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Chapter 5 

'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

Abstract 

This part of the thesis focuses on the possibility to use metal complexes for nonlinear optical 

processes. The Chapter includes a basic overview of the nonlinear optics. Then, the synthesis, 

electrochemistry, photophysical and nonlinear optical properties of a series of ruthenium 

complexes is described. The complexes containing groups which can act as electron donor or 

acceptor have in common the same skeleton which is a ruthenium bisterpyridine moiety. The 

influence of the metal to ligand charge transfer (MLCT) transition is discussed as well as the 

importance of an eventual intra ligand charge transfer (ILCT) transition. 

The electrochemistry shows that, on one hand, thermodynamically allowed electron transfer 

process can occur only for the donor-acceptor ruthenium systems (where the donor groups 

are N,N-dimethylaniline and the acceptor is the complexed terpyridine). On the other hand, 

ILCT can be present when pyrene or N,N-dimethylaniline groups are covalently linked to the 

free terpyridine unit (see also Chapter 4). 

The photophysical data reveals the normal behaviour of ruthenium bisterpyridine derivatives 

except for the pyrene substituted complexes which present an extended lifetime due to an 

equilibration of the triplet state of the pyrene with the 'MLCT level of the ruthenium 

component. 

The N,N-dimethylaniline ruthenium systems were proven to possess higher 

hyperpolarizability (fi) values than the cyano-substituted ruthenium systems due to the ILCT 

state. Furthermore, the addition of phenylene units to these complexes shows also an 

enhancement of the fi values. This phenomenon is attributed to the increase of the 

polarizability of the excited state. 
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5.1 Introduction 

The development of new molecular materials with large second-order nonlinear 

optical (NLO) properties is currently the subject of numerous investigations due to its 

potential in various fields such as telecommunication, '' optical data storage and information 

processing'"' or biological sensors.'J' 4' Organic and metallo-organic compounds are of great 

interest because of their large NLO susceptibilities and fast response times in comparison to 

the inorganic crystals previously used.'3' These kinds of molecules also provide good 

architectural flexibility in order to tune their molecular structures thus maximizing the optical 

nonlinearity. ' ' Furthermore, going to such compounds allows in many cases to replace 

conventional one-dimensional dipolar compositions with two- or three-dimensional octopolar 

arrangements.'8' Thus, extensive efforts are now directed towards the design and synthesis of 

efficient chromophores which can be incorporated into macroscopic assemblies such as 

polymers, Langmuir-Blodgett films or single crystals to form materials exhibiting large NLO 
[9-111 

responses.' ' 

Metal complexes containing nitrogen-heterocyclic ligands, such as pyridines and 

oligopyridines, represent an important class of NLO chromophores which have received 

increasing attention over the last 20 years. " These ligands, which can be easily 

functionalized, are amongst the most widely studied in coordination chemistry. This results in 

a wide choice of stable complexes that are generally associated with intense low-lying energy 

metal to ligand charge-transfer (MLCT) or intraligand charge-transfer (ILCT) transitions. 

The presence of the CT state often associated with metal complexes, the stability of 

the compound vs the analogues organic systems, and the reversibility and tunability of the 

redox processes make metal complexes an appealing class of compounds for NLO materials. 

In order to investigate the MLCT effect on the P values upon complexation,'19' 

ruthenium bisterpyridine derivatives were prepared (Chart 1) and compared with the free 

ligand (Chart 2) analogues. The presence of this low lying transition in addition to other CT 

states will be discussed as well as the influence of the substituents. 
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r 
2PF 

RuBpy; TpyRuTpyTol 

TpyRuTpyPh-3,5-(PhCN)2 (2a) TpyRuTpyPh-3,5-(Ph2CN)2 (5a) 

TpyRuTpyPh-3,5-Pyrene2 (2c) TpyRuTpyPh-3,5-(PhPyrene)2 (5c) 

Chart 1. Schematical representation of the prepared and investigated ruthenium bisterpyridine derivatives. 
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TpyPh(PhCN)2 (6a) TpyPh(PhNMe;)2 (6b) TpyPhPyrene2 (6c) 

Chart 2. Schematical representation of the terpyridine derivatives used as model and their abbreviations. 

In this Chapter, an introduction to the theory of the nonlinear optical phenomenon will 

be given. Then, we report on the synthesis of ruthenium bisterpyridine complexes where one 

terpyridine is substituted in position 4 by a phenylene unit connected in the two meta-

positions to electro-donor (N,N-dimethylaniline) or acceptor (and phenylcyano units) groups. 

Also pyrene substituted phenylterpyridine ruthenium complexes and its free ligand are studied 

and compared to the typical donor or acceptor substituted terpyridine (see Chart 1). The 

electrochemical, photophysical and nonlinear optical properties of these complexes are 

studied and discussed. The choice of the compounds was dictated by several factors which 

must be taken into account in designing the systems. We have therefore followed the strategy 

to have: i) linear arrangement around the ruthenium ion in order to have a vectorial 

unidirectional CT in the complexes; ii) no strong emission preventing interferences with NLO 

phenomena; iii) possibility to increase the donor-acceptor distance, the polarizability and the 

solubility of the complexes by introduction of spacers {e.g. phenylene units) and iv) octopolar 

conformation in our systems. For all these reasons, terpyridine complexes have been chosen 

over the well known bipyridine derivatives. 

5.2 Background on nonlinear optics 

When an electromagnetic field of incident light is sufficiently strong, as in the case of 

coherent laser light, the induced polarization (P) can be written as a nonlinear function of the 

applied field according to: 

P= uo + a£ + P£2 + yE3 + " (Eql) 
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The second-order nonlinear effect is correlated with the quadratic hyperpolarizability 

(P) (also called first molecular hyperpolarizability). The dipole moment u induced in a 

molecule by an intense external electric field E can be expressed by equation 2, where a is the 

linear polarizability and p and y are the first and second molecular hyperpolarizability, 

respectively. 

u = a £ + p £ 2 + y£,3 + - (Eq2) 

The coefficient p governs the magnitude of the second-order response. This 

coefficient vanishes in a centrosymmetric medium. 

The experimental determination of p can be carried out by using Electric-Field-

Induced Second Harmonic (EFISH) generation method.'20"2j' In this technique, a high-voltage 

electric pulse breaks the centrosymmetry of the liquid (solvent) by dipolar orientation of the 

molecules. This techniques allows the determination of y + jip/5kT, where p is the vectorial 

projection of the first hyperpolarizability tensor along the dipole direction. By neglecting the 

third order contribution (y), p can be evaluated. The ground state dipole moment can be 

measured independently by a classical method based on the Guggenheim law.'241 Modelling 

the dispersion of p by a two-level system according to equation 3 enables us to extract a 

frequency-independent nonresonant P(0) value.'21'25' 

P = (3e2/!2/2mjr)F(^,co)fAu (Eq3) 

where e is the elementary charge, h is the Planck constant, W is the energy of the charge-

transfer transition, co is the fundamental frequency, f is the oscillator strength of the charge 

transfer band, Au = uex- Ĵ g is the difference of dipole moment between the excited state and 

the ground state moment and F is the dispersion factor, which is defined by equation 4. 

F(W, co)= WAI[(W2- / r V ) (W2- 4 / rV) ] (Eq4) 

The term p is related to the static hyperpolarizability coefficient P(0) using equation 5. 

P=P(0). F(W, co) (Eq5) 
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The experimental determination of p can also be carried out with the Hyper-Rayleigh 

Scattering (HRS), also called Harmonic Light Scattering (HLS) method.'2j' 26~281 This 

technique is unique for measuring the p value of non-dipolar and/or ionic molecules where 

EFISH experiment is often not possible as it requires uncharged species (or stable charged 

species) and a non-zero ground state dipole moment. The HRS method is based on incoherent 

scattering of the second harmonic light originating from the fluctuation of optically induced 

microscopic dipoles. The HRS harmonic response can be expressed as in equation 6. 

I2ra= 10"e(2w)c,G(NI<pl
2> + N2<P22>)(Ira)2 (Eq6) 

where I2'0 is the scattered Second Harmonic Generation (SHG) intensity, s(2co) is the molar 

extinction coefficient of the nonlinear molecule at the harmonic frequency 2co, c is the 

concentration of the nonlinear molecule, / is the effective pathlength, G is a geometrical 

factor, N| (N2) is the molecular density of the solute (solvent), <Pf> (<P2~>) is the orientation 

average of the square of the first hyperpolarizability and I'° is the intensity of the fundamental 

wave. 

In equation 5, the slope of the function (F), defined by I"ra= f[(Iro)~], is proportional to 

c x <Pf>. Comparing to a reference will give equation 7: 

<p,2> = [(F/Fret')(cref/c)]l/2<pref
2> (Eq7) 

The HRS techniques also allows to determine the individual component of the P 

tensor'8'29' by exploring the fundamental polarization dependence of the scattered harmonic 

signal. 

In order to obtain materials possessing these properties, some pre-requirements have 

to be fulfilled in the structure of the molecules. Typically, they must contain a conjugated n-

electron system, asymmetrically substituted by electron donor and acceptor groups (a so 

called DTIA system).'J0' In such systems, the polarization will be enhanced when the field is in 

the donor-acceptor direction and will be diminished when the field is in the acceptor-donor 

direction, as illustrated in Figure 1. 
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W 
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Figure 1. Second Harmonic Generation. Representation of (a) the incident electromagnetic optical field, (b) the 
induced polarization with the corresponding molecular resonance structures. Enhancement of the signal in the 
donor-acceptor direction and diminution in the acceptor-donor direction. Fourier transformation of the 
polarization results in (c) a component oscillating at the same frequency, (d) a component oscillating with the 
double frequency and (e) a constant component. [Figure from Photophysical Properties of Opto-Electric 
Molecules studied by Time-Resolved Microwave Conductivity, Thesis Delft, W. Schuddeboom] 

As explained previously, the centrosymmetry must be broken in order to obtain 

second order effects. In consequence, the symmetry group plays a key role in the intensity of 

the phenomenon. In this respect, dipolar and non-dipolar molecules have been studied. 

5.3 Synthesis and characterization of functionalized ruthenium bisterpyridine 

complexes 

The halogenated terpyridine TpyPhBr2 was prepared as described in Chapter 4. The 

ruthenium complex TpyRuTpyPhBr2 (1) was prepared from TpyRuC^ precursor and 1 

using microwave radiation (Scheme 1). 
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TpyPhBr2 TpyRuCI3 TpyRuTpyPhBr2 (1) 

Scheme 1. Synthetic procedure to prepare the precursor ruthenium (II) complex (1). 

TpyRuTpyPh(Ph2CN)1 

TpyRuTpyPh(Ph2NMe2)2 (5b) f'~\f' 
TpyRuTpyPh(PhPyrene)2 (5c) k-

Scheme 2. Synthesis of «Y -shaped» complexes, a: DMF, CsC03, Pd(PPh3)4; b: TMS-Ph-B(OH)2, DMF, 
CsCOj, Pd(PPh3)j; c: CH2C12, IC1 
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In order to add the phenylene units, 1 was coupled with 4-

(trimethylsilyl)phenylboronic acid giving 3, the trimethylsilyl- functions were subsequently 

transformed into iodo function using IC1 yielding 4 (see scheme 2). To bi-functionalize the 

ruthenium complex 1 and 4, the bis-halogeno-ruthenium complexes 1 and 4 were coupled 

with 4-cyanophenylboronic acid, 4-(N,N-dimethylamino)phenylboronic acid or pyrene-

boronic acid using Suzuki Cross Coupling reactions.1'1' j2' All the complexes obtained, 

TpyRuTpyPh(PhCN)2 (2a), TpyRuTpyPh(Ph2CN)2 (5a) TpyRuTpyPh(PhNMe2)2 (2b), 

TpyRuTpyPh(Ph2NMe2)2 (5b), TpyRuTpyPh(Pyrene)2 (2c) and 

TpyRuTpyPh(PhPyrene)2 (5c) (Scheme 2) were purified by column chromatography using 

magic mixture as an eluent (see experimental part) and characterized by H-NMR 

spectroscopy, by ESI mass spectrometry and by HR mass spectrometry. By 'H-NMR, no 

peculiar effects were noticed on the terpyridine part as expected, obvious differences were 

observed on the proton of the substituted phenyl giving, for instance, strongly shielded shifts 

of the four protons close by the amino groups (5= 6.8-6.9 ppm). For cyano grafted complexes, 

these protons are deshielded (8= 8.0-7.9 ppm). The full characterization and synthetic details 

are reported at the end of the Chapter. 

5.4 Electrochemistry 

The electrochemical data for all the ruthenium (II) complexes are presented in Table 1. All the 

values are given vs SCE. 

Table 1, Electrochemical data and Gibbs energies in acetonitrile tor all the complexes investigated 

TpyRuTpyTol 
TpyRuTpyPh(PhNMe2)2 

TpyRuTpyPh(Ph2NMe2)2 

TpyRuTpyPh(PhCN)2 

TpyRuTpyPh(Ph2CN)2 

TpyRuTpyPh(Pyrene)2 

TpyRuTpyPh(Ph-Pyrene)2 

E(OX)! 

1.32 
1.31 
1.34 
1.34 
1.34 
1.35 
1.32 

k ( 0 \ ) ; 

-
0.82 
0.80 

-
-
-
-

E(red), 

-1.20 
-1.22 
-1.20 
-1.17 
-1.17 
-1.16 
-1.19 

E(red)2 

-1.44 
-1.46 
-1.39 
-1.42 
-1.34 
-1.36 
-1.31 

AGeT 

0.50 
0.08 
0.04 
0.55 
0.55 
0.40 
0.41 

Redox potential are given in Volts vs SCE at 20°C using tetrabuyl ammonium hexafluorophosphate as 
electrolyte ([C]= 10~2 M) with 3 xlO"3 M of complex 
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Figure 2. Cyclovoltammogram of TpyRuTpyPh(PhNMe2)2 in acetonitrile, rate: 50mV/S, 10"'M 
tetrabutylammonium hexafluorophosphate, 10"3M of complexes with Ferrocene as internal reference. 

For TpyRuTpyPh(PhCN)2 and TpyRuTpyPh(Ph2CN)2, the first oxidation potential 

in cyclic voltammetry is reversible as usual for a ruthenium based oxidation in terpyridine 

ruthenium systems yielding an oxidation value close to the one of TpyRuTpyTol (+1.34 V 

and +1.32 V respectively). This oxidation is metal centered (Ru"/Runl) and is reversible.1331 

For TpyRuTpyPh(PhNMe2)2 and TpyRuTpyPh(Ph2NMe2)2, the first oxidation was found 

at a much lower potential (+0.8 V vs +1.3 V) than for all other complexes. This phenomenon 

can be attributed to the oxidation of aniline groups which is known to occur around 0.8 V. 

This oxidation is followed by a second reversible wave around +1.3 V as for the ruthenium 

oxidation previously presented, without major influence arising from the first oxidation 

process at 0.8 V (see Figure 2 and Table 1). The pyrene-grafted complexes 

(TpyRuTpyPh(Pyrene)2 and TpyRuTpyPh(PhPyrene)2) present an irreversible oxidation 

occurring at 1.3 V. In this case, the irreversibility is due to the oxidation of the pyrene unit 

which falls also at this potential.134' The ligand-based reduction processes are reversible and in 

the following discussion, only the two first processes will be discussed. For all complexes 

investigated, the first reduction is comprised between -1.17 V and -1.23 V with a slight 

decrease, as expected, when terpyridine units are functionalized with acceptor groups. This 

effect is more obvious when looking at the differences on the second reduction potential. This 

reduction has been proven to occur on the second terpyridine unit.1'51 Comparing 

TpyRuTpyPh(PhCN)2 with TpyRuTpyPh(PhNMe2)2 and TpyRuTpyPh(Ph2CN)2 with 

TpyRuTpyPh(Ph2NMe2)2, differences of 40 mV and 50 mV, respectively, are observed. This 

shift is consistent with electron withdrawing character of the substituent which decreases the 

electron density on the terpyridine resulting in an easier reduction of this chelating moiety. 
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Opposite electronic effect can be seen for the complexes containing electron-donor units, 

which render the terpyridine more electron rich and therefore more difficult to reduce. 

Furthermore, increasing the conjugation length (adding phenylene units: from 

TpyRuTpyPh(PhCN)2 to TpyRuTpyPh(Ph2CN)2, from TpyRuTpyPh(PhNMe2)2 to 

TpyRuTpyPh(Ph2NMe2)2 and from TpyRuTpyPh(Pyrene)2 to TpyRuTpyPh(PhPyrene)2), 

an easier potential (50 mV less) for the second reduction was found (see Table 1). This can be 

explained since the charge localized on the bridge terminated by cyano groups is now further 

away from the metal center and the unfunctionalized terpyridine is less affected than at 

shorter distance. 

From the electrochemical data, it is possible to estimate the thermodynamic energy of 

electron transfer (Gibbs energy: AGe-r) (Table 1) in such systems using the Rehm-Weller 

equation'^6' (equation 8): 

AGCT = e(E0X - EK{i) - £-00 + w(r) (Eq8) 

where Eox is the first oxidation potential of the donor, EKi is the first reduction potential of the 

acceptor, E00 is the energy of the 0-0 transition determined by the first emission maximum of 

the donor at 77 K and w(r) is a work term arising from coulombic interactions between 

charges. This working term can be expressed as in equation 9: 

n>(r)= el 47i£0£sRDA + e2/ 87t£o(l/r+ + l/r')(l/37.5 -l/es) (Eq9) 

where e is the elementary charge, £() is the vacuum permittivity constant, ss is the dielectric 

constant of the solvent where the electrochemistry was measured, RI)A is the distance between 

donor-acceptor, r+ and r" are respectively the effective ionic-radii of the donor and acceptor 

cation and anion. This working term represents the correction for high polarity solvent in 

comparison to the reference solvent where the electrochemistry was recorded (acetonitrile es = 

37.5 in our case). The energy of the CT state will rise in nonpolar solvents. In consequence, 

no significant contribution is expected from this term that was therefore neglected. The 

maximum emission of the donor at 77 K (£00) was found to be 1.97 eV (630 nm at 77 K in 

butyronitrile matrix, see luminescence part 5.5). It is found that the AGeT is positive in the 

case of TpyRuTpyPh(PhCN)2 and TpyRuTpyPh(Ph2CN)2 and the pyrene-substituted 

complexes (TpyRuTpyPh(Pyrene)2 and TpyRuTpyPh(PhPyrene)2) which show a 

thermodynamically forbidden process (AGcT = +0.4 to +0.5 eV). In the case of the N,N-
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dimethylaniline-substituted complexes (TpyRuTpyPh(PhNMe2)2 and 

TpyRuTpyPh(Ph2NMe2)2), the value is close to 0 indicating that the electron transfer 

processes can not be really excluded. 

5.5 Photophysical properties 

UV/visible spectra were measured in acetonitrile solution. All data are summarized in 

Table 2. 

In order to fully understand the behaviour of the metal complexes the free ligands 

TpyPh(PhCN)2 and TpyPh(PhNMe2)2 have also been investigated. The absorption spectra 

in acetonitrile (Figure 3) reveal one main band at high energy. This band appears at 280 nm as 

expected for polypyridine systems but is broadened in comparison to terpyridine derivatives. 

In fact, this effect can be observed because the aniline moiety is absorbing at 290 nm.'37' For 

TpyPh(PhCN)2, this band is blue shifted (1= 270 nm), this is due to the overlapping of the 

main band belonging to benzonitrile moiety (A.= 230 nm) with the 280 nm band belonging to 

the polypyridine moiety. 

60000-

50000 - f \ » 

40000-'^ i ' j ' \ \ 

E ƒ \ 
T _ 30000- / \ ! 

E v7 ' 
_i \ , 
— 20000- 1 , 

10000- V \ 

0-I . , ^-; '~--| •-' i ---r-f -,-•'-•--••'^^' -n 
300 400 500 600 

'K I nm 

Figure 3. UV/visble absorption spectra of TpyPh(PhCN)2 ( ) and TpyPh(PhNMe2) (—) in acetonitrile 

Furthermore, when comparing TpyPh(PhNMe2)2 with TpyPh(PhCN)2, the much 

broader absorbance around 340 nm for the N,N-dimethylaniline compound show the presence 

of an extra band, which can be attributed to an ILCT transition. These results are in perfect 

agreement with the discussion of the previous Chapter where ILCT states are present when 

pyrene units are covalently linked to a terpyridine unit. For TpyPh(PhCN)2, this band is 
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absent confirming that acceptor-acceptor systems are not good candidate for photoinduced 

electron transfer. 

For ruthenium complexes, all spectra present the typical 'MLCT band of ruthenium 

bisterpyridine (e = 26000 - 27000 M " W ) around 484 nm. All 'MLCT maxima are red 

shifted in comparison to TpyRuTpy that presents a maximum at 474 nm. This shift can be 

interpreted as the result of the involvement of the substituted terpyridine in the MLCT 

transition in the studied molecules.[jJ' 

Table 2. UV/visible absorption maxima and molar extinction coefficient of of the investigated complexes 
lmJnm(x 104/IVrW) 

Complex'1 

TpyPh(PhCN)2 - 270(5.2), 256(4.8) 
TpyPh(PhNMe,), - 283 (5.6), 252 (4.5) 
TpyRuTpyTol 485(2.5) 308 (8.0), 281s (5.0), 273s (5.1) 
TpyRuTpyPh(PhNMei), 483(2.6) 310 (11.4), 274 (5.4) 
TpyRuTpyPhfPrnNMe,), 483(2.6) 309 (12.1), 281s (10.4), 273 (10.9) 
TpyRuTpyPh(PhCN), 484(2.7) 307 (8.3), 281s (9.0), 273 (9.4) 
TpyRuTpyPh(Ph.CN>, 484(2.8) 307 (15.3), 273s (8.8) 
TpyRuTpyPh(Pyrene), 484 (2.6) 344 (6.8), 330 (7.8), 309 (8.8), 278 (11.7), 240 (11.4) 
TpyRuTpyPh(PhPyrene): 484 (2.7) 343 (8.2), 329 (8.5), 309 (9.6), 279 (12.6), 240 (14.2) 
s: appears as a shoulder 

At higher energy, two main bands can be seen at 310 nm and 280 nm. These bands are 

typical for ruthenium bisterpyridine (and ruthenium trisbipyridine) containing polyphenylene 

wires.139' In such systems, the 310 nm band belongs to the polyphenylene unit (the bridge) 

while the 280 nm band is known to arise from the polypyridyl system as previously discussed 

for the free ligands. 

Interestingly, comparing TpyRuTpyPh(PhCN)2 and TpyRuTpyPh(PhNMe2)2, a 

difference in the intensity of these two main bands can be seen. While for 

TpyRuTpyPh(PhCN)2, an almost equal intensity of the bands is observed, for 

TpyRuTpyPh(PhNMe2)2, the transition at 280 nm is just appearing as a shoulder (Figure 4 

and 5). Such behaviour is due to the additive nature of the absorption spectra and since the 

aniline fragments absorb at 290 nm and the benzonitrile part at higher energy (230 nm), the 

sum of the component of each unit with the terpyridine unit corresponds to the observed 

spectra. 
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" 1 • 1 . — 7 1 1 1 
200 400 600 800 

wavelength / nm 

Figure 4. UV/visible absorption spectra of TpyRuTpyPh(PhCN), ( - ) and TpyRuTpyPh(PhPhCN)2 (—) in 
acetonitrile 

Also by comparing the spectra of donor-substituted complexes 

(TpyRuTpyPh(PhNMe2)2 and TpyRuTpyPh(Ph2NMe2)2) with the one of acceptor-

substituted (TpyRuTpyPh(PhCN)2 and TpyRuTpyPh(Ph2CN)2), two different trends can be 

seen. For TpyRuTpyPh(PhCN)2 and TpyRuTpyPh(Ph2CN)2, the addition of phenylene 

units induces an increase of the intensity of the 310 nm transition (Figure 4) while for 

TpyRuTpyPh(PhNMe2)2 and TpyRuTpyPh(Ph2NMe2)2, the extension of the bridge results 

in an increase of the 280 nm band (Figure 5). These results are in agreement with the nature of 

the attached groups. When donor groups are grafted, the electronic density is more localized 

on the terpyridine part giving a high molar absorption coefficient for this transition (280 nm) 

while, when acceptor groups are present as substituents, the electronic density is more 

localized on the polyphenylene bridge, giving an increase of the 310 nm band. 

\ I nm 

Figure 5. UV/visble absorption spectra of TpyRuTpyPh-3,5-(PhNMe2)2 (—) and TpyRuTpyPh-3,5-
(PhPhNMe2)2 (—) in acetonitrile 
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The pyrene-grafted complexes (TpyRuTpyPhPyrene2 and TpyRuTpyPhPhPyrene2) 

do not present any change in relative intensities, they just show an increase of the molar 

absorption coefficient of all bands as shown in Figure 6. In this case, the MLCT transition 

was also found to display a molar absorption coefficient around 27000 M" cm" . 

18-, 

300 

Figure 6. UV/visible absorption spectra of TpyRuTpyPh(Pyrene)2 (- ) and TpyRuTpyPh(PhPyrene)2 (—) in 
acetonitrile 

For the ligands TpyPh(PhCN)2 and TpyPh(PhNMe2)2, the fluorescence spectra show 

two different behaviour when increasing the polarity of the solvent. In fact, no change of 

shape or of maximum emission can be seen for TpyPh(PhCN)2 (Figure 7) revealing that the 

emission arises from a non polar excited state ( n-jt* local excited state). 

1.0 -

0 8 -

. 0.6-
13 

«J 

0,4-

0.2-

0.0-U 1 1 1 -. 1 1 1 

350 400 450 500 550 

A / nm 

Figure 7: Fluorescence spectra of TpyPh(PhCN)2 in chloroform ( —), THF (—) and dichloromethane (•••) 
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For TpyPh(PhNMe2)2, the emission transition is shifted with increasing the polarity 

of the medium (Figure 8) which is, as explained in Chapter 4 for TpyPhPyrene2, a common 

effect for 1LCT emissions (solvatochromic shift). 

/. / nm 

Figure 8: Fluorescence spectra of TpyPh(PhNMe2), in chloroform ( ), THF (—), dichloromethane (•••) and 
acetone (-•-) 

In consequence, a direct comparison of TpyPh(PhNMe2)2 with TpyPhPyrene2 can be 

made. This shows that the emission is more red-shifted for TpyPh(PhNMe2)2 which reveals 

lower energy ILCT transitions for the dimethylaniline compound. 

As already mentioned in the introduction the ruthenium complexes containing 

terpyridine as coordinated ligands are weak emitters. This phenomenon is due to the 

deactivation of the luminescent excited state (3MLCT) via a low-lying metal centered state 

MC, which can be thermally populated at room temperature.133,40' At low temperature, on the 

other hand, the complexes are good emitters since the nonradiative MC state cannot be 

populated. 

Table 3. Luminescence properties determined in acetonitrile 

Luminescence 
RT 77K 

Complex2 

TpyRuTpyTol 
TpyRuTpyPh(PhNMe2)2 

TpyRuTpyPh(Ph2NMe2)2 

TpyRuTpyPh(PhCN)2 

TpyRuTpyPh(Ph2CN)2 

TpyRuTpyPh(Pyrene)2 

TpyRuTpyPh(Ph-Pyrene)7 

m̂ax (nm) 
621 
634 
634 
632 
632 
634 
634 

t(ps) 
410 
430 
520 
850 
610 
920" 
400" 

A.max ( n m ) 
615 
623 
622 
622 
623 
624 
624 

T ( U S ) 

13.1 
13.4 
14.6 
13.4 
13.6 

11.6(24.4) 
14.0(21.3) 

a: as hexafluorophosphate salt, b: fitted with two exponential 
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The excited state properties, as also shown in the absorption spectra, for the ground 

state, of the ruthenium complexes depend on the substituents attached on the terpyridine. An 

electron withdrawing group will of course favour an MLCT from the ruthenium to the 

functionalized terpyridine. While in the presence of an electron donor, the lowest excited state 

will be a MLCT involving the unfunctionalized terpyridine. This effect is reflected in the 

emission energy of the complexes (see table 3) and on the lifetimes. 

Comparing lifetimes of the donor vs the acceptor groups, it is interesting to notice that 

e.g. for the donor with one phenylene unit, the excited state lifetime is 430 ps which, for the 

correspondent cyano derivative, is 850 ps. As mentioned above, in the case of the aniline 

substituent, the MLCT emission involves the un-substituted terpyridine while for the cyano 

derivative, the luminescent state involve the phenyl-substituted terpyridine. Indeed, this effect 

also reflects the different derealization due to the addition of a phenylene unit which makes 

the lifetime longer for the cyano-substituted complexes. This different behaviour can be seen 

as the result of the stabilization of the radical anion of the terpyridine by increasing the 

conjugation length. In fact, this radical anion is better stabilized when electron withdrawing 

groups are close to the terpyridine moiety (explaining the longer lifetime for 

TpyRuTpyPh(PhCN)2) while with electron donor groups, this radical anion is less de

stabilized when these groups are far away (explaining the longer lifetime for 

TpyRuTpyPh(Ph2NMe2)2) than for TpyRuTpyPh(PhNMe2)2). 

For TpyRuTpyPhPyrene2 and TpyRuTpyPh(PhPyrene)2, the typical decay of 

ruthenium bisterpyridine derivatives can be seen. The study of the decays reveals lifetimes of 

920 ps and 400 ps, respectively. No decay belonging to the pyrene triplet state was found 

because of the weakness of the signal. This result is consistent with other results for which an 

important oxygen quenching is observed. 

At 77K, the typical emission spectrum of ruthenium bisterpyridine complexes can be 

observed resulting in a transition around 630 nm with lifetimes comparable to ruthenium 

bisterpyridine derivatives (Figure 9 top).'JX jS| For pyrene-grafted complexes, the same shape 

is observed for the spectra but the study of the decay curves shows a double exponential 

behaviour. In fact, a sensitization by the pyrene triplet state can be observed, resulting in the 

appearance of a long component (around 25 us). In order to understand from where this 

second emission could come from, a time resolved emission spectrum of TpyPhPyrene2 at 

77K was obtained. As can be seen in Figure 9 (bottom), only one species is emitting. This 

proves that, for TpyPhPyrene2 and TpyPhPhPyrene2, an equilibration between the JPy* and 

the JMLCT occurs, as also described in Chapter 1. This equilibration allows the re-population 
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of the 'MLCT and, thus extending the emission lifetime. For all other complexes, no 

difference depending on the appended group can be observed. This yields almost equal 

lifetimes (between 13 us and 15 (is) for these complexes showing a little influence of the 

attached group. 

1.0 

0.8 

3 0,6-
03 

0,4-

0.2-

0,0-

550 600 650 700 750 800 850 

Wavelength (nm) 

5 0 -

4 5 -

4 0 -

Figure 9. top: Steady state luminescence spectra of TpyRuTpy(PhCN)2 (- ) and TpyRuTpyPhPyrene2 (—) in 
butyronitrile glass at 77K, bottom: Time resolved luminescence spectrum of' TpyRuTpyPhPyrene2 in 
butyronitrile glass at 77K (A.ex= 480 nm, each frame represents 5us) 

In order to confirm the assignment of the excited state levels and to prove that no 

electron transfer occurs in these systems even when an electron donor or acceptor is present, 

the sub-picosecond transient absorption spectra of TpyRuTpyPhPhCN and 

TpyRuTpyPhPhNlyIe2 in acetonitrile were made. As can be seen on the transient absorption 

spectrum of TpyRuTpyPh(PhCN)2 (Figure 10), three bands can be distinguished. The bleach 

band centred at 460 nm belongs to the 'iMLCT absorbing at this wavelength. The positive 

band below 400 nm and around 600 nm can be attributed to the radical anion of the 

terpyridine derivative and to the charge delocalized on the bridge, respectively, as can be seen 

for usual ruthenium complexes.'4'1 
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400 450 500 550 600 650 700 750 

Figure 10. Sub-picosecond transient absorption spectrum of TpyRuTpyPh(PhCN)2 in acetonitrile (/\.ex= 470 
nm, each frame represents 200 ps) 

For TpyRuTpyPh(PhNMe2)2 in acetonitrile, the same feature that for 

TpyRuTpyPh(PhCN)2 can be observed (Figure 11) that can be attributed to the same 

phenomena. This shows clearly that in both cases, the emission arises from the ruthenium 

MLCT transition. This excludes the occurrence of electron transfer (which was not expected 

on the thermodynamic grounds) which would result in the radical anion and radical cation 

having a transient absorption spectrum different from the one reported. Furthermore, a closer 

inspection of the band centred at 600 nm reveals a broader band for the 

TpyRuTpyPh(PhCN)2 complex proving the better conjugation of the bridge when acceptor 

groups are linked to one of the terpyridine. These results are in line with the involvement of 

the substituted terpyridine in the lowest MLCT. 

400 450 500 550 600 650 700 750 

Figure 11. Sub-picosecond transient absorption spectrum of TpyRuTpyPh(PhNMe)2 in acetonitrile (/Vcx= 480 
nm, each frame represents 200 ps) 
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For TpyRuTpyPhPyrene2 and TpyRuTpyPhPhPyrene2, a similar spectrum was 

found but with a more intense signal around 650-700 nm. The complicated kinetics observed 

at 470 nm and 600 nm indicates an interaction between the JPy* and the JMLCT. 

5.6 Nonlinear optical properties 

The harmonic light scattering (HLS) technique was used for the determination of the 

first molecular hyperpolarizability (P). For this technique, it is well-known that two-photon-

induced fluorescence may significantly affect HRS measurements leading to an over-

estimation of the first hyperpolarizability values. In consequence, p measurements were 

realized using X= 1.91 urn as fundamental wavelength'42' because the second harmonic 

wavelength at 955 nm is far from possible two-photon resonances, thus making any 

contribution from the two-photon-induced fluorescence to the HRS signal negligible. Ethyl-

violet was used as reference compound with a hyperpolarizability value of 170 x 10"30 esu. 

HRS measurements were carried out in concentrated dichloromethane solutions (3-6 x 10"J M, 

maximum solubility of complexes) and with a concentrated solution of ethyl-violet (4 x 10": 

M). Dichloromethane was used in order to avoid two-photon-induced fluorescence from the 

solvent as reported for other chlorinated solvents. The solutions were always filtered over a 

micro-porous filter in order to avoid light scattering from particles suspension that can be 

burned by fundamental laser beam. 

In order to have a direct comparison for the "ruthenium effect" (i.e. insertion of 

MLCT), the free ligand TpyPh(PhCN)2 and TpyPh(PhNMe2)2 were also measured. Results 

are presented in Table 4. As can be seen by comparing TpyPh(PhNlVIe2)2 and 

TpyRuTpyTol (or TpyRuTpyPh(PhCN)2) almost the same p values are obtained (210-270 

x 10" esu) revealing that the presence of CT state (MLCT or ILCT) yield on similar 

hyperpolarizability. Also, as discussed in the introduction, the complexation of the ligand to a 

ruthenium ion increases the stability of the compound, this allows us to measure 

TpyRuTpyPh(PhCN)2 while no measurement could be performed on TpyPh(PhCN)2. 

As it can be seen, all values for ruthenium complexes are rather high (P values between 270 

and 540 x 10" esu) as compared with the results obtained for other ruthenium trisbipyridine 

(PRUBP>3= 170 x 10" esu) but they all remain in the same order of magnitude. The smaller p 

value corresponds to TpyRuTpyTol and to TpyRuTpyPh(PhCN)2 (P= 270 xlO"30 esu) 
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where the toluene unit or the cyano groups do not seem to affect significantly the first 

hyperpolarizability value. In fact, the toluene group attached to a terpyridine can be seen as 

well as a weak electron donor unit while the cyano group is a strong electron acceptor. For the 

dipolar TpyRuTpyTol, the change of the "multipolar character" comparing to the other 

complexes (octopolar) certainly plays a role as well as the weak donor character of the toluene 

group. These two factors give rise to a rather small p value as compared with most of other 

complexes but still revealing values 1.5 times higher than that of ruthenium trisbipyridine. For 

TpyRuTpyPh(PhCN)2, the strong acceptor effect caused by the cyano functions does not 

affect the first hyperpolarizability suggesting that acceptor-acceptor systems (not possessing 

ILCT states) behaves as TpyRuTpyTol which can be interpreted as the results of the effect of 

the MLCT state. Comparison between molecules with the same donor/acceptor groups shows 

that, upon addition of phenylene units, the increase of the polarity of the CT state 

(derealization) induces a slight increase of the hyperpolarizability as already demonstrated in 

other works.143'44' 

Table 4. NLO properties, determined in dichloromethane 

Complex p0(x 10'30)(esu) 
TpyPh(PhCN)2 burned 
TpyPh(PhNMe2)2 210 
TpyRuTpyTol 274 
TpyRuTpyPh(PhNMe2)2 346 
TpyRuTpyPh(Ph2NMe2)2 537 
TpyRuTpyPh(PhCN)2 270 
TpyRuTpyPh(Ph2CN)2 338 
TpyRuTpyPh(Pyrene)2 319 
TpyRuTpyPh(PhPyrene)2 448 

For dimethylaniline-grafted complexes (TpyRuTpyPh(PhNMe2)2 and 

TpyRuTpyPh(Ph2NMe2)2), the donating effect gives the highest P values ranging from 346 

to 537 x 10"3"esu. 

Interestingly, pyrene-grafted complexes (TpyRuTpyPh(Pyrene)2 and 

TpyRuTpyPh(PhPyrene)2) display intermediate values as compared with weak donor-

grafted compounds (TpyRuTpyTol) and with strong donor type complexes 

(TpyRuTpyPh(PhNMe2)2 and TpyRuTpyPh(Ph2NMe2)2) showing that the pyrene unit has 

an influence on the first hyperpolarizability. In fact, this might be due to the donor character 

of the pyrene unit which is known to act as electron donor'43"47' or energy donor'48"50' in many 

systems. 

113 



Chapter 5 

u (ILCT) 

u (MLCT) u (MLCT) 

U I 
Scheme 3. Representation of the dipole moment induced in the ruthenium complexes. 

As discussed by Hupp et a/.,[19' the addition of MLCT transition might affect the sum 

of the dipole moment by having a negative contribution (dipole orientated in the opposite 

direction). In our case, as demonstrated in the photophysical part, the main MLCT transition 

involved in the case of TpyRuTpyPh(PhNMe2)2 is the unsubstituted one. This makes the 

dipole moment induced by the MLCT contributing to the dipole moment of the ILCT (see 

Scheme 3). In such cases, the dipoles will be additive enhancing the "total polarisability". 

For TpyRuTpyPh(Ph2CN)2, the MLCT involved is the substituted one inducing a 

dipole moment towards the cyano group and therefore a total polarisability smaller than in the 

previous case (only one ligand is involved). 

5.7 Conclusion 

In this Chapter, the synthesis of ruthenium bisterpyridine derivatives containing 

electron donor or acceptor groups is described. The electrochemistry of these complexes 

reveals an almost exoergonic electron transfer process for the N,N-dimethylaniline-substituted 

complexes in acetonitrile. For the other complexes, the AGej was estimated to be positive 

ruling out the possibility of thermodynamically allowed electron transfer. For the N,N-

dimethylaniline systems, the UV/visible absorption spectra as well as the luminescence 

decays suggest that the electronic density is more localized, in the ground state as well as in 

the excited state, on the Tpy unit (increase of the molar absorption coefficient upon addition 

of phenylene units and the lifetime is similar to that of TpyRuTpyTol complex). This would 

be in line with the higher p value of the systems. 

The NLO properties of these complexes are also in agreement with data from the 

literature yielding on higher p values with increasing the number of CT states (two for 
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electron donor substituted complexes against one for electron acceptor grafted complexes). 

Furthermore, the increase of the donor-acceptor distance results in an enhancement of the p 

values. 

To conclude and to give some perspectives, one can imagine new ruthenium 

bisterpyridine derivatives with better donor groups as described in Figure 9 in order to obtain 

materials with even higher p values. 

NC' v s ' v s ' "CN 

Figure 9. Representation of potentially interesting molecules for high hyperpolarizability values. 

5.8 Experimental Part 

All chemicals were purchased from Acros or Aldrich and were used as received. All solvents 

for synthesis were analytic grade. For the spectroscopy, spectroscopic grade solvents were 

used. 'H-NMR spectra were obtained with a Varian Gemini-300 spectrometer. Chemical 

shifts (8) are given in ppm, using the deuterated solvent as internal standard. 

All column chromatographies were performed on silica using magic mixture: water, 

methanol, acetonitrile, sodium chloride (9.3, 7.5, 29.5, 1). 

Synthesis of |TpyRuTpyPhBr2||PF6|2 (1) 

In a round bottom flask, TpyRuCb (1 Eq) and TpyPhBr2 (1 Eq) were suspended in 

ethylene glycol and the solution was homogenized in an ultra-sonic bath. The solution was 

heated for 1 + 1 minutes in a microwave oven (450 W). 

The solution was cooled at room temperature; the ethylene glycol solution was poured in a 

solution of ammonium hexafluorophosphate in water to precipitate the ruthenium complex. 
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Then, the solution was filtered off over celite, washed with water, ether, chloroform and then 

with ether and the solid was extracted using acetonitrile. Finally, the crude was purified on 

silica using magic mixture as eluant. The mixture was concentrated, ammonium 

hexafluorophosphate was added slowly and the complex was filtered off, washed with water 

and with ether and re-extracted using acetonitrile. 

Yield: 84% (M = 1091.44 g.mol"1), 'H NMR (300 MHz, CD3CN): 8 (ppm) = 9.02 (s, 2 H), 

8.80 (d, 3J = 8.1 Hz. 2 H), 8.68 (d, 'J = 7.8 Hz, 2 H), 8.53 (d, 3J = 7.5 Hz, 2 H), 8.40 (t, 3J = 

8.1 Hz, 1 H), 8.44 (d,4J= 1.5 Hz, 2 H), 8.08 (t, 4J = 1.7 Hz, 1 H), 7.97 (m,4H), 7.40 (m, 4 

H), 7.26 (d,4H) 

Synthesis of |TpyRuTpyPh(R)2||PF6l2 (2), with R= PhCN, PhNMe2 or Pyrene 

In a lOOmL Schlenk flask, TpyRuTpyPhBr2 (1 Eq), 4-cyanophenylboronic acid, 4-

(N,N-dimethylamino)phenylboronic acid or pyrene-1-boronic acid (3.4 Eq) and cesium 

carbonate (10 Eq) were mixed in DMF and the solution was degassed. A catalytic amount of 

Pd(PPh3)4 was added (0.1 Eq). The reaction was stirred during 16 hours at 100 °C under 

nitrogen. 

The DMF was removed under vacuum. The solid was washed with pentane and 

filtered. The solid was washed with water and with ether; the solvent was evaporated under 

vacuum. 

The crude solid was purified by column chromatography (silica) using magic mixture 

as eluent. The solvent was concentrated and the solid was precipitated adding ammonium 

hexafluorophosphate to the water solution. Finally, the solid was filtered over celite, washed 

with water and re-extracted with acetonitrile. The solvent was removed under vacuum and the 

red solid was dried at 80 °C over night under vacuum. 

|TpyRuTpyPh(PhCN)2l|PF6|2 (2a): Yield: 58.9% (m= 43 mg, M= 1135.86 g.mol1); ESI 

MS (m/z): 991.15 (M - PF6), 423.09 (M - 2PF6) (CF Figure 10); (HR-MS): 423.08885 (M -

2PF6); 'H-NMR (300 MHz, CD3CN): 8 (ppm) = 9.20 (s, 2H), 8.81 (d, 3J = 8.4 Hz, 2H), 8.75 

(d, 3J = 7.8 Hz, 2H), 8.57 (m, 4J = 1.8 Hz, 1H), 8.55 (d, 2H), 8.47 (t, 3J = 8.1 Hz, 1H), 8.29 

(m, 1H), 8.21 (d, 3J = 8.7 Hz, 4H), 8.02 (d, 3J = 8.4 Hz, 4H), 7.98 (m, 4H), 7.47 (d, 3J = 5.4 

Hz, 2H), 7.42 (d, 3J = 5.1 Hz, 2H), 7.23 (m, 3J = 5.7 Hz, 4J = 1.5 Hz, 4H), UV/vis [\m^ (nm) 
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(s (x 104 IVr'.cm"1)), in acetonitrile]: 273 (9.4), 307 (8.3), 484 (2.7); Luminescence [Xmdx (nm), 

in acetonitile, 77K]: 632, 622. 

|TpyRuTpyPh(PhNMe2)2||PF6l2 (2b): Yield: 83.3% (m= 35 mg, M= 1171.95 g.mol"1); ESI 

MS (m/z): 971.19 (M - PF6), 413.10 (M - 2 PF6); 'H-NMR (300 MHz, CD3CN): 8 (ppm) = 

9.17 (s, 2H), 8.78 (d, 3J = 8.4 Hz, 2H), 8.72 (d, 3J = 8.4 Hz, 2H), 8.52 (d, 3J = 8.4 Hz, 2H), 

8.44 (t, 3J = 8.1 Hz, 1H), 8.28 (d, 3J = 1.2 Hz, 1H), 8.09 (t, 3J = 1.5 Hz, 1H), 7.97-7.89 (m, 

4H), 7.88 (d, 3J = 9.0 Hz, 4H), 7.46 (d, 3J = 4.8Hz, 2H), 7.38 (d, 3J = 4.8 Hz, 2H), 7.20 (m, 

4H), 6.97 (d, 3J = 9.0 Hz, 4H), 3.03 (s, 12H); i3C-NMR (125.7 MHz, CD3CN): 8 (ppm) = 

158.6, 158.3, 155.7, 155.6, 152.6, 145.5, 143.2, 138.3, 136.3, 136.0, 129.3, 128.2, 127.9, 

127.7, 126.6, 125.6, 125.2, 124.9, 124.7, 124.1, 124.0, 123.4, 123.2, 122.5, 122.2, 133.1, 

112.8, 40.0; UV/vis [A.max (nm) (s (x 104 M"'.cm')), in acetonitrile]: 274 (5.4), 310 (11.4), 483 

(2.6); Luminescence [kmdx (nm), in acetonitrile, 77K]: 634, 623. 

|TpyRuTpyPhPyrene2] |PF6 |2 (2c): Yield: 61% (M = 1334.13 g.mol"1), ESI MS (m/z): 

1189.26 (M - PF„), 522.13 (M - 2PF6); 'H NMR (300 MHz, CD3CN): 8 (ppm) = 9.20 (s, 2 

H), 8.76 (d, 3J = 7.8 Hz, 2 H), 8.63 (m, 3 H), 8.52-8.20 (m, 19 H), 8.05 (m, 3 H), 7.85 (m, 

5 H), 7.46 (d, 3J = 5.7 Hz, 2 H), 7.35 (d, 3J = 5.1 Hz, 2 H), 7.16 (m, 4 H); '3C-NMR (75.5 

MHz, CD3CN): 8 (ppm) = 159.1, 159.0, 156.6, 156.3, 153.5, 153.3, 143.7, 139.1, 139.0, 

138.4, 137.5, 136.8, 135.4, 132.5, 132.1, 131.9, 129.6, 129.2, 129.1, 128.9, 128.5, 127.6, 

126.6, 126.3, 126.0, 125.9, 125.8, 125.6, 125.4, 124.7, 122.8; UV/vis [A,max (nm) (s (x 104 M" 

'.cm-1)), in acetonitrile]: 240 (11.4), 278 (11.7), 309 (8.8), 330 (7.8), 344 (6.8), 484 (2.6); 

Luminescence [Xmax (nm), in acetonitrile, 77K]: 634, 624. 

Synthesis of |TpyRuTpyPh(PhTlVlS)2|IPF6|2 (3) 

In a lOOmL Schlenk flask, TpyRuTpyPhBr2 (1 Eq), 4-(trimethylsilyl)phenylboronic 

(3.4 Eq) and cesium carbonate (10 Eq) were mixed in DMF and the solution was degassed. A 

catalytic amount of Pd(PPh3)4 was added (0.1 Eq). The reaction was stirred during 16 hours at 

90 °C under nitrogen. 

The solution was then poured in 50 mL of water/NH4PF6 and the precipitate was 

filtered off on celite. The celite was hardly washed with water, with ether and with 

chloroform. The complex was extracted off using acetonitrile. 
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The crude solid was purified by column chromatography (silica) using magic mixture 

as eluent. The solution was concentrated and the metal complex was precipitated washed as 

previously. Finally, the solid was dried at 50 °C for a night under vacuum. 

Yield: 82% (M = 1230.21 g.mol"'), 'H NMR (300 MHz, CD3CN): 5 (ppm) = 9.20 (s, 2 H), 

8.79 (d, 'J = 8.4 Hz, 2 H), 8.72 (d, 3J = 8.4 Hz, 2 H), 8.53 (d, 'J = 8.4 Hz, 2 H), 8.50 (d, 4J = 

1.5 Hz, 1 H), 8.45 (t, 3J = 8.1 Hz, 1 H), 8.24 (t, 4J = 1.8 Hz, 1 H), 8.01 (d, 3J = 8.4 Hz, 4 H), 

7.98 (m, 3 H), 7.81 (d, 'J = 8.4 Hz, 4 H), 7.46 (d, 3J = 4.8 Hz, 2 H), 7.39 (d, 3J = 5.1 Hz, 2 

H), 7.20 (m, 4 H), 0.33 (s, 9 H) 

Synthesis of |TpyRuTpyPh(PhI)2]|PF6]2 (4) 

In a 250mL round bottom flask, TpyRuTpyPh(PhTMS)2 (3) (1 Eq) was solubilized 

in dichloromethane. Iodine chloride (10 Eq) in dichloromethane was then added slowly. 

The reaction was continued 17 hours. The organic phase was quenched with a 1M 

solution of NaiSOj in water. The organic phase extracted with water and the solvent was 

removed under vacuum. The complex was solubilized in water adding a minimum of 

acetonitrile, then precipitated adding ammonium hexafluorophosphate. 

The red solid was dried for 3 hours under vacuum at 60 °C. 

Yield: 79% (M = 1337.63 g.mof1), 'H NMR (300 MHz, CD3CN): 5 (ppm) = 9.16 (s, 2 H), 

8.78 (d, 3J = 7.8 Hz, 2 H), 8.72 (d, 3J = 7.5 Hz, 2 H), 8.53 (d, 3J = 7.8 Hz, 2 H), 8.45 (d, 4J = 

1.5 Hz, 1 H), 8.44 (t, 1 H), 8.17 (m, 1 H), 8.02 (d, 3J = 8.7 Hz, 4 H), 7.95 (m, 4 H), 7.80 (d, 
3J = 8.7 Hz, 4 H), 7.45 (d, 3J = 4.8 Hz, 2 H), 7.38 (d, 3J = 4.5 Hz, 2 H), 7.20 (td, 3J = 7.8 Hz, 
4J= 1.5 Hz, 4H) 

Synthesis of |TpyRuTpyPh(PhR)2|[PF6|2 (5), with R= PhCN, PhNMe2 or Pyrene 

In a lOOmL Schlenk flask, TpyRuTpyPh(PhI)2 (4) (1 Eq), 4-cyanophenylboronic 

acid, 4-(N,N-dimethylamino)phenylboronic acid or pyrene-1-boronic acid (3.4 Eq) and 

cesium carbonate (10 Eq) were mixed in DMF and the solution was degassed. A catalytic 

amount of Pd(PPh3)4 was added (0.1 Eq). The reaction was stirred during 16 hours at 90 °C 

under nitrogen. 

The solution was then poured in 50mL of water/ammonium hexafluorophosphate and 

the precipitate was filtered off on celite. The celite was hardly washed with water, with ether 

and with chloroform. The complex was extracted off using acetonitrile. 

118 



'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

The crude solid was purified by column chromatography (silica) using magic mixture 

as eluent. The solution was concentrated and the compound was precipitated washed as 

previously. Finally, the solid was dried at 50 °C for a night under vacuum. 

|TpyRuTpyPh(PhPhCN)2||PF6l2 (5a): Yield: 55.3% (M= 1288.06 g.mol"'); ESI MS (in/z): 

1143.21 (M - PF5), 499.12 (M - 2PF5); (HR-MS): 499.12034 (M - 2PF6); 'H-NMR (300 MHz, 

CD3CN): 8 (ppm) = 9.22 (s, 2H), 8.79 (d, 3J = 8.4 Hz, 2H,), 8.74 (d, 3J = 7.8 Hz, 2H), 8.56-

8.52 (m, 4H), 8.47 (t, 3J = 8.1 Hz, 1H), 8.35 (t, 4J = 1.8 Hz, 1H), 8.19 (d, 3J = 8.7 Hz, 4H), 

8.02-7.91 (m, 18H), 7.45 (td, 3J = 5.4 Hz, 4J = 0.9 Hz, 2H), 7.39 (td, 3J = 5.1 Hz,4J = 0.9 Hz, 

2H), 7.20 (tt, 3J = 5.7 Hz, 4J = 2.1 Hz, 4H); UV/vis [Xmax (nm) (s (x 104 M"'.cm"')), in 

acetonitrile]: 273 (15.3), 307 (8.8), 484 (2.8); Luminescence [kmm (nm), in acetonitrile, 77K]: 

632, 622. 

[TpyRuTpyPh(PhPhNMe2)2l|PF6]2 (5b): Yield: 82.1% (M= 1268.07 g.mol1); ESI MS 

(m/z): 1179.30, 517.17; (HR-MS): 517.1680 (M - 2PF6); 'H-NMR (300 MHz, CD3CN): S 

(ppm) = 9.22 (s, 2H), 8.78 (d, 3J = 8.1 Hz, 2H), 8.74 (d, 3J = 8.1 Hz, 2H), 8.53 (d, 3J = 8.4 Hz, 

2H), 8.48 (d, 4J = 1.8 Hz, 1H), 8.45 (t, 3J = 8.1 Hz, 1H), 8.29 (s, 1H), 8.06 (d, 3J = 8.1 Hz, 

4H), 7.98 (m, 4H), 7.86 (d, 3J = 8.4 Hz, 4H), 7.68 (d, 3J = 9.0 Hz, 4H), 7.47 (d, 3J = 5.4 Hz, 

2H), 7.39 (d, 3J = 5.4 Hz, 2H), 7.21 (m, 4H), 6.83 (d, 3J = 8.4 Hz, 4H), 3.03 (s, 12H); UV/vis 

[A.max (nm) (s (x 104 M"'.cm"')), in acetonitrile]: 273 (10.9), 309 (12.1), 483 (2.6); 

Luminescence [A.max (nm), in acetonitrile, 77K]: 634, 622. 

[TpyRuTpyPh(PhPyrene)2][PF6]2 (5c): Yield: 45% (M= 1486.29 g.mol"1), ESI MS (m/z): 

1341.31 (M - PF6), 598.16 (M - 2PF6); (HR-MS): 598.15704 (M - 2PF6); 'HNMR (300 MHz, 

CD3CN): 5 (ppm) = 9.32 (s, 2 H), 8.84-8.75 (m, 4 H), 8.63 (s, 2 H), 8.52-8.16 (m, 18 H), 

8.12-8.08 (m, 8 H), 7.85 (m, 8 H), 7.46 (d, 3J = 4.8 Hz, 2 H), 7.35 (d, 3J = 5.1 Hz, 2 H), 

7.16 (m, 4 H); UV/vis [Xmax (nm) (s (x 104 M"'.cm"')), in acetonitrile]: 240 (14.2), 279 (12.6), 

309 (9.6), 329 (8.5), 343 (8.2), 484 (2.7); Luminescence [kmm (nm), in acetonitrile, 77K]: 

634, 624. 

Synthesis of TpyPh(PhR)2 (6), with R= PhCN or PhNMe2 

In a 50mL schlenk, TpyPh-3,5-Br2 (1 Eq), 4-cyanophenylboronic acid or 4-(N,N-

dimethylamino)phenylboronic acid (3 Eq) and cesium carbonate (6 Eq) were mixed in DMF 
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and the solution was degassed. A catalitic amount of Pd(PPli3)4 was added (0.1 Eq). The 

reaction was stirred during 16 hours at 100°C under nitrogen. 

The DMF was removed under vacuum, then, the solid was solubilized in chloroform 

and extracted 3 times with water. The redish solid was recrystalized from ethanol. The pink 

solid was then purified on silica by chromatography column using a dichloromethane-ethyl 

acetate (7-1) mixture. 

TpyPh(PhCN)2 (6a): Yield : 48%, (M = 511.57 g.mol'1); ESI MS (m/z): 512.18 [M + it]; 

(HR-MS): 512.18637 [M + H~]; 'H-NMR (300 MHz, CD2C12): 6 (ppm) = 8.87 (m, 2H), 8.75-

8.70 (m, 4H), 8.15 (d, 4J = 1.8 Hz, 2H), 7.97-7.87 (m, 7H), 7.84 (d, 3J = 8.4 Hz, 4H), 7.40 (m, 

2H); l3C-NMR (75.5 MHz, CD3CN): § (ppm) = 156.4, 156.0, 149.4, 144.8, 141.2, 140.7, 

137.2, 133.0, 128.2, 126.5, 124.3, 121.4, 119.0, 111.8; UV/vis [kmm (nm) (e (x 104 M"'.cm"')), 

in acetonitrile]: 274 (5.4), 318s (0.5); Luminescence [̂ max (nm), in dichloromethane, 77K]: 

(343, 355, 462, 494, 523), (340, 353). 

TpyPh(PhNMe2)2 (6b): Yield : 13.9% (M = 547.69 g.mol"1), ESI MS (m/z): 548.28 [M + 

H+]; (HR-MS): 548.28014 [M + H+]; 'H-NMR (300 MHz, CD2C12): 8= 8.83-8.65 (m, 6H), 

8.05m (m, 1H), 7.94-7.85 (dt, ?J= 5.7 Hz, 4J= 1.8 Hz, 2H), 7.82-7.74 (m, 2H), 7.68-7.54 (m, 

4H), 7.38-7.23 (m, 2H), 6.87-6.84 (d, 3J= 9.0 Hz, 4H), 3.02 (12H); UV/vis [Amax (nm) (s (x 

104 M_l.cm"')), in acetonitrile]: 252 (4.5), 283 (5.7), 314s (4.3); Luminescence [kmax (nm), in 

dichloromethane, 77K]: (520), (364, 439, 479, 508). 

Acknowledgement 

Many thanks to Prof. Joseph Zyss and Dr. Isabelle Ledoux-Rak for the measurements and the 

discussions on the HRS results. Elio Cecchetto is also acknowledged for the sub-picosecond 

measurements. 

5.9 References 

[1] Y. Q. Shi, C. Zhang, H. Zhang, J. H. Bechtel, L. R. Dalton, B. H. Robinson, W. H. 

Steier, Science 2000, 288, 119. 

[2] D. A. Parthenopoulos, P. M. Rentzepis, Science 1989, 245, 843. 

[3] X. W. Zhan, M. J. Yang, Z. Q. Lei, Y. Li, Y. Q. Liu, G. Yu, D. B. Zhu, Adv. Mater. 

2000,72,51. 

120 



'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

[4] G. Y. Yang, S. G. Ang, L. L. Chng, Y. W. Lee, E. W. P. Lau, K.. S. Lai, H. G. Ang, 

Chem.-Eur. J. 2003, 9, 900. 

[5] Z. Kotler, R. Hierle, D. Josse, J. Zyss, R. Masse, J. Opt. Soc. Am. B: Opt. Phys. 1992, 

9, 534. 

[6] D. S. Chemla, J. Zyss, Nonlinear Optical Properties of Organic Molecules and 

Crystals, Vol. 1, 2, New York, 1987. 

[7] H. Le Bozec, T. Renouard, Eur. J. Inorg. Chem. 2000, 229. 

[8] J. Zyss, J. Chem. Phys 1993, 98, 6583. 

[9] D. M. Burland, R. D. Miller, C. A. Walsh, Chem. Rev. 1994, 94, 31. 

[10] T. J. Marks, M. A. Ratner, Angew. Chem.-Int. Edit. Engl. 1995, 34, 155. 

[11] K. J. Drost, A. K. Y. Jen, V. P. Rao, Chemtech 1995, 25, 16. 

[12] P. N. Prasad, B. A. Reinhardt, Chem. Mat. 1990, 2, 660. 

[13] L. T. Cheng, W. Tam, S. R. Marder, A. E. Stiegman, G. Rikken, C. W. Spangler, J. 

Phys. Chem. 1991, 95, 10643. 

[14] S. R. Marder, J. W. Perry, Adv. Mater. 1993, 5, 804. 

[15] T. Verbiest, S. Houbrechts, M. Kauranen, K. Clays, A. Persoons, J. Mater. Chem. 

1997, 7,2175. 

[16] C. E. Powell, M. P. Cifuentes, A. M. McDonagh, S. K. Hurst, N. T. Lucas, C. D. 

Delfs, R. Stranger, M. G. Humphrey, S. Houbrechts, I. Asselberghs, A. Persoons, D. 

C. R. Hockless, Inorg. Chim. Acta 2003, 352, 9. 

[17] T. Le Bouder, O. Maury, A. Bondon, K. Costuas, E. Amouyal, I. Ledoux, J. Zyss, H. 

Le Bozec, J. Am. Chem. Soc. 2003, 125, 12284. 

[18] B. J. Coe, L. A. Jones, J. A. Harris, B. S. Brunschwig, I. Asselberghs, K. Clays, A. 

Persoons, J. Garin, J. Orduna, J. Am. Chem. Soc. 2004, 126, 3880. 

[19] F. W. Vance, J. T. Hupp, J. Am. Chem. Soc. 1999, 121, 4047. 

[20] B. F. Levine, C. G. Bethea, J. Chem. Phys 1975, 63, 2666. 

[21] J. L. Oudar, J. Chem. Phys 1977, 67, 446. 

[22] 1. Ledoux, J. Zyss, J. Chem. Phys 1982, 73, 203. 

[23] J. Zyss, I. Ledoux, Chem. Rev. 1994, 94, 11. 

[24] E. A. Guggenheim, Trans. Faraday. Soc. 1949, 45, 714. 

[25] J. L. Oudar, D. S. Chemla, J. Chem. Phys 1977, 66, 2664. 

[26] P. D. Maker, Phys. Rev. A 1970, 1, 923. 

[27] K. Clays, A. Persoons, Phys. Rev. Lett. 1991, 66, 2980. 

[28] K. Clays, A. Persoons, Rev. Sci. Instrum. 1992, 63, 3285. 

121 



Chapter 5 

[29] S. G. Cyvin, J. E. Rauch, J. C. Decius, J. Chem. Phys 1965, 43, 4083. 

[30] O. Maury, H. Le Bozec, Ace. Chem. Res. 2005, 38, 691. 

[31] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457. 

[32] A. Suzuki, J. Organomet. Chem. 1999, 576, 147. 

[33] L. De Cola, P. Belser, Coord. Chem. Rev. 1998, 177, 301. 

[34] J. L. Sessler, Y. Kubo, A. Harriman, J. Phys. Org. Chem. 1992, 5, 644. 

[35] J. P. Sauvage, J. P. Collin, J. C. Chambron, S. Guillerez, C. Coudret, V. Balzani, F. 

Barigelletti, L. Decola, L. Flamigni, Chem. Rev. 1994, 94, 993. 

[36] D. Rehm, A. Weller, Isr. J. Chem. 1970, 8, 259. 

[37] I. B. Berlman, Hanbook of Fluorescence spectra of aromatic molecules, Academic 

Press, New York and London, 1971. 

[38] M. Maestri, N. Armaroli, V. Balzani, E. C. Constable, A. M. W. C. Thompson, Inorg. 

Chem. 1995, 34, 2759. 

[39] S. Welter, Salluce, N., Belser, P., Groeneveld, M. De Cola, L., Coord. Chem. Rev. 

2005,249, 1360. 

[40] V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem. Rev. 1996, 96, 759. 

[41] S. Welter, N. Salluce, A. Benetti, N. Rot, P. Belser, P. Sonar, A. C. Grimsdale, K. 

Muellen, M. Lutz, A. L. Spek, L. De Cola, Inorg. Chem. 2005, 44, 4706. 

[42] H. Le Bozec, T. Le Bouder, O. Maury, A. Bondon, I. Ledoux, S. Deveau, J. Zyss, Adv. 

Mater. 2001, 13, 1677. 

[43] M. Barzoukas, A. Fort, M. Blanchard-Desce, New J. Chem. 1997, 21, 309. 

[44] M. Blanchard-Desce, V. Alain, P. V. Bedworth, S. R. Marder, A. Fort, C. Runser, M. 

Barzoukas, S. Lebus, R. Wortmann, Chem.-Eur. J. 1997, 3, 1091. 

[45] T. L. Netzel, K. Nafisi, J. Headrick, B. E. Eaton, J. Phys. Chem. 1995, 99, 17948. 

[46] R. D. Fossum, M. A. Fox, J. Phys. Chem. B 1997, 101, 6384. 

[47] S. Leroy-Lhez, A. Parker, P. Lapouyade, C. Belin, L. Ducasse, J. Oberle, F. Fages, 

Photochem. Photobiol. Sci. 2004, 3, 949. 

[48] M. Hissler, A. Harriman, A. Khatyr, R. Ziessel, Chem.-Eur. J. 1999, 5, 3366. 

[49] A. Harriman, A. Khatyr, R. Ziessel, Dalton Trans. 2003, 2061. 

[50] D. V. Kozlov, D. S. Tyson, C. Goze, R. Ziessel, F. N. Castellano, Inorg. Chem. 2004, 

43, 6083. 

122 



'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

Figure 10. Electro-Spray Ionisation Mass Spectrometry (ESI MS) spectrum of'TpyRuTpyPh(PhCN)2 (from top 
to bottom (m/z): a) full spectrum (423.00, 991.15), b) M - 1 PF6 (988.15, 989.15, 990.15, 991.15, 992.15, 
993.15, 994.15), c) M - 2PF6 (421.59, 422.09, 422.59, 423.09, 423.59, 424.09, 424.59). 
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