -  22

23. G. U. Bublitz, R. Ortiz, C. Runser, A. Fort, M. Barazoukas, S. R. Marder and 

S. G. Boxer, J. Am. Chem. Soc., 1997,119, 2311 -2 3 1 2

244



24. S. R. Marder, B. Kippelen, A. K. -Y . Jen amd N. Peyghambarian, Nature, 

1997,388, 845 — 851

25. S. R. Marder, L. -T . Chen, B. G. Tiemann, A. C. Friedli, M. Blanchard- 

Desce, J. W. Perry and J. Skindhoj, Science, 1994, 263, 511 -  514

26. Y. -W . Cao, X. -D . Chai, S. -G . Chen, Y. -S . Jiang, W. -S . Yang, R. Lu, Y. 

-Z . Ren, M. Blanchard-Desce, T. -J . Li and J. -M . Lehn, Synth. Met., 1995, 

71, 1733 -  1734

27. J. Garin, J. Orduna, J. I. Ruperez, R. Alcala, B. Villacampa, C. Sanchez, N. 

Martin, J. L. Segura and M. Gonzalez, Tet. Lett., 1998, 39, 3577 -  3580

28. L. F. Tietze and U. Beifuss in Comprehensive Organic Synthesis: Vol. 2. Ed. 

B. M. Trost, Pergamon, Oxford, 1991

29. F. J. Kunz, P. Margaretha and O. E. Polansky, Chimia, 1970, 24, 165 -  181

30. J. Adamson, B. J. Coe, H. L. Grassam, J. C. Jeffery, S. J. Coles and M. B. 

Hursthouse, J. Chem. Soc., Perkin Trans. 1, 1999, 2483 -2 4 8 8

31. Organic Chemistry, J. Clayden, N. Greeves, S. Warren and P. Wothers, 

Oxford University Press, Oxford, 2001

32. B. J. Coe, T. Beyer, J. C. Jeffery, S. J. Coles, T. Gelbrich, M. B. Hursthouse 

and M. E. Light, J. Chem. Soc. Dalton Trans., 2000, 797 — 803

33. B. J. Coe, J. A. Harris and B. S. Brunschwig, J. Phys. Chem. A, 2002, 106, 

8 9 7 -9 0 5

34. Y. K. Sutin, B. S. Brunschwig, C. Creutz andN . Sutin, J. Phys. Chem., 1996, 

100, 8 1 5 7 -8 1 6 9

245



Appendix:

Physical Measurements
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A .l General Physical Measurements

The !H NM R spectra of the complex salts described in chapters 2, 3 and 5 were 

recorded on a Varian XL-300 spectrometer or the Bmker 500 spectrometer, while the 

corresponding m easurem ents on the compounds described in chapter 4 were 

recorded on a Gemini 200 spectrometer. All chemical shifts are referenced to TMS. 

The fine splittings o f the pyridyl or phenyl ring AA'BB' patterns are ignored and the 

signals reported as simple doublets, with J  values referring to the two most intense 

peaks. Elemental and thermogravimetric (TG) analyses were performed by the 

M icroanalytical Laboratory, University o f M anchester. UV/Vis spectra were 

generally recorded using a Hewlett-Packard 8452A diode array spectrophotometer, 

except for the results presented in Table 1 which were measured using an a-H elios 

double-beam spectrophotometer which has a range further into the NIR region. IR 

spectra were obtained as KBr discs with an ATI M attson Genesis Series FTIR 

instrument. Mass spectra were recorded using +electrospray on a Micromass 

Platform Spectrometer. Cyclic voltammetric measurements were carried out with an 

EG&G PAR model 283 potentiostat/galvanostat. An EG&G PAR K0264 single 

compartment microcell was used with a Ag-AgCl reference electrode (3 M NaCl, 

saturated AgCl) and a platinium-wire auxiliary electrode. For the measurements 

described in chapter 2, a glassy carbon working electrode was used and water and 

methanol were distilled before use. The measurements described in chapters 3-5 

involved a platinum working electrode and acetonitrile (HPLC grade) was distilled 

twice before use. K N 0 3 and [NBtf'4]PF6, the latter twice recrystallized from ethanol 

and dried in vacuo, were used as the supporting electrolytes. Solutions containing
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—3cci. 10 M analyte (0.1 M electrolyte) were deaerated by purging with N 2. All £ 1 / 2  

values were calculated from (Epa + Epc)/2 at a scan rate of 200 mV s_1.

A.2 X-Ray Crystallography Studies

Crystals of 70, 74, 75, 92, 96, 97 and 99 were obtained by slow diffusion of diethyl 

vapour into acetonitrile solutions. Crystals of 58 were grown by the slow diffusion 

o f ethanol vapour into an aqueous solution, w hile those o f  8 4 and 

[Phbpvb+]PF6*0.5HPF6*DMF were obtained by slow diffusion o f diethyl ether 

vapour into nitromethane or DMF/acetonitrile solutions, respectively. The crystals 

chosen for diffraction studies had the following approxim ate dim ensions and 

appearances: 0.60 x 0.60 x 0.10 mm, purple block (84*9H20 ); 0.20 x 0.10 x 0.08 

mm, yellow block (70*2.5MeCN); 0.15 x 0.10 x 0.10 mm, orange rod (74*2MeCN); 

0.60 x 0.40 x 0.20 mm, red block (75); 0.40 x 0.20 x 0.02 mm, dark red plate (92); 

0.70 x 0.20 x 0.05 mm, purple block (84*M eN02); 0.18 x 0.16 x 0.04 mm, orange 

shard [Phbpvb+]PF6*0.5HPF6*DMF; 0.42 x 0.30 x 0.07 mm, red slab (96); 0.76 x 

0.18 x 0.03 mm, red blade (97); 0.44 x 0.08 x 0.04 mm, orange blade (99). Crystals 

o f  th e  s a l ts  Na2[FeII(CN)5(MeQ+)], 9Fl20 ( 5 8 * 9 H 20 )  and t r a n s- 

[RuII(NH3)4(py)(Mebpbd+)](PF6)3,M eN 02 (84*MeN02) were attached to a Hamilton 

Cryoloop, using fomblin oil (perfhioropolymethylisopropyl ether) and mounted on a 

Bruker APEX CCD X-ray diffractometer. Cryocooling to 100 K was carried out by 

using an O xford Cryosystem s 700 Series C ryostream  Cooler. Intensity 

measurements were collected using graphite-monochromated, M oK a radiation from 

a sealed X-ray tube with a monocapillary collimator. The intensities o f reflections of 

a sphere were collected with an exposure time per frame of 5 s . Data processing was



carried out by using the Brukcr SAINT1 software package and a semi-empirical 

absorption correction was applied using SADABS.1 The data for all o f the other 

crystals were collected on a Nonius Kappa CCD area-detector X-ray diffractometer

2 7
controlled by the Collect software package. The data were processed by Denzo and 

corrected for absorption by using the empirical method employed in Sortav4,5 from 

within the MaXus suite of programs.6 All structures were solved by direct methods

2  *7

and refined by full-matrix least-squares on all F0 data using SHELXS-97 and 

SHELXL-97. All non-hydrogen atoms were refined anisotropically with hydrogen 

atoms included in idealized positions with thermal parameters riding on those of the 

parent atom. The crystal of [Phbpvb+]PF6*0.5HPF6*DMF contained a molecule of 

highly disordered solvent (presumably DMF) w hich was rem oved using the 

SQUEEZE program. One o f the PF^- anions was disordered over two sites (and a 

symmetry operation). There was a hydrogen atom between two pyridine nitrogen 

atoms related by a symmetry operation forming a strong Fl-bond, but it was not 

possible to accurately locate this hydrogen atom and it was therefore fixed to the N 

with half occupancy to best model the situation. There was also an extra PF6~ for 

every pair o f cations. The crystal o f 96 contained highly disordered acetonitrile 

molecules which were removed using the SQUEEZE program and the two PF6- 

anions were disordered over two sites. The crystal of 97 also contained some highly 

disordered solvent (acetonitrile) which was removed using the SQUEEZE program, 

and the entire cationic complex was disordered over two sites. The crystal of 99 

contained unrefmable solvent (probably acetonitrile again) which was removed using 

the SQUEEZE program, and disorder in the PF6“ anion was also observed.
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The crystal structures o f 58 and 84 were solved by M. Helliwell at the University of 

Manchester. All other crystal structures were solved by M. E. Light (70, 74 and 75),

S. J. Coles (92) and P. N. Horton ([Phbpvb]PF6 96, 97 and 99) at the EPSRC 

crystallographic service at the University of Southampton.

A.3 Hyper-Rayleigh Scattering Studies

The HRS measurements in Chapter 2 were performed by Dr Inge Asselberghs. In 

Chapter 4 salts 80, 81, 83, 84, 86 and 87 were measured by the Author and salts 

91-93 by Shen Ting Hung. All measurements were performed at the University of 

Leuven.

D etails o f the HRS experim ent have been reported elsew here,9-12 and the

13experimental procedure was as previously described. (3 values were determined 

using the electric-field-induced second harmonic generation 6 4  values for p -  

nitroaniline (29.2 x 10-3° esu in acetonitrile, 32.0 x 10-3° esu in methanol)14 and (3m

-30values for crystal violet (388 x 10" esu in methanol) as external references. All 

measurements, except those for the protic switching experiments in Chapter 2, were 

perfonned using the 1064 nm Nd:YAG laser (Quanta-Ray GCR-5, 8 ns pulses, 7 mJ, 

10 Hz). All protic switch measurements were carried out using the 800 nm

• 3"F «fundamental o f  a regenerative mode-locked Ti :sapphire laser (Spectra Physics, 

model Tsunami®, 100 fs pulses, 1 W, 80 MHz).Dilute (10-5-1 0 -6 M) solutions (in 

methanol or water for chapter 2 and acetonitrile for chapter 4) were used to ensure 

linear dependencies o f on solute concentration, precluding the need for

Lambert-Beer correction factors. Samples were filtered (Millipore, 0.45 ^tin), and



showed no fluorescence. One dimensional hyperpolarizability is assumed i.e. /f1064 = 

j3zzz and a relative error o f ±15% is estimated.

A.4 Stark Spectroscopic Measurements

All Stark spectroscopic measurements were performed by Dr. James Harris at the 

California institute of technology.

The Stark apparatus, experimental methods and data analysis procedure were exactly 

as previously reported,15’16 with the only modification being that a Xe arc lamp was 

used as the light source in the place of a W filam ent bulb. Butyronitrile or 

glycerol-water (50:50 vol %) were used as the glassing media, for which the local 

field correctionyint is estimated as 1.33.15,16 The Stark spectrum for each compound 

was measured a minimum of three times using different field strengths, and the 

signals were always found to be quadratic in the applied field. A two-state analysis 

of the ICT transitions gives

Aj4  = M 22 + 4/ 4  (12)

where A/,iab is the dipole moment difference between the diabatic states, A/q2 is the 

observed (adiabatic) dipole moment difference, and f.i12 is the transition dipole 

moment. Analysis of the Stark spectra in terms of the Liptay treatm ent17,18 affords 

A/q2, and the transition dipole moment, /i12 can be determined from the oscillator 

strength f 0& o f the transition by

1 / 2

(13)
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where E max is the energy o f the 1CT maximum (in wavenumbers). The degree of 

delocalization ch and electronic coupling matrix element H ah for the diabatic states 

are given by

2 _  1Cu — 
b 2

1 -
& A + 4A /

1 / 2

(14)

KAi-hi)
Aft'ab

(15)

If  the hyperpolarizability tensor has only nonzero elements along the ICT 

direction, then this quantity is given by equation 7. A relative error o f ±20% is 

estimated for the /30 values derived from the Stark data and using equation 7.
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