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Chapter 1 

Introduction 

Abstract 

This Chapter starts with a short overview of the processes that can take place within a 

molecule when it is excited by light. The focus is on the general photophysical properties and 

on the different photoinducedprocesses that occur. Especially, electronic energy and electron 

transfer are introduced and the mechanism and the kinetic treatments of these transfer 

processes are described. 

Since pyrene is a central chromophore in this Thesis, examples of pyrene derivatives 

covalently bound to other groups are given and the phenomena occurring in these systems are 

described, focusing on the factors that determine whether an electron or an energy transfer 

occurs. At the end of the Chapter, the scope of this Thesis is given. The systems and the 

processes investigated as well as, when possible, future perspectives and applications are 

illustrated. 



Chapter 1 

The interaction of molecules with light is of great fundamental and practical 

importance and, especially, the way molecules absorb light, emit light and loose energy has 

been studied for a long time. Upon excitation of the ground state, molecules reach an 

electronically excited state, which is higher in energy and differs from the initial state by its 

energy content, structure and electron distribution. As the energy is quantized, the excitation 

energy must match the energy gap between the ground state and the considered excited state. 

Once the molecule is excited by absorption of a photon, it can decay to the ground 

state by the emission of a photon (fluorescence), which generally occurs from the first excited 

singlet state. Many other pathways for de-excitation can occur (Figure la): internal 

conversion followed by vibrational relaxation nonradiative decay (i.e. direct return to the 

ground state without emission of luminescence), intersystem crossing (possibly followed by 

emission of triplet state (phosphorescence), intramolecular charge transfer and conformational 

changes. Within the same molecule, the different de-excitation pathways can be illustrated 

using the simple Jablonsky diagram (Figure lb). 
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Figure 1. a: Possible deactivation pathway of excited molecules, b: Jablonski diagram showing radiative and 
non-radiative transitions between singlet (S) and triplet (T) state. 

As can be seen from Figure lb, the de-excitation pathways may compete with 

fluorescence emission if they take place on a time scale comparable to the excited state 

(lifetime To). All nonradiative processes, as illustrated in Figure lb, decrease the luminescence 

quantum yield (<))o) which can be defined as the ratio of the number of photons emitted and the 

number of photons absorbed by the molecule. These two relevant quantities can be expressed 

io= l /(k r + knr)=l /(k r+k,c + kisc) (Eql) 

2 



Introduction 

<)>„ = kr / (kr + knr) = kr / (kt + klc + klsc) (Eq2) 

where k is the decay rate constant and f, ic, isc r and nr are stated for fluorescence, internal 

conversion, intersystem crossing, radiative and nonradiative decay, respectively. 

In the presence of a suitable quencher molecule, inter- and intra-molecular quenching 

processes can occur. For intermolecular processes, fluorescence quenching occurs when the 

excited state molecule is deactivated by collisional contact with a quencher molecule in 

solution (i.e. the colliding molecules are not altered chemically). For this type of quenching, 

the decrease in emission intensity is described by the ratio of the fluorescence in absence of 

quenching to the fluorescence in the presence of quencher by the Stem-Volmer equation: 

<|>/<|)o=l+Ksv[Q] = l + k q X T o x [ Q ] (Eq3) 

where <j) is the luminescence quantum yield of the quenched molecule defined below, Ksv is 

the Stern-Volmer quenching constant and kq is the bimolecular quenching constant. 

(() = kr / (kr + kic + kisc + kq) (Eq4) 

Quenching data are usually presented as plot of <J> / <()u versus [Q], giving a linear 

dependence. This plot should yield an intercept of unity on the y-axis and a slope equal to 

Ksv- The quantity 1 / KSv is the quencher concentration at which <|> / <|>o = 2 (i.e. 50% of the 

luminescence intensity is quenched). 

In such case, the quenched lifetime can be estimated using Eq 5 where kq is calculated 

from Eq 3. As we have shown above, to can be calculated from the kinetics of all the 

processes occurring in the molecule after excitation. Analogously, x can be estimated 

applying equation 5. However, in most cases, the easiest way to calculate the quenched 

lifetime is by time resolved spectroscopy. The combination of Eq 1 and Eq 2 with Eq 4 and 

Eq 5 gives the expressions (Eq 6 and Eq 7) for the rate constants of the quenching process. 

T = l / ( k f + k i C + kisc + kq) (Eq5) 

kq = (<f>o/fl)/To (Eq6) 

kq = 1 / x - 1 / To (Eq7) 

3 



Chapter I 

These equations are extremely useful to calculate the rate constants for intramolecular 

processes. Amongst the quenchers, one of the most well known species is dioxygen. 

Molecular oxygen is normally present in its triplet ground state (which explains its reactive 

bi-radical like behaviour). Collision of oxygen with a singlet excited state leads to an 

enhancement of non-radiative singlet to triplet conversion with subsequent quenching of the 

luminescence. 

The encounter of triplet ground state molecular oxygen with a molecule in its triplet 

excited state leads to triplet-triplet annihilation which is accompanied by the formation of the 

very reactive singlet oxygen, which can be used in the photodynamic therapy of cancer cells. 

In the two next paragraphs, the theory and the relevant issues of electron- and energy 

transfer, two common and very important quenching processes, are briefly described. 

1.1- Photoinduced electron transfer processes 

The photoinduced electron transfer process constitutes one of the most basic 

photochemical reactions but also one of the most attractive ways to convert or store light 

energy for further application. This process between a donor (D) and an acceptor (A) can be 

encountered in two different ways: a) as intermolecular photoinduced process or b) as 

intramolecular photoinduced process (respectively Figure 2a and Figure 2b). 

D A . D* A ' - l e c t r o n . D " A - E l c c t r o n 

transfer | recombination 

a) Intermolecular processes 

'1V . D * A
 E l e c t r o l j D * . A - Electron 

transfer recombination •<« 

b) Intramolecular processes 
Figure 2. Schematical representation of electron transfer processes and relaxation 

After excitation, the electron transfer process takes place resulting in a charge 

separated state which relaxes to the ground state via an electron recombination (back electron 

transfer). In recent years especially, intramolecular electron transfer processes have received a 

lot of attention. Very often in these systems, a key element is the bridging ligand connecting 

the donor and the acceptor species. In fact, the electronic nature, geometry and length of the 

bridge can determine the strength of the coupling between the two species and, in rigid 

systems, the donor to acceptor distance. 

4 



Introduction 

1.1.1 Thermodynamical considerations 

From the electrochemical and photophysical data, it is possible to estimate the 

thermodynamic energy change for the electron transfer (Gibbs free energy change: AGCT) in a 

system using the Rehm-Weller equation1'1 (Eq 8): 

AGeT = c(E0X - Eral) - Ew - w(r) (Eq 8) 

where Em is the first oxidation potential of the donor, EKd is the first reduction potential of the 

acceptor, E0Q is the energy of the 0-0 transition determined by the first maximum of the 

emission at 77 K. of the moiety that is excited (acceptor or donor) and vv(r) is a work term 

arising from e.g. the coulombic interactions between charges. This work term can be 

expressed as following: 

u'(r) = e21 47I£OESRDA + e21 8TO0( 1/r' + l/r")(l/sse -1 /e,) (Eq 9) 

where e is the elementary charge, £o is the vacuum permittivity constant, es is the dielectric 

constant of the solvent, ex is the dielectric constant of the solvent in which the 

electrochemistry was measured, RDA is the donor-acceptor distance, rT and r" are respectively 

the effective ionic-radii of the donor and acceptor cation and anion. 

The second term in Eq 9, the so called solvation term, accounts for the small ability of 

the low polarity solvents to stabilize charges, as compared to higher polarity solvents in which 

the electrochemistry is normally performed. 

When electron transfer in the solid state is considered, Eq 10 can be written: 

ACeT = Eox - EKd - EQO = AGredox - Eoo (Eq 10) 

This simple equation implies that an electron transfer process can take place from the 

lowest excited state (with an energy £0o) if there is enough "driving force" (-AGcT) to give an 

exergonic process. 

To finish with the thermodynamic considerations, it can be highlighted that electron 

transfer can occur from the singlet excited state to a singlet state of the radical ion pair or 

from a level with a higher multiplicity like from a triplet excited state to a triplet state of the 

radical ion pair. There are no electron spin restrictions. The process can occur as long as £oo 

> AGredox-

5 



Chapter I 

1.1.2 Kinetic considerations 

The rate of most electron transfer processes can be described with the Arrhenius 

equation (Eql 1), just like many other chemical reactions: 

k = Axexp(-Ea/£BT) (Eql l ) 

where A is the pre-exponential factor, Ea is the activation energy, kB is the Boltzman constant 

and T is the temperature. 

Equation 11 implies that, if a barrier is present (Ea + 0), the rate of the process will 

decrease strongly with temperature (when T goes to 0, k goes to 0). When the barrier is zero, 

the rate equals the pre-exponential factor and it will be temperature independent. 

According to the classical model developed by Marcus and Hush,[2"4] the first excited 

state D*—A (or D* alone in an intermolecular process) must progress in time to reorganize its 

nuclear geometry and that of the surrounding environment to the point where the energy of 

the reorganized state is equal to that of the charge separated state (D - A"). Thus, after Frank-

Condon excitation, nuclear and solvent reorganization is needed for the charge separation to 

occur. Sometimes direct excitation into the charge transfer (CT) absorption band can however 

populate the CT state directly. 

In the Marcus model, the rate constant for electron transfer (kcT) can be expressed as follows: 

keT= Kei x vD x exp(-AG#/£BT) ( E q [ 2) 

where Ke! is the electronic transmission coefficient (i.e. the probability that the excited state 

converts to the charge transfer state when they reach the crossing point as illustrated in Figure 

3), vn is the nuclear factor {i.e. the frequency of passage through the transition state) and AG* 

is the free energy of activation. 

In Eq 12, AG can be expressed as a function of the overall Gibbs free energy change 

(AGo) and of the total reorganization energy (X)l5] as in equation 13: 

AGu = (AGo + X)2/4\ (Eql 3) 

6 
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• / D' - A-

Nuclear configuration 

Figure 3. Energy profile and kinetic parameters for a unimolecular electron transfer reaction. AG is the free 
activation energy and X the reorganization energy. 

Figure 3 gives a schematic representation of the different parameters considered in the 

Marcus theory using the two potential energy curves for the excited D-A pair and the charge 

separated state respectively. 

The total reorganization energy (X) can also be described as the potential energy 

change during the nuclear reorganization in response to the electronic changes going from the 

excited state to the charge separated state. The reorganizational energy consists of two 

contributions because reorganization will occur through internal reorganization (Xi) (within 

the molecule) and solvent reorganization (Xs) since, as previously explained, the reorientation 

of the polar molecules plays a major role in electron transfer. 

X = X, + X, (Eq 14) 

In equation 14, Xt can be calculated using the CT absorption maximum and the CT 

emission maximum of the electron donor-acceptor system studied in a non-polar solvent 

(where Xs « 0). The energy difference between these two states gives 2Xt. The solvent 

reorganization (Xs) can finally be estimated with equation 15: 

Xs = e2/47rs„(l/n - l/ss)(l/2r4 + l/2r" - 1/RDA) <Ecl 15> 

where n is the optical dielectric constant of the solvent, e is the elementary charge, s0 is the 

vacuum permittivity constant, ss is the dielectric constant of the solvent, sse is the dielectric 

constant of the solvent in which the electrochemistry was measured, RDA is the donor-

7 



Chapter 1 

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

cation and anion. 

As is clear from equation 13 and as can be seen in Figure 4, the Marcus theory implies 

that, in the optimal region, barrierless electron transfer can occur. If -AG < X, the electron 

transfer rate increases with larger driving forces. However, in the so called inverted region, 

when -AG > X, the rate decreases with the larger driving forces. The barrier is very thin in the 

inverted region facilitating nuclear tunneling. In particular, in the inverted region, process 

rates are higher than expected from the classical Marcus theory. 

normal activationless inverted 

Nuclear configuration 

Figure 4. Potential energy curves for reactants and products in the three regimes predicted by the Marcus 
equation 

Depending on the coupling between the donor and acceptor, the classical Marcus 

theory predicts two different cases: 

a) adiabatic case (strong electronic coupling, Kd » 1) can be described as following: 

keT= K,.| x v„ x exp[-(AG + X)21 4XkH7] (Eq 16) 

b) non-adiabatic case (weak coupling, KC] <« 1) 

keT= (2TT3/2 / h(XkHT)y2)(VnA)2
 X exp[-(AG + X)214M„T] (Eq 17) 

where VDA is the electronic coupling matrix element. Reactions are non-adiabatic if the 

electronic coupling matrix element is less than kKT. 

8 



Introduction 

1.2 Electronic energy transfer processes 

For molecules possessing low lying excited states that are weakly interacting, energy 

transfer processes are commonly observed in addition to the intrinsic decay. In an energy 

transfer process, the excitation energy of the donor is transferred to the acceptor, which has an 

energetically lower excited state. As a result, the donor returns to the ground state while the 

acceptor reaches its excited state. 

For such energy transfer reactions, the Gibbs energy change (AG0) can be expressed 

by the difference between the 0-0 spectroscopic energies of the lowest excited states of the 

donor and the acceptor moieties. 

For this process, an experimental determination of the energy transfer rate can be 

obtained from the luminescence lifetime of the quenched donor (r) and of un-quenched D* 

(TO) using Eq 6 or by using the following equation: 

kn=(l/*b)(/o/M) (E ( l1 8) 

where / and I0 are, respectively, the luminescence intensity of the quenched D* in the system 

and of D* without acceptor. 

The non-radiative energy transfer processes can occur by two mechanisms: 1) Förster 

or Coulombic and 2) Dexter or exchange. 

1.2.1 Förster-type energy transfer 

Förster energy transfer often also called "coulombic", "dipole-dipole" or "resonance" 

energy transfer,161 takes place through the interaction of the oscillating dipole of the excited 

donor (D*) with that of the acceptor (A)(see figure 5a).'7'x| The most important condition to 

be fulfilled in order to have such type of mechanism, besides of course the thermodynamics, 

is that there is a good spectral overlap between the emission spectrum of the donor and the 

absorption spectrum of the acceptor. In fact, since the electrons involved in the energy 

transfer are not exchanged between the two chromophores, this mechanism does not require 

overlap of the orbitals of the donor and the acceptor. Therefore, this interaction can take place 

at long distances (100 A) and decays inversely with the sixth power of the interchromophore 

separation. The rate of Förster-type energy transfer can be expressed as in equation 19. 

km= 8.8 x IQ-25 K2 ((/>! n x r6)JF with JF = JF(v)f;(v)V-4dv (Eql9) 

9 



Chapter 1 

where <j> and r are, respectively, the luminescence quantum yield and lifetime of the donor 

(D*) in absence of the acceptor (A), K is the orientation factor and JF is the spectral overlap 

integral of the donor emission and the acceptor absorption. As mentioned above, the rate of 

energy transfer via the coulombic mechanism depends on the radiative decay rate constant (A, 

(/> and r) of D* and on the oscillator strength (e) of A. For this mechanism thus no change of 

spin is "allowed" and the most favored process will be singlet-singlet energy transfer. The 

triplet-triplet energy transfer is not likely to occur by a Förster mechanism because, in such a 

case, the overlap integral (JF) approaches 0. 

Förster mechanism Dexter mechanism 

Q 
LUMO 

HOMO 
\^) O Q O 0 o 

D* A D* A 

Figure 5. Förster- and Dexter-type energy transfer mechanisms. 

1.2.2 Dexter-type energy transfer 

This mechanism often called "exchange"1''1 can be visualized as a double electron 

transfer process where the excited electron in D* is transferred to the lowest unoccupied 

molecular orbital (LUMO) of A and, simultaneously, an electron from the highest occupied 

molecular orbital (HOMO) of A fills the hole in the HOMO of D (Figure 5b). This 

mechanism requires therefore overlap of the orbitals involved and can occur only at short 

distances (up to 10 A).[7'l0] The rate constant for Dexter-type energy transfer can be expressed 

as following: 

Aren=(47rH2//0JD (Eq20) 

where H is the inter-component electronic interaction energy between D and A and JD is the 

overlap integral, according to Dexter theory. In the exchange mechanism, only the spin of 

donor and acceptor as a whole should remain the same. Therefore, processes not allowed by 

Förster mechanism can occur by Dexter mechanism, such as triplet-triplet energy transfer. 

10 



Introduction 

A special type of exchange mechanism is the so called superexchange mechanism, 

often present in the systems described in this thesis as well as in many natural systems. 

In a through bond mechanism, two possible situations can be sketch to describe the 

role of the bridging ligand in the reaction mechanism. For systems with the same D and A, 

and therefore the same driving force for the reaction, the relative energies of the donor and 

acceptor levels will be the same. The HOMO and LUMO orhitals of the bridging ligand will 

be related to the electronic properties of the subunit and the way they are connected. If the 

empty orbitals of the bridge lie at much higher energy than the levels of the donor and 

acceptor, the electron is transferred in a single, coherent step. The empty orbitals of the bridge 

may only be used as "mediator" (or virtual state): to facilitate the transfer process and the 

electron will not reside on the bridging ligand during the transfer process. This phenomenon 

is often called superexchange mechanism. However, if there is good energetic match of the 

level of the donor and of the bridge, or even if the LUMO of the bridge is slightly lower in 

energy than the excited state of the donor, the electron may first be transferred from the 

excited donor to the conjugate bridge, leading to the formation of an intermediate D -B~-A 

species. Electron transfer from the bridge to the acceptor then occurs by electron hopping over 

the different bridging unit to complete the global charge transfer process. 

1.3 Pyrene as electron- or energy Donor or Acceptor 

Polycyclic aromatic hydrocarbons are well known for decades and they often are 

fluorescent compounds that emit with a good efficiency. These molecules, such as 

naphthalene, anthracene or pyrene and their derivatives, have been used because of their high 

quantum yield of emission, because of n-n interactions which can occur in the excited states 

to form an excimer (excited state dimer) or exciplexes1"1 (excited state complexes) and also 

because of their low lying triplet excited states. 

Pyrene, in particular, has attracted a lot of attention because of its high stability in the 

solid state, its efficient excimer formation and as it can be easily functionalized.1'-"1"1 In 

addition to the interesting fluorescent properties mentioned before, the presence of a low lying 

triplet excited state in pyrene and its derivatives (3Py*) can be detected, with a 

phosphorescence in the range 600 to 650 nm.1'6' A special way to populate this triplet state is 

the use of "sensitizers" which possess a triplet excited state slightly higher in energy than that 

of pyrene. Especially ruthenium polypyridyl complexes in which the lowest excited state is a 

triplet metal to ligand charge transfer (3MLCT) state, close in energy to the triplet of pyrene, 

11 
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are interesting candidates for this purpose. In this case, pyrene is likely to act as triplet energy 

acceptor that also behaves as a long-lived energy reservoir that repopulates the excited state of 

the metal complex. 

In many systems, the redox potentials of pyrene derivatives remain unchanged as 

compared to pyrene itself. Both processes are usually irreversible yielding an oxidation 

potential around +1.35 V and a reduction potential around -1.90 V vs SCE in acetonitrile. 

1.3.1 Pyrene as electron donor or acceptor 

1.3.1 .a. Pyrene as electron donor 

As explained previously, the Rehm-Weller equation gives information on the 

thermodynamic factors of electron transfer processes (Eq 9). This equation compares the 

electrochemical gap to the photophysical gap and results in a negative value when electron 

transfer is favorable as in equation 22: 

0 >E0X- EKd - Eoo (Eq22) 

The fact that for pyrene 'Em) = 3.28 eV (maximum emission at 77K)"6' and Eox = 

+ 1.35 V vs SCE,'171 means that an electron acceptor that is reduced at -1.93 V vs SCE or at a 

less negative potential can act as electron acceptor. Thus, many organic groups can participate 

as electron accepting quencher for pyrene. 

In such a case, the charge-separated state is composed of the radical cation of the 

pyrene and of the radical anion of the (covalently bound) acceptor. This excited state can be 

detected by using transient absorption spectroscopy in which a transition between 470 and 

490 nm can be observed, that belongs to the radical cation of the pyrene unit.1'8"201 This 

transition should be accompanied by transitions belonging to the radical anion. 

Systems containing good electron acceptors, such as dicyanovinyl-benzene covalently 

linked to pyrene, have been reported. Interestingly, this acceptor-structure is derived from 

tetracyanoquinodimethane, which is part of the donor-acceptor molecule originally proposed 

by Aviram and Ratner for molecular rectification.121' For these systems (1 and In, see figure 

6), electron transfer has been shown to occur but the process depends on the dynamics of the 

chain conformations.'221 Rhodamine derivative (2)'2'1 has been prepared and shows that 

reversible photoinduced electron transfer occurs from the pyrene to the positively charged 
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rhodamine. For 2, De Schryver et al. also proved that the population of the CT state results in 

the formation of the locally excited triplet state of the rhodamine. Also, simple acceptor 

groups such as benzonitrile (3) or benzaldehyde (4)'24' have been covalently linked to the 

pyrene unit. These molecules show the radical cation of the pyrene that forms around 470 nm 

in the transient absorption spectra. It has been shown that after excitation, the compound 3 

relaxes by mutual twisting of the two subunits towards a more planar geometry.'24' The 

modified pyrimidine nucleosides 5 populate a CT state in it excited state. Fiebig et al. show 

that ultra fast proton coupling occurs upon formation of this CT state. ' 

Figure 6. Examples of pyrene systems containing good electron acceptor groups. 

Also weak electron acceptor groups such as polypyridine units have been used in 

association with pyrene (Figure 7). Bipyridine directly connected to the pyrene unit (6), 

bridged by oligo-phenylene-ethynylene (OPE) (7)'27'2S' or terpyridine covalently linked by a 

dietynylthiophene moiety (8)'29' can be used as donor-acceptor systems. In all these systems, 

the CT state is not reached in low polarity solvent (the local excited (LE) state is lower in 

energy than the charge separated state) but, when increasing the polarity of the solvent, a red-

shift of the emission can be observed (solvatochromic shifts are typical for CT states). 

13 
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Figure 7. Pyrene systems containing weak electron withdrawing groups (polypyridines). 

Metal complexes in which the ligand is bearing a pyrene unit that show photoinduced 

electron transfer behaviour have also been reported, as for example, zinc complexes 9 (Figure 

8).(j01 This complex shows electron transfer from the pyrene moiety to the nitrobenzene guest-

ligand that has a reasonable acceptor character.'301 For the molecules 10 and 10b, Fages et al. 

reported that electron transfer from the pyrene unit to the bipyridine acceptor is assisted by 

the zinc center. As 10 is the zinc complex of 7, it is interesting to notice that the stronger 

solvatochromic shift observed for 10 can be explained by the increase of the electron 

withdrawing behaviour of the bipyridine complexed to zinc ion. 

9 10 10b 

Figure 8. Examples of pyrene systems containing metal ions. 

14 



Introduction 

1.3.l.b. Pyrene as electron acceptor 

With the reduction potential of pyrene being equal to -1.9 V, equation 21 gives E„x < 

+1.18 V vs SCE using the 0-0 transition at 3.28 eV. Thus, a large range of electron donors is 

suitable to participate in electron transfer interactions with pyrene. 

In this case, the radical anion of the pyrene is formed in association with the radical 

cation of the donor. The photoinduced electron transfer can be observed with transient 

absorption spectroscopy resulting in the formation of a band at 490 nm that can be attributed 

to the radical anion of the pyrene. ' 

Indeed, with good donors such as dialkylaniline (ll)1'2"35' or its derivatives (12) 

photoinduced electron transfer processes can be observed. With such molecules, Singer et 

a/.'32' and Techert et a/.'351 have shown the occurrence of twisted intramolecular CT states. 

Phenothiazine (13) and its derivatives also act as good electron donor and the formation of the 

radical anion of the pyrene was reported.'31' For these molecules, a correlation between the 

Rehm-Weller equation (Eq 3) and the electron transfer capacity was found. 

Figure 9. Examples of pyrene systems containing aniline-type electron donors. 
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For molecule 14, a luminescent CT state has been reported, and its formation has to 

compete with intermolecular exciplex formation. In such systems, it has been demonstrated 

that electron transfer occurs from the methoxy-aniline to the pyrene unit. Furthermore, 14 was 

used to show that, at high pressure, three emitting states are observed: the LE state, the intra 

and the intermolecular exciplex emission.'"'6'j7' 

Dendrimers have also been used for the study of these processes. Polyether dendrons 

end-capped with pyrene combined with one dendron that is functionalized with a methoxy-

aniline (15) reveal the occurrence of photoinduced electron transfer when the concentration is 

low enough too avoid excimer formation. 

1.3.2 Pyrene as energy donor or acceptor 

As energy transfer always proceeds to a state of lower energy and the first excited 

singlet state of pyrene is relatively high in energy (3.28 eV), this state is mainly used as 

energy donor state. The low-lying triplet state of pyrene (1.84 eV) is mostly used as energy 

acceptor (and long lived energy reservoir). These special triplet state properties have resulted 

in the study of pyrene in combination with appropriate organic dyes or metal complexes in 

order to obtain a low lying excited (JMLCT) state of the same multiplicity close to the pyrene 

triplet state. The interaction of the two triplet states can be tuned in such a way that the long-

lived triplet state of pyrene repopulates the emissive 'MLCT state, thus extending the lifetime 

of this state. Like all triplet states, the triplet state of pyrene is highly sensitive to oxygen and, 

due to its very long intrinsic lifetime, small traces of oxygen can still influence its emissive 

properties. 

Ford et al. reported that the chromium complex 16 presents the particularity to release 

NO upon excitation. The authors suggest that a fast energy transfer process from the ligand 

centered TI-TI* state to the Cr(IIl)-centered ligand field state leads to the subsequent cleavage 

of the complex.'"'9' 

Indeed, using other polycyclic aromatic systems (naphthalene or anthracene), as in 17, 

provides a good way to add a low triplet excited state close to that of the pyrene. In these 

systems, energy transfer between the two triplet states can be observed. Upon complexation 

with zinc, the complex 17Zn shows also efficient energy transfer over distances ca. 1.2-1.5 

nm, which is attributed to a Förster-type mechanism.'40' 
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17Zn 

Figure 10. Examples of pyrene systems containing various metal ions in which energy transfer occurs. 

The combination of pyrene with ruthenium or osmium polypyridyl complexes has 

been studied extensively141' 4:' in order to create triplet Metal-to-Ligand Charge Transfer 

(MLCT) transition lying close to the triplet of the pyrene (200 < AE < 900 cm"1 for 

ruthenium). 

The ruthenium polypyridine complexes covalently linked to a pyrene unit usually 

show an extension of the 'MLCT lifetime and the occurrence of the second decay belonging 

to the depopulation of the 3py*.'4'-451 

For 18, Castellano et a/.'46' demonstrated that a very long lived JMLCT state was 

formed. This long emission lifetime is attributed to equilibration (forward and back energy 

transfer) of the JMLCT with the 3Py*. A similar behaviour for the ruthenium bisterpyridine 

derivative (19) was found. In the same work, Ziessel, Harriman et al. also show that, for 

ruthenium complexes 20 and 21, an equilibration between the two triplet states occurs 

resulting in an increased emission lifetime for the JMLCT-state.'43' They also proved that the 

platinum unit is a less good conductor than the ethynylene groups. But also in this latter case, 

the triplet state equilibration is shown to occur. 

The behaviour of 22 is important in order to understand the role played by the bridge 

in such processes. For this complex, Ford et al described also equilibration between the two 

states resulting in an increase lifetime.'"' Finally, complex 23 also shows extended lifetimes 

of the MLCT emission, which depend on the solvent used. Gelhen et al reported that an 

energy transfer to the JPy* in low polarity solvents can be observed.' The authors found a 
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slow rate of energy transfer suggesting that the coupling through the amido-connection is 

weak. 

Figure 11. Pyrene systems containing ruthenium or osmium ions. 

1.3.3 Pyrene involved in electron and energy transfer 

The study of the platinum (24),1481 iridium (25),[49] ruthenium or rhenium (26-27),'501 

complexes, resulted in the observation of a different behaviour, as compared to that found for 

18-22. For the platinum complex 24, McMillin and co. presented convincing evidence that 

luminescence arises, at least in part, from a pyrene to terpyridyl intraligand charge transfer 

state (ILCT). This behaviour is similar to that reported by Williams et al. for 25, where a 

deactivation through a slightly emissive low-lying ILCT state is suggested. Fages and 

Schmehl et al. reported that, for the ruthenium and the rhenium complexes 26 and 27, the 

weak observed emission arises either from a JILCT state or from the equilibrium of the 31LCT 

with the JPy. Interestingly, in these systems the usual JMLCT emission was not observed. 
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Figure 12. Pyrene systems in which both energy and electron transfer occur. 

Finally, in our group, the organic compound 28 composed of a perylene core with four 

appended pyrene units was studied recently and it was proven that both photoinduced electron 

transfer and energy transfer occur in this system, as well as in molecular squares composed of 

28. For these molecules, the fast photoinduced energy transfer is followed by the even faster 

electron transfer.' ' 

1.3.4 Conclusion 

Indeed, as can be seen from the large range of molecules presented, the structure of the 

covalently bound pyrene containing molecules is important in order to predict if any transfer 

will occur and if so, to identify this process. 

In a first approximation, two different cases can be distinguished: 1- organic partners 

or 2- inorganic partners. 

For pyrene systems combined with organic molecules, in the case of a 

thermodynamically allowed electron transfer process and in absence of low lying triplet 
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excited state, photoinduced electron transfer occurs either from the pyrene unit or to the 

pyrene. 

In the case where an accessible triplet state is lying close to the 'Py*, fast energy 

transfer can be expected. However, if AG < 0 (as for 28), it is possible to observe a competing 

electron transfer process, where the ratio of the rates of the two processes will determine the 

final outcome. 

The combination of pyrene with metal complexes gives the opportunity to study the 

intricate interplay between a pure organic triplet state and 'MLCT state. The distance between 

the two chromophores will govern this interaction, but also the kind of bridge linking the two 

chromophores and their relative orientation will be of great importance. Furthermore, this 

combination of chromophores with extended excited state lifetimes can result in systems that 

are suitable for medical diagnostic applications. 

It is interesting to note that, for e.g. complexes 26-27, the JMLCT belonging to the 

metal or the level of the JPy* do not shift much in energy. The energy levels of the two triplet 

states are neither influenced strongly by substituents nor by their chemical environment. 

With regard to charge transfer processes, especially the energetics and the coupling 

between the polypyridine metal complex and the pyrene is relevant in order to predict if the 

emission from an MLCT or an ILCT state will be observed. In fact, the occurrence of charge 

separation in the complex can be anticipated on grounds of the photophysical behaviour of the 

free ligand, for which low lying CT states must already be observable. The occurrence of 

electron transfer will then depend on the energy levels of the excited states (the 3MLCT or the 
JPy* and the ILCT must be, at least, isoenergetic). As the radical anion of the terpyridine in 

the complex is stabilized by the direct interaction with the divalent ruthenium ion (lowering 

the ILCT state) a good estimate can be obtained by studying the protonated ligand or e.g. its 

zinc complex (see also Chapter 4). 

1.4 Scope of the Thesis 

The research described in this Thesis ranges from the study in solution of electron and 

energy transfer properties of functionalized metal complexes (Chapter 2, 3 and 4) and the 

investigation of their non-linear optical (NLO) properties (Chapter 5) to the interaction of 

metal complexes with noble metal surfaces through sulphur-metal interaction (Chapter 6). 

This sulphur-metal interaction was further used to create small metal clusters, by using 

oligothia dendrimers (Chapter 7). 
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The chromophores that constitute the main systems studied in this thesis are ruthenium 

polypyridyl complexes and pyrene derivatives. Thus a combination of a prototype of 

inorganic photochemistry with a classic organic photochemistry textbook molecule is made. 

Insight into the interaction of the different excited states of these functionalized 

complexes and to the role of the bridge-unit is pursued. Surface functionalization, 

nanoparticle generation and NLO properties are steps toward functional nanomaterials. 

In Chapter 2, the equilibration between the 'MLCT and the 'Py is studied within a 

system containing a ruthenium trisbipyridine linked to a pyrene unit through an OPE bridge 

(Figure 13a). 

Figure 13. a) Ruthenium complex studied in Chapter 2; b) Schematical representation of deactivation pathway 
in the complex. 

For this molecule, next to the observation of the JMLCT emission, the lowest energy 

level which can be observed is the JPy* state. The equilibration rate is described and the 

possible deactivation pathways are proposed (Figure 13b). The complex shows pyrene 

phosphorescence at room temperature under strict de-aeration conditions. 

In Chapter 3, an energy transfer system is presented which incorporates a meta 

conjugated bridge. For the study of the differences induced by changing the connection point 

within a bridge, two ruthenium-osmium dinuclear complexes connected by polyphenylene 

units, where one unit is connected in meta position, were used (Figure 14). The energy 

transfer from the excited ruthenium-based component to the lowest excited state localized on 

the osmium unit was established and compared to the analogue molecules connected in para 

position. The energy transfer was attributed to a Dexter-type (in particular to a 

superexchange) mechanism. 
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Kii-mPtl5-(>s 

Figure 15. Chemical structures of the bimetallic complexes studied in Chapter 3 with estimated metal to metal 
distances 

In Chapter 4, pyrene chromophores covalently linked to a terpyridine unit and its zinc 

complex (Figure 15a) are studied and compared to the free components and to the bis-

protonated form in order to attribute all transitions (absorption, emission and transient 

absorption). 
a ) b) 

Zn(TpyPh-3,5-Pyrene2)2 

Figure 16. a) Ligand containing pyrene units and it zinc complex used in Chapter 4; b) Schematic representation 
of the electron transfer 

In this system, it was found that photoinduced electron transfer occurs as presented in 

Figure 15b. The charge separated state, which contains the radical cation of the pyrene and the 

radical anion of the terpyridine was observed in polar solvents for the ligand, and also in 

nonpolar solvents for the zinc complex. In this Chapter, the 'strength' of the electron 

accepting groups (free terpyridine (Tpy), ZnTpy or H2Tpy) is discussed and the difference in 
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the solvatochromic emission shift is explained in terms of the properties of the acceptor 

moiety. 

In Chapter 5, the non-linear optical (NLO) properties of different functionalized 

electron donor-acceptor metal complexes are studied. The combination of the ILCT state with 

the usual 3MLCT belonging to a ruthenium unit is used in order to enhance the NLO 

response, which is found to depend on the conjugation length and on the presence of low 

lying CT transitions. Also, better electron donor groups than pyrene (i.e. dimethylaniline) and 

reference complexes (acceptor-acceptor complexes) were synthesized and studied (Figure 16). 

TpyRuTpyPh-3,5-(PhNMe2)2 (2b) TpyRuTpyPh-3,5-(Ph2NMe2)2 (5b) 

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

Figure 17. Structure of the complexes synthesized and studied in Chapter 5 
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For such systems, a correlation between the emission lifetimes and the electronic 

distribution on the ligand following the substituting groups was found. Furthermore, the use 

of ligands that induce the formation of ILCT-states enhances the hyperpolarizability (P-value) 

in comparison to acceptor-acceptor complexes (or to acceptor-weak donor group). In this 

Chapter, the increase of the P value with the increase of the conjugation length has been 

illustrated by adding phenylene units between the electron donor and the metal complex. 

In Chapter 6, the study of ruthenium derivatives (free or anchored to a metal surface) 

is presented. For this work, four ruthenium trisbipyridine complexes containing (protected) 

alkylthiol chain(s) were synthesized (Figure 17). 

bpy2RubpyC„S(CO)Me bpy2Rubpy(CnS(CO)Me)2 

Figure 18. Ruthenium trisbipyridine complexes containing thioacetate groups attached to surfaces in Chapter 6 

The metal complexes were studied in solution as well as anchored to noble metal 

surfaces (Au, Pt). The quality of the layers formed was studied with wettability, 

electrochemistry and confocal microscopy. The emission quenching by the surface was found 

to be rather slow and incomplete yielding a quenching rate of 1.7 x 10s to 2.8 x 108 s~'. 

Figure 19. Dendritic structures and model compounds used for gold nanoparticles formation and stabilization in 
Chapter 7. 
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Finally, in Chapter 7, the preparation, stabilization and stability of nanoparticles 

covered by thioether containing dendrimers and other thiol derivatives are described (Figure 

18). An effect of the generation of the dendrimer on the size of the nanoparticles is observed 

as well as on the stability of those nano-assemblies. Changing the structure of the dendrimer 

results in different stabilizer-nanoparticles assemblies as demonstrated by 'H-NMR, HR-TEM 

and Soxhlet extraction. The reference molecules do not lead to nanoparticle formation, 

indicating that the structure and generation of the dendrimer is of essential importance in the 

formation of the dendrimer stabilized gold nanoparticles. 

The Chapters in this thesis can be read independently, as they have been written in a form 

suited for publication in international scientific journals. This has resulted in some 

unavoidable overlap for some introductory parts. 
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Chapter 2 

Extending excited state lifetimes by interchromophoric triplet state 

equilibration in a pyrene-Ru(II)diimine- dyad system8 

Abstract 

The synthesis and the spectroscopic properties of a bichromophoric Ruthenium trisbipyridyl-

1,4-diethynylenebenzene-Pyrene system (Ru-b-Py), and the corresponding pyrene ligand (b-

Py) are reported. The ruthenium model systems Ru-b-OH, Ru-b-Ph are also presented. 

UV/visible absorption and emission at room and low temperature and time resolved 

spectroscopy are discussed. For the Ru-b-Py dyad a mixing of the MLCT state of the 

ruthenium based component and the triplet state of pyrene fPy) is observed. Time resolved 

transient absorption studies performed on the Ru-b-Py and on the p-Py ligand show that the 

lowest energy absorption is due to the population of the triplet state localized on the pyrene-

component. Time resolved studies also evidenced a relatively slow forward triplet 

equilibration rate, in the order of 2 x 10~ s' (5 jus), and an even slower back energy transfer 

rate, 3.3 x 10 s' , still faster than the intrinsic decay time of the pyrene (200 ps). 

S. Leroy-Lhez, C. Belin, A. D' Aléo, R. Williams, L. De Cola and F. Fages, Supramolecular 
Chemistry 2003, 75(7-8), 627-637. 



Chapter 2 

2.1 Introduction 

Influencing excited state lifetimes by interchromophoric interactions is an important 

theme in supramolecular photochemistry with the aim of tuning photophysical properties for 

specific functions, such as diagnostic labelling or energy conversion.''"8| 

In that connection, transition metal complexes, and in particular ruthenium complexes 

containing diimine ligands have been the subject of a continuing interest as luminescent labels 

or photosensitizers for photochemical reactions.'91 This is in part due to the fact that they 

possess low lying excited states such as metal-to-ligand charge transfer (MLCT) excited states 

that, in most cases, lead to luminescence in the visible region. Furthermore, due to an 

extremely efficient intersystem crossing (often n = 1) the lowest excited state is a triplet 

MLCT and therefore its deactivation (formally spin forbidden) occurs in rather long time 

scale (nano- to microsecond regime). It has been shown that for Ru(Il) complexes of pyrene-

tethered bipyridine ligands the excited state lifetimes can be further prolonged up to ca. 150 

|ds in solution at room temperature.'7' '°~'J' Such a result can be rationalized in term of triplet 

state equilibration involving reversible electronic energy transfer between the 'MLCT state of 

the complex and the triplet 71-71:* state of the pyrene chromophore. This particular feature is 

due to the quasi isoenergetic position of the triplet states of the pyrene and Ru(II) units within 

the supramolecular dyad. Actually, the lifetime is not only modulated by the relative triplet 

energy of the pyrene and Ru(ll) chromphores, but also by the nature of the covalent bridge 

connecting these two units and the relative orientation of the two chromophores. In the case of 

dyads in which the pyrene component is directly connected to the bpy ligand via a single C-C 

bond, orbital parentage also plays a role. In these cases, it was observed that emission was not 

the result of triplet equilibration, but rather of intra-ligand charge transfer (ILCT) states 

leading to complex luminescence features. " ' 

In order to further evaluate the influence of the conjugated bridge on the excited states 

properties of pyrene-Ru(II) dyads, the ligand b-Py was synthesized in which a phenylene 

ethynylene linker acts as a rigid tether ensuring extended Tt-conjugation between the two 

terminal units. The case of a related photoactive dyad was reported in which the pyrene and 

Ru(II) end-units are bridged by a single ethynylene moiety.' ' Moreover the photophysical 

properties of 71-conjugated metal-organic systems were reported and the results demonstrated 

the dramatic influence of the metal on the optical and electronic properties of the conjugated 

polymers. 'I8] 

30 



Extending excited state lifetimes by interchromophoric triplet state equilibration 

Here we report on the synthesis and the spectroscopic properties of a series of ligands 

and their ruthenium complexes. In particular, bpy (2,2'bipyridine) connected in the 4 position 

to a terminal group such as a pyrene chromophore, b-Py, a benzene moiety, b-Ph, or a sp 

cabon atom bearing a terminal alcohol function, b-OH, and their corresponding ruthenium 

complexes (Chart 1) are discussed. 

The photophysical properties of the pyrene-containing complex (Ru-b-Py) are shown 

and compared to those of ruthenium reference systems, Ru-b-Ph and Ru-b-OH (Chart 1). 

Ru-b-Py Ru-b-Ph 

Chart I. Structures of the ligands and the ruthenium complexes discussed in this study and their abbreviations. 
Ru-b-Py is the bichromophoric Rutheniumtrisbipyridyl-l,4-diethynylenebenzene-Pyrene system. Ru-b-OH, 
Ru-b-Ph are the model systems for the ruthenium complex (C8H|7= n-octyl). 

2.2 Synthesis 

A preliminary account describing the synthesis of the ligand b-Py has been reported 

previously.l19' The synthesis involved a sequence of Pd-mediated cross-coupling reactions of 

ethynyl derivatives and the corresponding haloarenes. The full description of the synthesis of 

the ligands will be described elsewhere. The preparation of the ruthenium complexes was 
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performed according to a classical procedure. The ligands were reacted with one molar 

equivalent of the Ru(bpy)2Cl2 precursor in refluxing ethanol (freshly distilled) under nitrogen 

atmosphere during 20h. 

2.3 Electronic Absorption Spectra 

The UV/visible absorption spectra in THF of all the ruthenium complexes investigated 

are shown in Figure 1. 

Figure 1. UV/vis absorption spectra of Ru-b-OH [6.5 x 10"'' M] (•••) and Ru-b-Ph [3.2 x lO'6 M] (—) and Ru-
b-Py [3.2 x 10"" M] (—) compared to Ru(bpy),Cl2 [1.9 x 10"6 M] ( ) in THF solution. 

The most significant absorption maxima and the molar extinction coefficients (e) are 

summarized in Table 1. 

Table 1: Absorption characteristics of the complexes in THF.a Other transitions are indicated between brackets . 
h At the absorption maximum.c Not determined due to low solubility. 

Xanax" (nm) s ^ M - ' . c m ' 1 ) 

Ru-b-OH 470(396,291) -c 

Ru-b-Ph 470 (404,290) 15000 
Ru-b-Py 470(430,375,290) 26200 

As expected, the complexes show MLCT absorption bands in the visible region due 

to the Ru-> bpy transitions. The lowest absorption band, assigned to the MLCT transition 

involving the substituted bipyridines,'15' is red shifted (470 nm) compared to the reference 

Ru(bpy)3~ complex (450 nm). The bathochromic shift is consistent with the substitution of 

one of the bipyridyl unit with a strongly conjugating group. In the visible region, the Ru-b-Py 
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complex shows, besides the MLCT bands, a band at 430 nm, which can be assigned to a 

pyrene 71-71* transition, as confirmed by comparison with the absorption spectrum of b-Py 

obtained after addition of an excess of Zn(II) (Figure 3). As expected, the transition at 430 nm 

is not observed in the spectra of Ru-b-Ph and Ru-b-OH compounds (Figure 1) or the 

corresponding ligands which lack the pyrene chromophore (Figure 2). 

1,0-

0,8 - \ / \ 

~ \ / \ 
§ 0p6" "•. \ / s^—s. \ 

0.0-| , 1 , 1 •"; i . ^ i 
300 350 400 450 500 

X / n m 

Figure 2. UV/vis absorption spectra of b-OH (—), b-Ph (•••), b-Py (—) and the Zn(II) complex of b-Py (- ) 
in THF solution. 

The UV region is dominated by the characteristic ligand centered, LC, 71-71* 

transitions of the unsubstituted bpy's, at 290 nm, at a slightly lower energy by the substituted 

ones. Furthermore for the ligands b-OH and b-Ph low-lying 'LC transitions due to the 

extended electronic delocalisation are observed with maxima at 362 and 370 nm, respectively. 

In the b-Py compound, containing the pyrene moiety, the absorption spectrum related 

to the pyrene unit is also influenced by the substitution. Whereas pyrene normally shows 

characteristic bands with nice fine-structure between 200 and 350 nm, the spectrum assigned 

to the pyrene moiety is relatively unstructured, and is also bathochromically shifted to 415 

nm, with a tail going to 450 nm. The spectra were also recorded in butyronitrile and in 

acetonitrile, but no solvent effects were observed. 

2.4 Luminescence spectroscopy 

Representative room temperature emission spectra of the compounds are depicted in 

Figure 3 (deaerated butyronitrile solutions). 
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Figure 3. Emission spectra of Ru(bpy)3Cl2 ( —), Ru-b-OH ('"), Ru-b-Ph (—) and Ru-b-Py (—) in deaerated 
butyronitrilc solution at room temperature (Xcy.= 480 nm). 

Emission data in three different solvents are summarized in Table 2. 

Table 2. Emission quantum yields in deareated solutions of the complexes (Xcx= 480 nm), together with the 
maximum of the most intense emission peaks. 

Ru-b-OH 
Ru-b-Py 
Ru-b-Ph 

THF 
0.017 
0.008 
0.030 

Lax(nm) BCN 
645 0.011 

645,678 0.008 
646 0.005 

^max(nm) 
649 

650, 680 
647 

ACN 
0.014 

-
0.002 

Xmax (nm) 
652 

652, 680 
651 

Upon excitation at 480 nm, the typical 'MLCT emission for heteroleptic ruthenium 

complexes around 650 nm is observed for Ru-b-Ph, Ru-b-OH and for Ru-b-Py. In the latter 

complex, also a sharp pyrene phosphorescence feature at 680 nm is present. The excitation 

spectra are independent of observation wavelength (645 or 680 nm) and are in accordance 

with the absorption spectra. The emission intensity is very sensitive to the presence of oxygen 

and deoxygenating the solutions results in an increase of the emission quantum yields of a 

factor of 1.5 and 8 for Ru-b-OH and Ru-b-Ph, respectively. In the case of Ru-b-Py, 

deareating the solution, also causes a change in the shape of the emission spectrum. In fact, 

the presence of oxygen leads to the disappearance of the pyrene emission at 680 nm, leaving 

the less oxygen sensitive 645 nm emission as predominant (see Figure 4). 
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Figure 4. Emission spectra of Ru-b-Py in aerated (- ) and deaerated (—) THF solution at room temperature 
(Xex=480nm). 

The emission spectrum of Ru-b-Py obtained by excitation at a short wavelength (A.cx = 

370 nm) presents a residual emission around 450 nm. Such fluorescence could in principle be 

assigned to a small impurity of the ligand in our complex. However addition of excess zinc 

chloride did not lead to charge transfer emission characteristic of the zinc (Il)-pyrene-

containing bipyridine complex.'19' Furthermore the excited state lifetime measured in the 

emission maximum is far too short (T = 300 ps) to be attributed to the free ligand (x = 2 ns). 

Therefore we can rule out the hypothesis of an impurity and we believe that this residual 

emission is due to a non-complete energy transfer from the excited singlet 71-71* state of the 

pyrene-based component to lower excited state. Some reports in the literature where the 

fluorescence of the ligand is not totally quenched upon ruthenium'20' 2I' or rhenium'18' ~2' 

complexation, corroborate our observation. 

The luminescence quantum yields were determined in tetrahydrofuran (THF), 

butyronitrile (BCN) and acetonitrile (ACN), and are relatively low (see table 2). The emission 

quantum yields are smaller than those reported in the literature for similar compounds, and 

almost as low as for the terpyridyl systems.' ' J' 

Time resolved emission spectra obtained for Ru-b-Py clearly show the conversion of 

the ruthenium based emission into the more structured pyrene phosphorescence (Figure 5a). 

The shift of the maximum emission in time is estimated to occur on a 5 us timescale, as 

determined with a smaller incremental time delay. 

A comparison of scaled emission spectra at different delay (0 and 50 \is) shows the 

change in emission contribution of the two chromophores (Figure 5b). The lifetime of the 
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emission centered around 680 nm is longer than the one centered around 645 nm. For Ru-b-

Py, we observe a biexponential emission decay with a short component of 3 u.s and a longer 

of about 20-40 u.s (see table 3). The relative amplitudes of these emissions vary slightly as 

function of observation wavelength. The contribution of the short component varies from 80 

% (kobs. = 650 nm) to 70% (X0DS = 750 nm). The contribution is in agreement with the relative 

weight of each band, calculated from the steady state luminescence spectrum, at room 

temperature, by gaussian deconvolution. 

just after flash 
50 us after flash 

-w**^i*i*sst*a 

Wavelength (nm) 
Wavelength (nm) 

Figure 5a. (on the left) Time resolved emission spectra of Ru-b-Py in deaerated butyronitrile at room 
temperature and with incremental time delay of 0 and 50 ps Figure 5b. (on the right) Emission spectra of Ru-b-
Ph and Ru-b-Py obtained in THF (first and fifth spectrum (x 20), of Figure 5a). Spectra are scaled at 680 nm. 

For the other complexes, the excited state lifetimes are monoexponential and are much 

longer than the Ru(bpy)3_+ reference compound. It is known however that ruthenium complex 

containing a phenyl-ethynylene substituted bipyridine exhibit long excited state lifetime in 

deareated solution due to derealization effects.'24"261 

The model complex Ru-b-OH displays a slight solvent effect on the emission lifetime, 

ranging from 3 to 4 (xs. Ru-b-Ph shows a similar lifetime (see table 2) comparable to the short 

component of Ru-b-Py. 

The excited state emission lifetimes are summarized in Table 3. 
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Table 3. Emission lifetimes of the three complexes in deareated solutions, at room temperature. The employed 
excitation and observation (detection) wavelength are reported. a Single line emission measurements. 
Determined with OMA IV equipment. L Determined with streak camera. 

Ru-b-OH 

Ru-b-Ph 

Solvent 

THF 

BCN 

ACN 

BCN 

xQis) 

3.1 

2.5 

2.7 

3.2 

êx/̂ -obs (nm) 

480/640a 

480/620a 

480/640a 

360/600 to 700 

THF 5.4 and 17 450/620 to 750c 

Ru-b-Py BCN 4.0 and 40 460/650 to 750 b'c 

ACN 3.0 and 20 460/620 to 750b 

Emission spectra at 77 K. were recorded for all the complexes and representative 

spectra are shown in Figure 6. Ru-b-Ph and Ru-b-OH display the normal features of JMLCT 

emission for polypyridine complexes.1271 For the Ru-b-Py system, the pyrene 

phosphorescence is very clearly observed at about 680 nm. 

Figure 6. Emission spectra of Ru-b-Ph (- (and Ru-b-Py (--) obtained in THF at 77 K, with 10 us delay. 

The steady state and time resolved emission data suggest that deactivation of the 

'MLCT excited state via triplet energy transfer to the lower lying (AE = 755 cm" ) LC 

excited state localized on the pyrene moiety'21' occurs. The intensity ratio of bands at 640 nm 

and 680 nm varies slightly as function of the excitation wavelength, indicating that 

intersystem crossing from the singlet excited state of pyrene plays a minor role. Similar 
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behaviour was observed at 77 K. for other ruthenium complexes containing the pyrene 

chromophores.'7' I5] Schmehl et al. made the same observation in the case of a ruthenium 

complex containing a pyrene chromophore directly bound to a phenanthroline.'151 The authors 

concluded that there is a weak interaction between the pyrene and the rest of the system, on 

account of the large torsion angle between the pyrene unit and phenanthroline. This is not the 

case for Ru-b-Py. In fact, the absorption spectrum of Ru-b-Py (Figure 1) shows an 

interaction between terminal units of the complex. This is even more evident in the emission 

maximum strongly shifted to the red (A.max « 590 nm for pyrene and Xmax ~ 680 nm for the 

pyrene localized emission of Ru-b-Py). The bathochromic shift of the pyrene 

phosphorescence is a consequence of the conjugation of the system. The same kind of effect 

was observed by Tokumaru et o/.|2S| and by Möllerstedt'2''1 in the case of the trans-l-(3,3-

dimethyl-but-l-enyl)pyrene and of trans-1-styrylpyrene, emission maxima being at 647 and 

664 nm respectively. Nevertheless, the excited state lifetime of this ligand centred triplet state 

is shorter than the one of the pyrene|30] (580 ms) at 77 K and also of the one observed for the 

ruthenium complexes containing a pyrene units linked by an alkyl bridge.1'2'3I' 

At 77 K, the lifetime obtained at 640 nm for Ru-b-Py is in the same order as for Ru-

b-Ph, ca. 36 us. When the wavelength of observation is set at the pyrene emission band, at 

675 nm, the measured lifetime (second component) is much longer (~ 600 us). 

All the data obtained so far clearly relveals that for Ru-b-Py emission is observed 

from two different triplet excited states, one localized on the ruthenium based component and 

the other on the pyrene unit. The two states are not equilibrated as can be easily seen from the 

emission lifetimes. Furthermore population of the lowest 3LC excited state can be estimated to 

be less than 20%. 

In order to further investigate the nature of emissive-excited state, and to have a 

complete picture of the processes occurring in the excited molecules, the transient absorption 

spectrum of the complexes were recorded at room temperature. 

2.5 Transient absorption spectroscopy 

Figure 7 shows the transient differential absorption spectra for Ru-b-Py in THF 

solution for excitation at 460 nm and of the b-Py system (excitation at 355 nm). In Figure 8, 

the transient absorption spectum of the Ru-b-Ph reference system is depicted. 
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A 

B 

Figure 7 A. Transient absorption spectrum of Ru-b-Py in deaerated THF (Xex= 460 nm, 25 us incremental time 
delay). B shows the transient absorption spectrum of b-Py. 

The Ru-b-Py spectrum presents a bleaching between 350 and 500 nm with a 

minimum at 425 nm and a shoulder at 470 nm. This is due to depopulation of the ground 

states. As in the time resolved emission spectrum, we can observe a spectral change in the 

transient absorption traces, indicating the change of populations of the two states, which is 

mostly reflected in the apparent shape of the ground state bleaching. In fact, the shape of the 

band between 420 and 480 changes with time and, in the higher energy part of the band, the 

formation of a positive absorption can be detected since the spectrum loses intensity in this 

region. The lack of a positive absorption band at about 415 nm is mainly due to the overlap 

with the ground states bleaching ('MLCT and 'LC). Taking into account the emission results, 

we have to conclude that the spectral change is caused by pyrene triplet formation. Whereas 

the transient absorption spectra of both the Ru-b-Py system and the Ru-b-Ph system give a 

relatively broad band between 500 and 850 nm, comparison with the transient absorption 

spectrum of b-Py (Figure 7B) clearly shows that the spectral shape of the Ru-b-Py transient 

must be attributed to the pyrene triplet. Furthermore, the signals show a biexponential decay, 

with lifetimes of 30 and 200 us. The latter lifetime is also observed for the thoroughly 

degassed b-Py reference system at room temperature. The transient absorption of JPy is 

known to have a maximum around 415 nm, but also shows absorption bands around 520 and 

480 nm.1'2'321 

4U0 500 600 700 800 
Wavelength (nm) 

400 500 600 700 800 
Wavelength (nm) 
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Figure 8. Transient absorption spectrum of Ru-b-OH in deaerated butyronitrile (Xcs= 450 nm, 500 ns 
incremental time delay). 

For the Ru-b-Ph system, the broad transient absorption band between 550 and 850 nm 

can be attributed to the absorption of the radical anion of the substituted bipyridyl unit. 

Transient absorption spectra of the other ruthenium complexes show similar features and a 

monoexponential decay, similar to the reported lifetimes, over the whole spectrum. 

Clearly, the emission lifetime of the ruthenium chromophore is not strongly quenched, 

indicating that the formation of the pyrene triplet state from the ruthenium triplet MLCT is 

slower than its intrinsic decay. Still the pyrene triplet state is populated with ca. 20 % 

efficiency and as its intrinsic decay is very slow, the ruthenium MLCT is repopulated 

displaying a delayed luminescence lifetime of ca. 40 us. Whereas the intrinsic decay of the 

pyrene triplet is so far not observed in the emission study, it can easily be detected using 

transient absorption spectroscopy. 

Ru-b-Py 
energy transfer 

ISC 

hi, 

k,= 2 x 1 0 ° 

Ru-b-JPy 

'Ru -b-Py 

3Ru -b-Py 

k r=3.3x1Cf 

huq 

hu 

hu i 

Figure 9. Representation of the energy levels and processes that take place in Ru-b-Py upon excitation, together 
with localization of the excitation, spin state, emission lifetimes and the rates at room temperature. 
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We can therefore assess the energetic scheme reported in Figure 9. Excitation at 370 nm, 

where the two chromophores absorb, leads to the population of the 'LC and 'MLCT state. The 

excited state centered on the pyrene relaxes either by energy transfer to the excited state 

'MLCT, or by intersystem crossing (ISC) to the 'LC, due to the presence of the ruthenium 

unit (heavy atom effect). Excitation at 480 nm leads to preferential population of 'MLCT 

state, which is deactivated to the 3MLCT state by intersystem crossing and can either emit or 

interconvert into the JLC state. 

Ziessel, Harriman et a/.1"1 reported picosecond resolved transient absorption spectra of 

acetylene-pyrene linked directly or via Pt(II) to Ru(bpy)3 where the triplet of acetylpyrene at 

410 nm was clearly observed. For the direct linkage a much broader transient spectrum was 

observed. Surely an influence of the bridge on the photophysical properties of the triplet state 

of the complexes was observed. 

2.6 Conclusions 

From the spectroscopic data presented for the Ru-p-Py complex and the free ligand p-

Py, we can infer that the two chromophores are strongly coupled and that the triplet states of 

the two chromophores influence each other. The presence of the heavy atom Ru(II) enhances 

the intersystem crossing in the pyrene-containing ligand, as it displays room temperature 

phosphorescence, which is quite uncommon for such systems. The triplet state of the pyrene 

in turn acts as a reservoir and thereby enhances the lifetime of the ruthenium moiety and very 

long lived species can be obtained. Thus an intricate interplay of the two excited states, which 

display a strong, but chromophorically distinct, oxygen sensitivity is observed. The decay of 

luminescence is always biexponential at room temperature and we observe, in time resolved 

emission and in transient absorption, an evolution of the shape of the spectrum. 

The excited state with the larger lifetime is specifically due to the presence of the 

pyrene chromophore. Furthermore detailed time resolved studies reveal that for the Ru-b-Py 

complex a relatively slow forward triplet equilibration rate, in the order of 2 x 10 s" (5 u.s), 

and a back energy transfer rate 3.3 x 104 s~' that is still faster than the intrinsic decay time of 

the pyrene. In the case of model complexes Ru-b-Ph and Ru-b-OH, the emission spectra are 

quite simple and luminescence decays are monoexponential. However the high degree of 

conjugation of the substituted bpy cause an increase of the excited state lifetime compared 

with the Rutbpyb21 complex. 
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Final remarks 

After the publication of the original manuscript on which this chapter is based, many papers 

have appeared on pyrene appended metal complexes and this literature is recently reviewed in 

two articles.1"' j4' In the latter publication, McClenaghan et al. stressed the uniqueness of 

'our' system, as it is the only complex that displays room temperature phosphorescence of 

pyrene and because it clearly displays two different types of emission that have a different 

decay time. This unique behaviour is reflected in the relatively slow forward and backward 

triplet energy equilibration rates of our system. 

The reasons for this unique behaviour are not straightforward, but potential factors are 

described here. 

The system described in this chapter has the longest inter-chromophore distance of the 

ruthenium-pyrene systems reported and is a rigid system. There is no possibility of back-

folding of the pyrene to close contact with the metal complex (like for many of the other 

systems) and there is only one conformation present. This fixed orientation in space of the 

two interacting triplet states at a relatively large separation distance will have effects on the 

electronic coupling of the two states involved (reflected by the shape, symmetry and 

orientation of the orbitals belong to these states) and on the transition dipole moments of the 

two triplet states. Since the triplet energy transfer proceeds with the Dexter mechanism, the 

rate is partly determined by the electronic coupling (that normally decays exponentially with 

distance) which will be relatively small due to the interchromophore distance (as compared to 

the other systems). 

Furthermore, due to the extensive substitution of the pyrene the energy difference 

between the two triplet states is relatively large (AE = 920 cm"1) as compared to the other 

systems (AE w 500 cm"1), although this does not appear to be decisive. 

It also has to be stressed that, as described in the experimental section, this special behaviour 

(room temperature phosphorescence) is only observed under rigid de-aeration conditions 

(multiple freeze-pump-thaw cycles) and is not observed when prolonged argon bubbling is 

applied as de-aeration method. 
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2.7 Experimental section 

2.7.1 Methods 

Due to the extremely long excited state lifetimes and their oxygen sensitivity, the use of the 

freeze-pump-thaw method was essential for deaereating, and at least three cycles were used. 

Bubbling with argon for 30 minutes was clearly not sufficient. 

2.7.2 Materials 

A preliminary account describing the synthesis of the ligand b-Py has been reported 

previously.'191 The full description of the synthesis of the ligands is described elsewhere.1,5' 

The preparation of the ruthenium complexes was performed according to a classical 

procedure. The ligands were reacted with one molar equivelent of the Ru(bpy)2Cl2 precursor 

in refluxing ethanol (freshly distilled) under nitrogen atmosphere during 20h. To the cooled 

reaction mixture was added an aqueous solution of KPF6 (excess). After centrifugation, the 

solid was dried in vacuum and subjected to chromatography. 

Ru-b-Py : the solid was chromatographed using two consecutive, deactivated alumina 

columns, eluting with dichloromethane containing increasing amounts of methanol (from 0.5 

to 1% v/v). Orange powder, yield 62%. Mass spectrometry (FAB+): Low resolution MS: 

1294.9 (M+-1PF6). 1150.6 (Mf-2PF6~). HR-MS : Calculated for C72H68N602RuPF6 : 

1295.409674, Found : 1295.408906. 

Ru-b-OH: chromatography on silica gel column, eluting with mixture 

water/NaCl/AN/MeOH. Red solid, yield 49%. Low resolution MS: 1153.6 (M-1PF6"), 1008.5 

(M+-2PF6). HR-MS: Calculated for C59H66N603Ru : 1008.421902, Found : 1008.423988. 

Ru-b-Ph: chromatography on Sephadex CM C-25 (Fluka), eluting with 

water/MeOH/acetone 65/20/15 v/v). Red solid .Yield 8% (non optimized). Low resolution 

MS: 1026(M'-2PF6
_). 

HR-MS: Calculated for Q^NgCbRu : 1026.4191159, Found : 1026.413423. 
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Chapter 3 

Electronic energy transfer and electron transfer in dinuclear metal 

complexes containing meta-substituted phenylene unir 

Abstract 

The synthesis and photophysical properties of heterometallic dinuclear complexes based on 

ruthenium and osmium trisbipyridine units, Ru-mPhj-Os and Ru-mPhs-Os, in which the 

metal complexes are linked via an oligophenylene bridge connected in meta position, are 

described. Electronic energy transfer from the excited ruthenium-based component (donor) to 

the osmium moiety (acceptor) has been investigated using steady state and time resolved 

spectroscopy. The results obtained for the meta substituted compounds are compared with the 

analogous systems in which the phenylene spacers are substituted in para position. The 

mechanism of energy transfer is discussed. 

§ A. D'Aléo, S. Welter, E. Cecchetto, L. De Cola, Pure App. Chem. 2005, 77(6), 1035-1050. 



Chapter 3 

3.1 Introduction 

The investigation and understanding of energy transfer processes in metal complex-

based systems has received a lot of attention because of fundamental and applied 

implications. " J A great effort has been devoted to the design and study of systems able to 

collect electronic energy and funnel it to a single chromophore (antenna systems) in order to 

mimic natural photosynthetic species.14"19 Besides the intrinsic absorption properties that the 

energy collectors must possess, a crucial aspect is the electronic interaction amongst the 

chromophores in order to have an efficient energy transfer. For systems in which the donor 

and acceptor pairs are covalently linked, through the so-called "bridging ligand", the 

structural and electronic properties of the connection play a major role. The possibility to 

tune the excited state electronic interactions between the donor and acceptor components is 

related to the spectroscopic properties of the chromophores involved in the photoinduced 

processes. In a through bond mechanism, the coupling is also strongly dependent on the 

properties of the bridging ligand.27"l) Therefore, the structural and electronic features of the 

bridge are key factors for the energy or charge transfer processes. The desire to have long 

range and vectorial photoinduced' processes has pushed the development of systems 

containing long lived excited state donor units, such as ruthenium polypyridine derivatives, 

and rigid, modular, conjugated connectors. M j The acceptor unit must possess lower lying 

excited states. Often for energy transfer processes, luminescent moieties such as osmium 

polypyridine complexes have been employed.J4J6 In many cases, the mechanism for the 

energy transfer reaction is hard to assign because of the difficulties to construct systems in 

which it is possible to vary only one parameter at the time, e.g distance between the donor 

acceptor moieties, geometry or electronic nature of the bridging ligand, and the lack of easy 

calculation of the orbital overlap integral. Even in a Förster-type mechanism, in which it is 

possible to estimate the rate of the process by spectral data, the uncertainty related to the 

distance between the donor-acceptor units and the difficulties related to an accurate value of 

the orientation factor often prevent a final attribution of the mechanism. 

It was also recently shown/ for electron transfer processes, that even in a through 

bond interaction, the use of "conducting" spacers could lead to a different mechanism for the 

photoinduced processes. Going from small bridging ligands to larger systems containing 

many spacer units, the energy of the lowest unoccupied molecular orbital (LUMO) is lowered 

and the electronic coupling between the acceptor and the donor is enhanced. Such effect has 

been observed for systems containing polyphenylenevinylene units between a donor and an 
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electron acceptor moiety.'7 By increasing the number of aromatic units, a switch from 

superexchange to hopping mechanism has been observed and a consequent reduction of the 

distance dependence on the rate of the process was reported. 

When the bridging ligand consists of aromatic units, an interesting role is not only 

played by the number of spacers but also by the position of substitution, in order to connect 

the donor and acceptor moieties. In fact, substitution in ortho, meta, or para position on a 

phenyl ring could lead to different electronic coupling of the substituents as already 

demonstrated by Brédas et al. for phenylenevinylene derivatives/ 

Here we report on the synthesis of heterometallic dinuclear ruthenium/osmium 

trisbipyridine complexes linked by oligophenylene units (3 or 5) constituting the bridging 

ligand. In our systems, Ru-mPhi-Os and Ru-w/Ph5-Os, the central phenylene moiety is 

substituted in meta position (Chart 1). The photophysical properties have been investigated 

and electronic energy transfer from the excited ruthenium-based component to the osmium 

center is discussed. The role played by the meta connection, 'loss in conjugation', is shown by 

comparing the novel complexes with the correspondent para substituted compounds/ 

N N N N 

N Ru" N N Os" N 

N N N N 

r = 24.0 A 

Ru-pPh3-Os 

N N N N 

r = 28.3 A 

Ru-pPh4-Os 

N N N N 

Chart 1. Schematic representation of the investigated complexes and their abbreviations. The correspondent 
para systems19 and the metal-metal distances are also shown. 

r = 21.4A 

Ru-mPh3-Ru 

H 

N 

r = 21.4A 

Ru-mPh3-Os 

N I 
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3.2 Results and Discussion 

All the structures of the complexes prepared and investigated, their abbreviations, and 

the metal-metal distances (r) are depicted in Chart 1. For comparison, the analogous para 

oligophenylene compounds^' are also shown. The homonuclear Ru-wiPb^-Ru complex has 

been prepared and studied because it represents an excellent model compound for the 

heterometallic complexes. It is interesting to notice that the meta substitution results in a 

shortening of the metal-metal distance due to the bending of the complexes. 

3.2.1 Synthesis 

The homometallic compound Ru-/nPh.rRu, was synthesized from 1,3-

phenylenebisboronic acid (11) and the ruthenium complex 1 in a one-step reaction (Scheme 

1). 

Scheme 1. Synthesis of the reference compound Ru-mPh.,-Ru; (a) DMF, K2C03, Pd(PPh3)4, T= 80°C 

The preparation of the heterometallic complexes was carried out via a multi-step 

procedure. Due to the low solubility of the polyphenylene units, the general procedure of 

preparing the free ligand was replaced by the so called 'chemistry on the complex'.40"43 

Using such an approach, the metal complexes (3, 7 and 9) were linked via Suzuki 

cross-coupling reactions44'45 with phenylene units (12 and 13) in order to obtain the desired 

number of spacers (Scheme 2). 
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The last cross coupling with the bipyridine boronic acid (14) leads to the products 4 

and 10 having a free chelating ligand to coordinate a second metal complex. This final 

complexation was performed in ethylene glycol with bpy^OsCb under microwave irradiation 

( 2 x 2 min, 450 W) to yield Ru-»/Ph3-Os and Ru-wiPhs-Os. All the details of the synthesis 

and the characterization of the complexes are reported in the experimental section. 

bpy t,OsCI2.6H20 
* . Ru-mPh3-Os 

2 :X = Si(CH3) j 

3: X = l 

Scheme 2. Synthesis of Ru-»iPh,-Os and Ru-mPh5-Os; (a) DMF, K,CO,, Pd(PPh3)4, 90 °C, (b) IC1, CH2CI2, 0 
'C, (c) ethylene glycol, microwave irradiation, 450 W. 
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3.2.2 Photophysical properties 

All the photophysical measurements were performed in aerated acetonitrile solution 

and the most relevant data are reported in Table 1. 

Table 1. Room temperature absorption and emission data in acetonitrile solutions 

Complexes 

Ru-»iPh,-Ru 

Ru-»iPh.,-Os 

Ru-n/Phs-Os 

Ru-/>Ph2-Os 

Ru-/)Ph,-Os 

Ru-/jPh4-Os 

Ru-/>Ph5-Os 

Absorption 

imai(nm) (C X 10' 
Lniol'cm ) 

290(130), 326 
(45), 455(3.1) 
290(141) , 325 
(56), 455(31) , 600 

290(145), 333 
(68), 455(31) , 600 

290(130), 324 
(46), 457 (34), 600 

(3) 
290(131) , 342 
(54), 457 (34), 600 

290(126) ,345 
(57), 456(31) , 600 
(2.9) 
290(138) , 347 
(74), 457 (34), 600 
(3.1) 

Luminescence 

>,..,. ( R u ) 

(nm) 

626 

630 

629 

-

620 

617 

621 

298 K 

1 . » (Os) 
(nm) 

-
753 

752 

752 

751 

753 

751 

T ( R U ) 

(ns) 

205 

0.780 

14 

0.004 

0.017 

0.245 

2.020 

i ( O s ) 

(ns) 

-
43 

43 

43 

43 

43 

43 

kc„ 
(x 10" s') 

-
1.3 

0.067 

249 

59 

4.1 

0.49 

a- UV/visible absorption spectroscopy 

The UV/visible absorption spectra of the meta and para complexes are shown in 

Figure 1. The spectra show intense absorption bands at 290 nm attributed to the 71-71* 

transitions involving the bipyridine ligands coordinated to the metal ions. Also in the UV 

region (between 320 and 350 nm), intense bands are observed due to the 71-71* transitions of 

the phenylene spacers. As expected, these bands shift to lower energy upon increasing the 

number of phenyls. In fact, the conjugation increases with the number of units until the 

effective conjugation length is reached.47 The absorption spectra of the para metal complexes 

show a very minor red-shift going from four to five phenylenes. This indicates that the 

effective conjugation length is already almost reached with five spacer units/9'4* It is 

interesting to note that the 320-350 nm bands for the meta complexes are blue shifted 

compared to the para analogs. This effect is again related to the conjugation of the phenylene 

bridge. It is known that for meta substitution the electronic coupling between adjacent phenyls 

is lower than for the correspondent para systems/ Observing the structure of the meta 
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substituted complexes (Chart 1), one can imagine that the complexes with three, Ru-/«Ph3-Os 

and five Ru-w/Ph5-Os phenylenes are constituted by two "isolated" metal trisbipyridine parts, 

each substituted with two and three phenylene units respectively. Therefore, the absorption 

due to the jt-jt* transitions located on the phenylenes, assuming that the meta substituted 

phenyl acts as an insulator, should mirror this effect and a biphenyl-type absorption should be 

expected. The absorption maxima of the phenylene units for Ru-wPh'-Os and Ru-»/Ph5-Os 

are 325 nm and 333 nm, respectively, while for Ru-pPh2-Os, Ru-/?Ph3-Os and Ru-pPhs-Os 

they are 324 nm, 342 nm and 347 nm, respectively. Therefore, the meta complexes (Ru-

/«Phji-Os and Ru-w/Phs-Os) are more similar to the corresponding para complexes 

containing only 2 and 3 phenylene spacers, respectively (Ru-/>Ph2-Os and Ru-/?Phi-Os). The 

insulating effect of the meta substitution was already described for other conjugated systems 

by Brédas et al.J and very recently for dinuclear complexes by Vos et al.' 

E 
_i 
'o 

300 400 500 600 700 

>. / nm 

Figure 1. UV/visible absorption spectra of Ru-/>Ph2-Os ( ), Ru-mPh,-Os (—), Ru-/>Ph.,-Os (•••), Ru-
wiPh5-Os (—) and Ru-/)Ph5-Os (- ) recorded in acetonitrile solutions. 

In the visible region, the MLCT bands of the ruthenium and of the osmium moieties 

are observed. The ruthenium band is centered at 450 nm while the transitions for the osmium-

based component fall at lower energy, at about 480 nm (Figure 1). As for any osmium 

trisbipyridine compound, a weaker broad band around 600 nm (e = 3000 Lmol" cm"1) is 

observed. Such absorption is due to spin-forbidden transitions from the ground to the lowest 

'MLCT excited states. Because osmium is a heavy metal, these transitions are partially 

allowed due to the strong spin-orbital coupling/4 The MLCT transitions are not affected by 

meta versus para substitutions since, in any case, the electronic coupling between the terminal 

metal units is very weak. 
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200 300 400 500 600 700 800 900 

l/nm 

Figure 2. UV/visible absorption spectra showing the isosbestic point at 446 nm for monomcric ruthenium (—) 
and monomelic osmium (•••) proving that, at the excitation wavelength of 450 nm, 50% of the light is absorbed 
by the ruthenium moiety and 50% by the osmium moiety in the Ru-»/Ph,-Os ( ) complex. 

b- Steady state luminescence 

All the compounds investigated show two broad structureless emissions centered at 

about 630 nm and at 750 nm from the two metal-based units (Figure 3). 

-
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Figure 3. Room temperature emission spectra of Ru-mPh3-Ru ( ((divided by 10). Ru-»»Ph,-Os (—) and Ru-
mPh5-Os (—) in acetonitrile solutions. All the compounds have the same absorbance at the excitation 
wavelength (Xcx = 450 nm). 

The high energy emission band is due to the ruthenium based component while the 

lower energy band is attributed to the osmium-based JMLCT emission. By comparison with 
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the homometallic compound (Ru-»/Ph3-Ru), it can be easily seen that the ruthenium centered 

emission in the heterometallic compounds is strongly quenched (more than ten times for Ru-

/nPhs-Os and more than one hundred times for Ru-«fPh3-Os). Such a quenching is 

accompanied by a sensitization of the osmium emission that has the same emission quantum 

yield than the homometallic Os-pPh„-Os (<|> = 4.2 x 10"3).46 This spectroscopic behavior can 

be easily interpreted as an efficient energy transfer from the excited ruthenium based 

component (donor) to the lowest excited state located on the osmium moiety (acceptor). In 

order to have a quantitative analysis of the process, the emission spectra were recorded by 

exciting at 450 nm, where 50% of the light excites the ruthenium component and 50% is 

absorbed by the osmium unit (in fact, from the absorption spectra of the homometallic and 

heterometallic compounds, an isosbestic point is obtained at 446 nm indicating that, at this 

wavelength, the light energy absorbed by the two chromophores is the same, see Figure 2). 

The residual ruthenium emission from the longest dinuclear compound has a much higher 

quantum yield than the shorter molecule. This is in good agreement with different distances 

between the donor-acceptor pair (21.4 A for Ru-/MPh3-Os and 28.2 A for Ru-/»Ph5-Os, see 

Chart 1). By increasing the distance between the two metal centers, the electronic coupling 

decreases and the energy transfer is slowed down. However, as will be discussed in the next 

section, since a through-bond superexchange mechanism is responsible for the energy transfer 

process, the meta versus para position on the substitution of the phenylene units plays the 

most important role in reducing the electronic coupling between the metal units. 

In order to evaluate the rates of the energy transfer process, time-resolved emission 

and transient absorption spectroscopy were performed on the complexes. 

c- Time resolved spectroscopy 

The luminescent excited state lifetimes of all the complexes were determined by single 

photon counting or streak camera techniques and the results are summarized in Table 1. For 

Ru-wPhs-Os, the ruthenium based component, monitored at 600 nm, has a much shorter 

excited state lifetime (x = 14 ns) than the reference dinuclear complex, Ru-//iPh3-Ru (x = 205 

ns). Such fast decay of the luminescent state is in good agreement with the emission quantum 

yield of the ruthenium moiety that is 10 times lower than the quantum yield of the 

homometallic compound. For the Ru-/wPh3-Os complex, the excited state lifetime of the 

ruthenium component (x = 780 ps) is even shorter than for the Ru-/wPh5-Os complex. The 
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luminescent excited state of the ruthenium component is quenched by the low-lying excited 

state of the osmium component (see Figure 4a) that for the Ru-///Ph3-Os is populated with a 

time constant, risetime, of 700 ps (Figure 4b). The excited osmium unit then decays within 43 

ns to the ground state in both complexes (the same excited state lifetime was also found for 

para substituted complexes). The energy transfer process for both complexes is 

thermodynamically allowed (AG = -0.38 eV, see Figure 4a). As expected, the rate of the 

energy transfer depends on the distance between the two chromophores. The rate is about 20 

(a) (b) 

E /eV 

Ru(bpy)3*
+ -phn- Os(bpy)3

2" t / n s 

times faster for the shorter complex Ru-/wPh3-Os than for Ru-w/Phs-Os (see Table 1). 

Figure 4. (a): Simplified energy scheme of the states involved in the processes, (b): Decay of the ruthenium-
based component (780 ps) and risetime (700 ps) monitored on the osmium-based component, for Ru-mPhj-Os 
in air-equilibrated acetonitrile (Xex = 324 nm). 

A comparison with the para substituted complexes Ru-/>Ph3-Os and Ru-pPhs-Os 

reveals that the photoinduced processes are, at least, one order of magnitude slower for the 

meta complexes. Such behavior already suggests that a Förster-type energy transfer 

mechanism can be ruled out. In fact, the spectral overlap for the ruthenium-osmium pair is 

reasonably good, and of course is the same for both series of complexes since the absorption 

of the acceptor and the emission properties of the donor are not affected by the substitution 

position of the phenylene spacer. On the other hand the distance between the donor and 

acceptor pairs in the case of the meta complexes is smaller than the correspondent para 

compounds due to the bending of the bridging ligand (see Chart 1). Therefore, for a pure 

Förster energy transfer process, on the basis of distance dependence and spectral overlap 

integral, the rates of the meta complexes should be faster than for the linear para analogues. 

The energy transfer rate via a Förster-type mechanism can in fact be calculated using 

equation 1: 

kcn=l/T°(R,,/r)6 (Eql) 
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where T° is the decay time of the donor without acceptor, R0 is the critical Förster radius 

and r is the donor-to-acceptor distance49 (see Chart 1). 

To calculate the Förster distance Ro, the simplified equation (2) can be applied: 

Ro6 = (8 .8x 10"25IC2<DJ|.)/(n4T"ken) with Jh = fF(v)e(v)v4dv (Eq2) 

where n is the refractive index of the medium, <t>" is the quantum yield of the donor in the 

absence of the acceptor, K is the orientation factor (considered as 2/3) and JF is the overlap 

integral of the donor emission and the acceptor absorption. 

From the experimental spectroscopic data, Ro was estimated to be about 36 A in our 

systems. In such a case, the energy transfer rate, calculated by the Förster-type mechanism, 

can be estimated to be 1.2 x 108 s~' and 2.4 x 107 s"1 for Ru-wPhj-Os and Ru-/wPh5-Os, 

respectively. 

The experimental values obtained for the meta systems (see Table 1) are very different 

from the calculated ones (1.3 x 109 s~' for Ru-/nPh3-Os and 6.7 x 107 s~' for Ru-///Ph5-Os). 

Such discrepancies for the energy transfer rates could be explained by the large uncertainty in 

the estimation of the metal to metal distance in metal complexes in which the lowest excited 

state is an MLCT involving the bridging ligand. In fact, upon excitation of the donor moiety, 

the exciton is not localized on the bipyridine but it extends to the phenylene units present as 

substituents on one of the bipyridine (see also next section of the transient spectroscopy). 

Therefore, the distance calculated using simple molecular modeling does not reflect the real 

situation in systems in which derealization plays a major role. Nevertheless the same 

argument applies for the para substituted compounds and can be easily seen that the distance 

between the two metal centers is much smaller in the meta substituted complexes (21.4 A for 

Ru-#nPh3-Os vs. 24.0 A for Ru-pPh3-Os and 28.2 A for Ru-/wPh5-Os vs. 32.5 A for Ru-

pPhs-Os) (see Chart 1). Thus, since the lowest excited state is for both families of complexes 

the same, it is clear that the electronic factors related to the substitution on the phenylene 

rings must play a major role by influencing the electronic coupling between the two 

chromophores and therefore the orbital overlap, important for the Dexter mechanism. A 

closer analysis of the excited state levels of the bridging ligands suggests that the energy of 

such states is too high to mix with the donor or acceptor levels. Their direct involvement in 

the energy transfer process can only be expected in a superexchange mechanism. In such 

regime, the attenuation factor p can be calculated knowing the distance between the two metal 

units (r = r' - ro, see ref 50) and the rates for the processes (ka,) using equation (4) derived 
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from equation (3): 

k» = ken(0)exp(p(r' - r„)) (Eq3) 

lnCken) = -Pr + c, where c is a constant (Eq4) 

Plotting the logarithm of kc„ versus the distance leads to a P value of 0.44 A"1 (Figure 

5). This value is in excellent agreement with the P value obtained for polyphenylene units and 

for the para complexes (0.50 A') (Figure 5). It is also interesting to notice that the rates 

decrease exponentially with increasing distance, as expected in a superexchange regime.51"53 

In previously reported dinuclear systems containing a /we/a-substituted phenylene 

bridging ligand, the energy transfer processes were attributed to a Förster-type mechanism.26 

In fact, for such systems the lowest excited state involved the peripheral bipyridine since the 

chelating site residing on the bridging ligand was an electron reach moiety. 

27 T 

26-
25-
24-
23-

_ 22-
J 21-
- 20-

19 
18-

0~\—.—,—.—i—.—,—,—,—,—,—,—,—,—i—,—| 
20 22 24 26 28 30 32 34 

r / A 

Figure 5. Logarithm of the energy transfer rate versus donor-acceptor distance (D: para substituted complexes, 
o: meta substituted complexes). Attenuation factors p are evaluated by linear fit 

A further confirmation of the energy transfer process and of the involvement of the 

bridging ligand in the photoinduced excitation was obtained by sub-picosecond absorption 

transient spectroscopy (Figure 6). For the model complex, Ru-/MPh3-Ru, in which no energy 

transfer is possible, upon light excitation (A.exc = 450 nm) the MLCT state is formed resulting 

in the formation of the radical anion of the bipyridine, visible at about 370 nm and of the 

bleaching in the visible region 420-480 nm (Figure 6b). A broad absorption band is also 

observed in the visible region of the spectrum attributed to the partial delocalization of the 

charge on the phenylene units attached to the bridging bipyridine ligand.46 

p = 0.50 A 
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Figure 6. Sub-picosecond transient absorption spectra of a) Ru-mPhj-Os and b) Ru-/«Ph,-Ru, recorded in air-
saturated acetonitrile at room temperature (Xex = 450 nm). The increment between each frame is 100 ps. Sub-
picosecond transient absorption spectra of' Ru-»iPh,-Os ( ) and Ru-wPh^-Ru (—) 800 ps after the laser pulse
ne* = 450 nm) are shown in c). 

Interestingly, a differential spectrum obtained by superimposition of the spectra of the 

Ru-pPhj-Ru and Ru-wiPhj-Ru under identical experimental conditions shows that, for the 

meta substituted complex, the visible band is less intense. Even more interestingly, the 

bipyridine radical anion band is blue-shifted by about 10 nm (centered at 370 nm and 380 nm 

for Riw/iPhj-Ru and Ru-/?Phj-Ru, respectively) as expected for less conjugated systems. 

The transient spectrum for the Ru-/wPhj-Os complex shows more intriguing features (Figure 

6a). In fact, the bleaching due to the formation of the excited state of the ruthenium evolves 

over time, forming a new band at very close energy. Furthermore, the broad absorption 

between 550 and 700 nm is now less pronounced and a clear bleaching in the 600-700 nm 
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region is observed. In order to identify better such small spectral changes, we have performed 

the same measurement on isoabsorptive solutions of the homometallic Ru-mPn -̂Ru and the 

heterometallic Ru-»iPh3-Os compounds under identical experimental conditions (Figure 6c). 

The spectra shown in Figure 6c were recorded after 800 ps and they clearly show that the 

MLCT bleaching band due to the ruthenium moiety excitation in the mixed metal complex 

has a broader and distinguishable feature at 490 nm. From the absorption spectrum (Figure 1), 

a strong overlap of the ruthenium based component and the osmium transitions between 430 

and 490 nm are observed, which prevents a full separation of the two bands. The formation of 

the osmium excited state can also be evidenced by the bleaching at about 600 nm due to the 

spin-forbidden MLCT band (see also absorption spectrum, Figure 1). The kinetics for the 

disappearance of the ruthenium excited state (880 ps) and formation of the osmium 

luminescent state (800 ps) are in good agreement with what was measured by emission 

spectroscopy. Therefore, we can conclude that a fast energy transfer (1.3 x 109 s ) is observed 

for the complex (Ru-/«Ph3-Os). However, this energy transfer depends on the phenylene 

substitution as showed by the faster energy transfer rate for the para complexes (60 times 

faster than for the meta). 

3.3 Conclusion 

We have prepared and characterized two new heterometallic complexes containing 

ruthenium and osmium trisbipyridyl moieties connected by an oligophenylene bridge with a 

central meta substituted unit. Their photophysical properties have been investigated using 

steady state and time resolved spectroscopy. We have shown that energy transfer takes place 

from the excited ruthenium-based component to the lowest excited state localized on the 

osmium unit. The rates of the photoinduced processes strongly depend on the distance 

between the two chromophores. By comparison with the para substituted analogue 

complexes, it has been demonstrated that the bridging ligand plays a key role. In particular, 

due to the meta substitution, the electronic coupling between the energy donor and acceptor 

moieties decreases. Therefore, slower energy transfer processes have been observed, 

compared with the para substituted complexes, even though the metal-metal distance between 

the ruthenium and osmium components is smaller for the meta than for the para compounds. 

On the basis of these results and by comparison between the Förster calculated rates and the 

experimental findings, we have attributed the energy transfer to a superexchange mechanism. 

We believe that our results are of interest not only for a full understanding of the role played 
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by key factors such as distance, nature and geometry of the bridging ligands, but also for the 

design of systems in which a partial and tunable energy transfer process could lead to 

interesting effects such as white light generation from blue and red metal complexes.34 

3.4 Experimental part 

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

solvents for the synthesis were purchased and used in analytic grade. For the spectroscopy, 

spectroscopic grade solvents were used. Compounds 1, 5 and 14J were synthesized 

according to literature procedures. All the purification by chromatography were performed 

with a water, methanol, acetonitrile and NaCl mixture (1:4:1:0.1%) (magic mixture). 'H NMR 

spectra were obtained with a Varian Gemini-300 spectrometer. Chemical shifts (8) are given 

in ppm, using the residual non-deuterated solvent as internal standard. 

Synthesis of Ru-mPhi-Ru 

In a 100 mL Schlenk flask, 1 (50 mg, 0.048 mmol), 11 (4 mg, 0.024 mmol) and 

K2CO3 (40 mg, 0.290 mmol) were mixed in DMF (15 mL) and the solution was degassed. To 

the solution, Pd(PPh?)4 (6 mg, 0.005 mmol) was added. The reaction was stirred at 80 °C 

under nitrogen during 16 hours. The DMF was removed under vacuum and the solid was 

purified by column chromatography (silica gel) using magic mixture as eluant. The organic 

solvents were evaporated and the complex was precipitated from water by adding NH4PF6 (50 

mg). The precipitate was filtered, washed with water and diethyl ether and extracted using 

acetonitrile. The solvent was evaporated and the orange solid was dried at 80 °C overnight 

under vacuum. Yield: 50% (M = 1945.12 g.mol"1); 'H NMR (CD3CN): 5 (ppm) = 8.83 (m, 

2H), 8.74 (m, 2H), 8.59-8.47 (m, 8H), 8.18-7.95 (m, 21H,), 7.94-7.66 (m, 15H), 7.50-7.42 (m, 

5H), 7.40-7.30 (m, 5H). 

General procedure for the synthesis of complexes 2, 6, and 8 

In a 100 mL Schlenk flask, complex-PhX (X = Br or 1) (1, 5, 7) (1 eq), 1-

trimefhylsilylphenylboronic acid (12 or 13) (1.3 eq) and K.2CO3 (7 eq) were mixed in DMF 

(10-15 mL) and the solution was degassed. A catalytic amount of Pd(PPh-,)4 was added (0.1 

eq). The reaction was heated overnight at 90 °C under nitrogen. The DMF was removed under 

vacuum. The solid was purified by column chromatography (silica gel) using magic mixture 

as eluant. Finally, the orange solid was dried at 80 °C overnight under vacuum. 
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2. Yield: 87% (M = 1160.06 g.mor1); 'H NMR (CD3CN): 6 (ppm) = 8.82 (m, 1H), 8.75-

8.72 (d, 3J= 8.4 Hz, 1H), 8.56-8.52 (m, 4H), 8.13-8.06 (m, 5H), 8.01-7.98 (d, 2H), 7.98-7.95 

(d, 7 = 8.1 Hz, 2H), 7.90-7.81 (d, 4H), 7.80-7.76 (m, 6H), 7.70-7.64 (m, 1H), 7.63-7.59 (d, 3J 

= 7.5 Hz, 1H), 7.53-7.47 (t, 7 = 7.5 Hz, 1H), 7.46-7.40 (m, 6H), 0.33 (s, 9H). 

6. Yield: 68% (M = 1083.94 g.mor1); 'H NMR (CD3CN): 5 (ppm) = 8.82 (m, 1H), 8.75-

8.72 (d, 7 = 7.5 Hz, 1H), 8.57-8.52 (m, 4H), 8.15-8.06 (m, 5H), 8.03-8.00 (d, 7 = 8.1 Hz, 

2H), 7.93-7.88 (m, 3H), 7.87-7.68 (d, 7 = 6.4 Hz, 8H), 7.65-7.63 (dd, 7 = 7.5 Hz, V = 1.5 

Hz, lH),7.55-7.52 (d, 3J= 7.5 Hz, 1H), 7.47-7.40 (m, 5H), 0.34 (s, 9H). 

8. Yield: 90% (M = 1236.14 g.mol"1); 'H NMR (CD3CN): 5 (ppm) = 8.83 (m, 1H), 8.76-

8.70 (d, V = 8.1 Hz, 1H), 8.58-8.53 (m, 4H), 8.16-8.04 (m, 5H), 8.04-8.02 (d, 3J= 8.7 Hz, 

2H), 8.00-7.98 (m, 1H), 7.97-7.95 (d, 7 = 8.4 Hz, 2H), 7.90 (m, 4H), 7.85-7.68 (m, 13H), 

7.63-7.60 (d, V=7.5 Hz, 1H), 7.47-7.40 (m, 5H), 0.33 (s, 9H). 

General procedure for the conversion of the trimethylsilyl group into iodo, (derivatives 3, 7 

and 9) 

In a 100 mL round bottom flask, 2, 6 or 8 (1 eq) was solubilized in CH2CI2 (45 mL) 

and the solution was cooled to 0 °C. Iodine chloride (4 eq) in CH2CI2 (5 mL) was then added 

slowly. The reaction was stirred for 1.5 h at 0 °C, then 2.5 h at room temperature. The 

reaction was quenched with a 1M solution of Na2S20j in water (50 mL). The organic phase 

was washed with water and the solvent was removed under vacuum. The complex was 

solubilized in magic mixture, the volume of solvent reduced and the complex was precipitated 

by adding NH4PF6 (50 mg). The orange solid was dried for 3 h under vacuum at 60 °C. 

3. Yield: 96% (M = 1137.65 g.mor'); 'H NMR (CD3CN): 8 (ppm) = 8.81 (m, 1H), 8.75-

8.70 (d, 7 = 7.8 Hz, 1H), 8.57-8.51 (m, 4H), 8.16-8.04 (m, 6H), 8.02-7.99 (d, 7 = 8.1 Hz, 

2H), 7.89-7.86 (d, 7= 7.8 Hz, 2H), 7.85-7.70 (m, 9H), 7.52-7.40 (m, 5H), 7.56-7.33 (d, 7 = 

7.8 Hz, 1H). 

7. Yield: 88% (M = 1213.77 g.mol"1); 'H NMR (CD3CN): 5 (ppm) = 8.83 (m, 1H), 8.76-

8.70 (d, 7 = 8.4 Hz, 1H), 8.58-8.53 (m, 4H), 8.16-8.05 (m, 5H), 8.04-8.02 (d, 7 = 8.7 Hz, 

2H), 7.98-7.95 (d, 7 = 8.4 Hz, 2H), 7.90-7.70 (m, 12H), 7.47-7.40 (m, 8H), 0.33 (s, 9H). 
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9. Yield: 96% (M = 1289.85 g.mol"1); 'H NMR (CD3CN): Ö (ppm) = 8.83 (m, 1H), 8.76-

8.70 (d, V = 8.1 Hz, 1H), 8.58-8.53 (m, 4H), 8.16-8.06 (m, 5H), 8.04-8.02 (d, 2H), 8.00-7.94 

(m, 3H), 7.92-7.90 (m, 4H), 7.88-7.85 (m, 2H), 7.84-7.72 (m, 8H), 7.70-7.54 (m, 4H), 7.47-

7.40 (m, 5H). 

Synthesis of 4 and 10 

In a 100 mL Schlenk flask, 3 or 9 (1 eq), 14 (1.4 eq) and K2CO3 (7 eq) were mixed in 

DMF (10-15 mL) and the solution was degassed. A catalytic amount of Pd(PPh3)4 was added 

(0.1 eq) and the reaction was stirred at 90 °C under nitrogen. The DMF was removed under 

vacuum. The solid was purified by column chromatography (silica gel) using magic mixture 

as eluant. Finally, the orange solid was dried at 80 °C overnight under vacuum. 

4. Yield: 73% (M = 1242.03 g.mol"'); 'H NMR (CD3CN): 5 (ppm) = 8.81 (m, 1H), 8.80-

8.70 (m, 4H), 8.59-8.47 (m, 5H), 8.18-8.06 (m, 5H), 8.04-7.89 (m, 9H), 7.87-7.70 (m, 10H), 

7.69-7.61 (m, 2H), 7.50-7.41 (m, 6H). 

10. Yield: 78% (M= 1394.23 g.mol"1); 'H NMR (CD3CN): 8 (ppm) = 8.83 (m, 1H), 8.80-

8.70 (m, 4H), 8.59-8.47 (m, 5H), 8.18-8.06 (m, 5H), 8.04-7.86 (m, 19H), 7.82-7.69 (m, 8H), 

7.68-7.61 (m, 2H), 7.50-7.41 (m, 6H). 

General way for the preparation of bimetallic Ru-/«Phn-Os complexes 

BpyiOsCL.ófLO (1 eq) and 4 or 10 (1 eq), in ethylene glycol (5 mL), were 

homogenized in an ultra-sonic bath. Subsequently, the solution was irradiated at 450 W for 2 

min in a modified microwave oven and, after a cooling down period, for another 2 min. After 

evaporating most of the ethylene glycol under vacuum, the complex was solubilized in water 

then NH4PF6 (50 mg) was added to precipitate the complex. The green precipitate formed was 

filtered and re-extracted with acetonitrile. The compound was purified by column 

chromatography (silica gel) using magic mixture as eluant. The solution was concentrated 

under vacuum. Then, the product was precipitated by adding NH4PF6 (50 mg) to the aqueous 

solution. The precipitate was filtered over Celite, washed with water and diethylether and re-

extracted with acetonitrile. The dark-green product was dried at 80 °C under vacuum 

overnight. 
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Ru-»/Ph,-Os. Yield: 29% (M = 2034.53 g.mol"1); MS (ESI, m/z): 873.15 (M+ -PF6), 

532.77 (M+ - 2PF6), 369.59 (W- 3PF6); 'H NMR (CD3CN): 5 (ppm) = 8.83 (m, 2H), 8.74 

(m, 2H), 8.59-8.47 (m, 8H), 8.18-8.01 (m, 14H), 7.99-7.94 (m, 4H,), 7.92-7.66 (m, 18H), 

7.50-7.40 (m, 5H), 7.41-7.30 (m, 5H). 

Ru-/«Ph5-Os. Yield: 61% (M = 2186.73 g.mor'); MS (ESI, m/z): 948.67 (M' -PF6), 

583.79 (M+ - 2PF6), 401.85 (M+ - 3PF6), 'H NMR (CD3CN): 8 (ppm) = 8.83 (m, 2H), 8.72 

(m, 2H), 8.59-8.47 (m, 8H), 8.18-8.06 (m, 10H), 8.04-7.84 (m, 19H), 7.82-7.68 (m, 15H), 

7.50-7.42 (tn, 5H), 7.40-7.30 (m, 5H). 
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Chapter 4 

Enhancement of Intra-Ligand Charge-Transfer character induced by Zinc 

(II) complexation in a terpyridine-pyrene system 

Abstract 

The synthesis, electrochemical and photophysical properties of 3,5-bis(pyrene-l-yl)-4'-

phenvl-2,2':6',2"-terpyridine are reported. Spectroscopy in different solvents reveals that a 

photoinduced electron transfer from the excited pyrene to the terpyridyl electron acceptor can 

occur in polar media. Furthermore, the study of the zinc complex as well as of the bis-

protonated form shows an enhancement of the electron transfer character of the system. 

Metal coordination or protonation enhances the acceptor strength. The excited state dipole 

moment was estimated by using the solvatochromic emission shift in several solvents. With 

sub-picosecond transient absorption spectroscopy, the Intraligand Charge Transfer (ILCT) 

state, consisting of the pyrene radical cation and the terpyridine radical anion, has been 

detected. The study of the nanosecond transient absorption spectra reveals the formation of a 

low-lving triplet excited state that we attribute to the pyrene through which the ILCT state 

decays. 



( 'hapter 4 

4.1 Introduction 

In the last decades, extensive studies have been carried out on the optical behaviour of 

chromophoric molecular systems consisting of electron donor and acceptor groups connected 

via different bridges'1'2' in order to gain more insight into electron transfer processes. Because 

of its long fluorescence lifetime (up to 450 ns)w and its ability to act as a donor'4"81 as well as 

acceptor,'8""' pyrene has been used as a charge transfer partner in many different systems. 

Another interesting molecules are "polypyridyl" derivatives, which are know for its 

coordination properties. Furthermore, polypyridyl derivatives show an emission highly 

sensitive to metal ions, such as d to d metals, as reported for poly- and oligo-phenylene 

vinylene (OPV) derivatives covalently linked to a bipyridine unit, by Wasielewski et a/.'12' In 

these systems, an enhancement of the electronic derealization on the polymer backbone and 

a red shift of the emission was observed upon addition of particular ions (e.g. Zn(II)). The 

emissive excited state was suggested to have charge transfer character. More recently, a few 

systems have been used in order to show the occurrence of emissive charge-transfer states in 

their zinc (II) complexes form, such as bipyridine linked to a donor group'13' or to a pyrene 

unit via an oligophenylene bridge,'14-'3' conjugated pyrene-thiophene-terpyridines,'16' or OPV 

terminated by a terpyridine unit.'17' Also in free ligands such as bipyridine bound to pyrene'18' 

and terpyridine linked in its 4'-position to a dimethylaniline group,1'9' charge transfer 

emission was observed. 

The special interest in the terpyridine systems lies in the efficient emitting properties 

of their zinc complexes as well as in their rod-like geometry. Furthermore, the zinc can be 

used to assemble different units and build up long linear structures which can be considered 

as coordinative polymers.'20' 2I' Due to the dynamic nature of the systems and to the high 

emission quantum yield in the blue region, zinc bis(phenylterpyridine) derivatives have 

attracted our interest.'22'2j' 

Here we report on the synthesis, electrochemical behaviour and photophysical 

properties of a pyrene substituted terpyridine, its zinc complex and the bis-protonated form of 

the ligand. The terpyridine (Tpy) ligand is linked to a phenyl which is substituted with two 

pyrene units in meta positions (Chart 1). 
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TpyPhPyrene2 

Trans-Trans 

TpyTol 

Trans-Trans 

ZnTpyTol2 

cis-cis 

2*H 2TpyPhPyrene 2 

Zn(TpyPhPyrene2 )2 

cis-cis 

Chart 1. Structures and abbreviations of the molecules synthesized and investigated in this chapter. Preferred 
conformation is also indicated. 

4.2 Synthesis 

The di-halogenated terpyridine (TpyPhBr2) was prepared by a slightly adapted 

method from literature'24' (see experimental section). The free ligand TpyPhPyrene2 was 

synthesized by coupling TpyPhBr2 with 1-pyreneboronic acid following the Suzuki cross 

coupling procedure (Scheme i)J25-261 

The zinc complex was prepared by refluxing TpyPhPyrene2 with ZnCl2 in methanol 

followed by precipitation of the hexafluorophosphate salt by addition of ammonium 

hexafluorophosphate, as reported before.[27' 

The bis-protonated molecule was prepared in situ prior to measurement by adding 100 

uL of a 1 M trifluoroacetic acid solution (in the solvent where the sample has to be measured) 

to a 2 mL solution of TpyPhPyrene2 (Abs » 0.2). 

The ligand TpyPhPyrene2 and the zinc complex Zn(TpyPhPyrene2)2 were isolated 

and fully characterized by 'H-NMR spectroscopy and ESI mass spectrometry. 
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TpyPhBr2 TpyPhPyrene2 

ZnCI2 

Zn{TpyPhPyrene2)2 

Scheme 1. Synthesis of the bispyrene terpyridinc ligand and its zinc complex. 

4.3 Electrochemistry 

The study of the electrochemical properties of the ligand TpyPhPyrene2 was 

performed in deaerated THF (ys SCE). Two irreversible cathodic peaks at -1.57 V (appears as 

an hump) and -1.91 V (certainly involving two or three electrons) are observed by cyclic 

voltammetry. These cathodic processes can be attributed to: the terpyridine reduction in 

which the central pyridine is reduced first around -1.57 V (known to be between -1.3 and -1.8 

V)'28'2 and the pyrene reducing after (-1.9V). The oxidation process occurring at EVA= +1.36 

V is also fully irreversible. This potential is consistent with the oxidation of the pyrene which 

occurs at this potential in acetonitrile.[j,)| In this case, the lack of reversibility in the redox 

behaviour is suggested to arise because of the formation of a dimer by 7t7t-interaction of one 

radical cation of pyrene with a second pyrene molecule. '3I' 

For Zn(TpyPhPyrene2)2, no metal centered redox processes are expected for the d1" 

zinc ion and none are observed. In this case, the same irreversible redox processes were 

observed without a shift. 

From the electrochemical data, it is possible to estimate the thermodynamic change for 

electron transfer (Gibbs free energy change: AGeT) in such a system by using the Rehm-

Weller equation. ~' The £0o can be estimated using the maximum emission of the donor at 77 
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K (3.28 eV or 378 nm at 77 K in butyronitrile matrix, see luminescence part). Neglecting the 

working term, it is found that the AGeT is negative in THF (Eox - EKd - E00= 1.36+ 1.56- 3.28 

= -0.36 V). As the redox processes are irreversible, the value obtained is a rough estimate. 

This negative value shows that the process is thermodynamically allowed. Indeed, the 

increase of the solvent polarity, relative to THF, will result in a more negative AGeT. 

4.4 UV/visible absorption 

The ground state absorption spectrum of TpyPhPyrene2 is shown in Figure 1. It 

shows three absorption bands centered at 240 nm, 280 nm and 347 nm with two shoulders at 

270 nm and 332 nm. In a first approximation, the bands are not affected by solvent polarity. 

100000-1 

80000- l \ 

§ 60000- ƒ \ 

o 7 A 
E / \ 
-i 40000- / \ 

20000- \J \ 

300 400 500 600 
xl nm 

Figure 1. UV/visible absorption spectrum of TpyPhPyrene2 in THF 

By comparing the spectrum with those of l-phenylpyrene|9' 33] and of substituted 

phenylterpyridine,1'91 all bands can be identified. The 240 nm band, the shoulder at 270 nm 

and the 347 nm bands belong to the allowed n-n* transitions of the phenylpyrene moiety 

while the band at 280 nm is attributed to n-n* transitions of the Tpy unit. The second shoulder 

at 332 nm seems to be due to a contribution from both parts. Apart from the Tpy bands, the 

spectrum consists of the characteristic absorption bands of substituted pyrene where the 

typical vibronic structure of pyrene is broadened by the interaction between the rc-electron 

systems of the pyrene (or alkyl pyrene[j4, J5') and the phenyl units.'181 

The molar absorption coefficients are quite high for each band (240 nm [s = 86200 

Lmor'cm"1], 281 nm [c = 88400 Lmol'cm'] and 347 nm [s = 50100 L m o f W ] ) revealing 

allowed n-n* transitions (Table 1). 
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Table 1. Absorption data in acetonitrile solutions (molar absorption coefficient) for the three different systems 
containing the bis pyrene terpyridine 

Molecules lmax
abs nm (£ L.mor'.cm "') 

TpyPhPyrene2 238 (86200), 281 (88400), 347 (50100) 
' H2TpyPhPyrene2 /, 282 (78000), 346 (59500) 
Zn(TpyPhPyrene2)2 240 (172400), 281(156000), 342 (110600) 

The UV/visible spectrum of the zinc complex Zn(TpyPhPyrene2)2 is almost 

superimposable over that of the free ligand TpyPhPyrene2 (Figure 2). Only the lowest energy 

transition is slightly blue shifted upon addition of the zinc(II) (from 347 nm to 342 nm). This 

shift, accompanied by an increase of the molar absorption coefficient, can be attributed to zinc 

complexes where a new band, growing around 330 nm, is reported. This band is reported for 

other zinc(II) terpyridine complexes where the nitrogen complexation induces the ligand to 

convert from the trans-trans to cis-cis form.'36' 37' Moreover, the increase in the molar 

absorption coefficient of the 342 nm band is accompanied by a slight decrease of the 281 nm 

band (from 88400 L mol"1 cm"1 to 78000 L mol"1 cm"')(Table 1). This increase of the molar 

absorption coefficient can be attributed to an Intramolecular Ligand Charge Transfer ('iLCT) 

transition, which can appears as a shoulder at 350nm.'22- '8| In order to identify the ILCT 

absorption band, a differential spectrum was obtained by subtracting the UV/visible 

absorption spectrum of TpyPhPyrene2 from the one of Zn(TpyPhpyrene2)2 (divided by 2) in 

THF (see Figure 3). 
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Figure 2. UV/visible absorption spectra of TpyPhPyrene2 ( ), Zn(TpyPhPyrene2)2 (divided by 2)(—) and 
+H2TpyPhPyrene2 (•••) in acetonitrile 

As can be seen, a band at 340 nm which we assigned to the 'iLCT transitions is 

visible. The appearance of such a band (with a relatively high extinction coefficient) suggests 

74 



Enhancement oflntra-Ligand Charge-Transfer character induced by Zinc (II) complexation 

the presence of an intramolecular charge transfer from the pyrene to the Tpy bound to zinc 

ion. The 'iLCT transition appears to borrow intensity from the pyrene-Tpy based transitions 

which results in the enhancement of the charge transfer absorption band that is overlapping 

the pyrene bands.139"43' The similarities between the spectra of Zn(TpyPhPyrene2)2 and 
2+H2TpyPhPyrene2 shows that the strong coordination between the zinc and the terpyridine 

does not result in a strong electronic interaction between the Tpy and the metal ion. 

10000-, 

8000 - / \ 

6000 - ^ ^ - ^ \ 

co . / \ 
S / \ 

< 4000- / \ 

2000-^/ \ 

0-I 1 • 1 • 1 ' 1 

320 330 340 350 
A. / nm 

Figure 3. Differential spectrum obtained by subtracting the UV/visible absorption spectrum of TpyPhPyrene2 

from the one of Zn(TpyPhPyrene2)2 (divided by 2) in THF. 

Upon addition of trifluoroacetic acid to the solution of TpyPhPyrene2, a bis-

protonation is expected.122' The absorption spectrum is almost identical to that of the zinc 

complex (Figure 2). The main difference is a negligible blue shift of the lowest energy band 

(346 nm for 2+H2TpyPhPyrene2; 347 nm for TpyPhPyrene2) which shows that upon 

protonation, conformational changes don't occur as upon complex formation. The molar 

absorption coefficient of the 347 nm band of 2+H2TpyPhPyrene2, (Table 1) is higher than that 

of TpyPhPyrene2 and Zn(TpyPhPyrene2)2, which indicates that the 'iLCT absorption can be 

observed here as well and that this transition is even more allowed than for 

Zn(TpyPhPyrene2)2. 

4.5 Luminescence study 

The corrected fluorescence emission spectra of TpyPhPyrene2 and 

Zn(TpyPhPyrene2)2 are found to be independent of the excitation wavelength, for all 

solvents studied. In contrast, the shape of the emission bands and the emission maximum 

depend strongly on the solvent used. These phenomena are attributed to a solvatochromic 
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shift of the emission maximum as often observed for charge transfer transitions.'IS' 44"46) The 

shape of the emission bands is independent of the sample concentration, thus it is not due to 

excimer formation. 

X I nm 

Figure 4. Emission spectra of TpyPhPyrene2 in THF ( -), in valeronitrile (—). in propionitrile (•••) and in 
acelonitrile (—) at room temperature (inset: spectra at 77K in butyronitrile matrix) ( ^ex= 3 10 nm) 

The emission spectrum of the free ligand in THF shows a broad but structured 

emission band centered at 400 nm that is attributed to the local excited (LE) state of the 

pyrene. However, in nitrile-solvents, the spectra show a dual emission with a second band 

arising around 470 to 480 nm (Figure 4). Interestingly, this behaviour can only be found in 

solvents of high polarity (nitriles, DMF). 

The appearance of the low energy emission band for the TpyPhPyrene2 ligand in 

highly polar solvents implies the existence of a low lying excited state very polar in nature, 

that is due to the charge separation between the electron donor (pyrene) and the electron 

acceptor (terpyridine). 

Upon closer examination of Figure 4, it can be seen that the socalled local excited state 

emission also changes shape with polarity. Whereas the spectra in THF and valeronitrile have 

a typical shape that can be attributed to "substituted pyrene", the spectra in propio- and aceto-

nitrile clearly have a different shape. This is in contrast with a TT—JT* transition localized on the 

pyrene. In fact, this spectral shape is very similar to tolyl-terpyridine (TpyTol) emission. It 

thus appears that several close lying excited states are present and a reordering of states 

occurs upon solvent polarity change. A comparison of the emission spectrum of 

TpyPhPyrene2 with that of TpyTol in polar solvent is given in Figure 5. 
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Figure 5. Comparison the emission spectra of TpyTol in ethanol (- ) and TpyPhPyrene2 (—) in 
acetonitrile (kcx= 310 nm) 

Clearly, a simple picture with only one LE state is not fully correct because a manifold 

of two or more states must be considered as fluorescent levels. Of course, it is not possible to 

rule out the possibility that the 425 nm band is just an enhancement of the vibronic structure 

of the pyrene that gains intensity vs the other vibration levels due to the change in solvent. 

Table 2. Fluorescence properties TpyPhPyrene2 in different solvents (Knax is the maximum emission, O is the 

luminescence quantum yield and T is the luminescence lifetime) ( A.ex= 310 nm) 

Fluorescence Properties 
Solvent 
Cyclohexane 
Ether 
THF 
DCM 
Acetone 
Acetonitrile 
DMF 
BuCNc 

>™ax (nm) 
390 
390 
390 
399 
400 

422, 478 
423, 474 
377, 388, 

398,421 (s) 

cD 
0.170 
0.120 
0.285 
0.274 
0.167 
0.177 
0.251 

-

t(ns) 
18 
13 
17 

a 

20 
6.8, 16.0b 

6.1, 14.4b 

89 

a: compound decomposed, b: bi-exponential decay, c: 77K 

The excited state lifetimes were determined in a number of solvents (see table 2). The 

LE state displays a lifetime between 17 and 21 ns in most non-polar solvents. In polar media, 

a bi-exponential decay of the emission can be observed due to the formation of a lower lying 

'iLCT state (Table 2) that has a shorter lifetime (approximatively 6 ns). 
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The population of the CT state can be modulated by changing the polarity in a series 

of solvents (nitrile) (Table 3). The increase of the amplitude of the 6 ns component with 

increasing the polarity reveals a more efficient transfer to the 'iLCT, which is more stabilized 

in more polar medium. The luminescence quantum yield of TpyPhPyrene2 varies between 12 

% and 29 % (see Table 2). 

Table 3. Lifetimes and normalized amplitudes of TpyPhPyrene, in nitrile solution ( A.ex= 310 nm) 

Nanosecond bi-exponential decay 
^.a"1" Af TI (ns) Amplitude n T3 (ns) Amplitude xi 

Butyronitrile -a 0.275 12.2 0.70 6.2 0.30 
Valeronitrile 0.288 12.9 0.63 5.8 0.37 
Propionitrile 462 0.290 12.2 0.21 7.9 0.79 
Acetonitrile 478 0.306 16.0 0.14 6,8 0.86 

a: not determinable, overlap of ILCT with LE states 

For Zn(TpyPhPyrene2)2, two bands can be observed in the emission spectra (Figure 

6) one of which is broad and structureless. The highest energy band that is slightly structured 

can be attributed either to the pyrene or to the Tpy perturbed by the zinc ion. However, a 

comparison with a Tpy derivative (TpyPh(PhCN)2 as described in Chapter 5) suggests that 

this band involves mainly the Tpy moiety and it can be assigned to a singlet n-n* transition 

belonging to the Tpy moiety (Figure 7). 

Figure 6. Normalized emission spectra of Zn(TpyPhPyrene2)2 in THF (- ), in dichloromethane (—) and in 
acetone (—) at room temperature (inset: spectrum at 77K in butyronitrile matrix)(\.x= 310 nm) 
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Figure 7. Comparison of the shape of the emission spectra of Zn(TpyPh(PhCN))2 (- ) and 
Zn(TpyPhPyrene2)2 (—) in acetone (Xex= 310 nm) 

The lowest energy band emitting from 518 nm (in THF) to 616 nm (in acetonitrile) is 

strongly solvatochromic and is red shifted in all solvents, compared to TpyPhPyrene2 

emission (Table 4). Such a solvent dependence is again incompatible with localized TI-JI* 

emission from either the Tpy or the pyrene moiety, but it is consistent with emission from a 

'iLCT state. This state emits at lower energy when the zinc is coordinated to TpyPhPyrene2 

due to the ionic charges (methylviologen-like). A huge decrease of the quantum yield of 

emission was observed as compared to that of the free ligand (Table 2 and Table 4). The 

quantum yields measured for Zn(TpyPhPyrene2h show a slight variation: from more than 

5% in a nonpolar solvent to less than 0.3% in polar media. The emission intensity drops 

suddenly when passing from dichloromethane (A/ = 0.218) to acetone (A/ = 0.284). 

Table 4. Fluorescence properties Zn(TpyPhPyrene2)2 in different solvents (̂ max is the maximum emission, <!> 
is the luminescence quantum yield and T is the luminescence lifetime) ( Xex= 310 nm) 

Fluorescence Properties 

Solvent 
Dioxane 
Chloroform 
THF 
DCM 
Acetone 
Acetonitrile 
BuCN 
MeOH 
BuCNc 

Overall 
cp(10"2) 

1.5 
3.1 
2 

5.5 
0.3 

0.15 
0.0020 

0.24 
b 

?w(em) 
540 
498 
518 
540 
580 
616 

b 

_b 

d 

'ILCT 
O(10"2) 

1.3 
3 
1.6 
1.5 
0.1 

0.03 
0.0002 
0.002 

d 

t (ns) 
13 

a 

14 
a 

8.3 
3.0 

b 

b 
d 

Local Excited state 
?w(em) 

396 
390 
390 
399 
400 
399 
399 
399 

378,388, 
398, 418 (s) 

cf (HP) 
0.2 
0.1 
0.4 
4 

0.2 
0.12 

0.0018 
0.22 

b 

i (ns) 
0.77 

a 

1.7 
a 

1.9 
1.0 

b 

b 

21 

a: compound decomposed, b: not measured or undeterminable, c: 77K. in butyronitrile glass, d: no phenomenon 
present in this condition 
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The emission centered around 400 nm shows a mono-exponential decay on the order 

of 1 to 2 nanoseconds in every solvent. Clearly, no free ligand is present as this has a much 

longer lifetime. The emission lifetime on the red side of the spectrum which is attributed to 

the ILCT shows a lifetime between 3 and 14 ns. This is similar to the lifetimes observed for 

the ILCT state of the free ligand TpyPhPyrene2. It is interesting to observe that for 

Zn(TpyPhPyrene2)2, the ILCT lifetime is decreasing when going to more polar solvents 

which is in agreement with the general behaviour of 'ILCT excited states in donor-acceptor 

systems. 

The bis-protonated terpyridine 2+H2TpyPhPyrene2 in chlorinated solvents shows the 

same emission bands as the zinc complex. For this system, the LE state emission can be 

estimated to be reduced more than 500 times and the 'iLCT emission is more red-shifted. 

These results are in agreement with the fact that after protonation of the terpyridine, the 

system possesses an enhanced acceptor strength (terpyridinium) which makes the electron 

transfer more favorable. Thus, the attribution of 'iLCT states of the three compounds seems 

appropriate. 

In rigid matrices at low temperature (77 K), the fluorescence emission spectra of all 

compounds show well-structured vibronic bands where no CT band can be observed (see 

inset Figure 4 and 6) since electron transfer is prevented at low temperature. These findings 

further corroborate the room termpature assignments and the excited state lifetimes indicate 

that the structured fluorescence is a pyrene-based emission since the corresponding Tpy 

emission decays is less than 1 ns. 

4.6 Estimation of excited state dipole moment 

Following Lippert-Mataga's works,'4701' it is possible to relate the solvatochromic 

shift to the polarity function (Onsager's parameter,'52' which is function of the static and 

optical dielectric constants e and n~). For a charge-transfer state, they demonstrated that the 

dipole moment of a molecule can be calculated using Eql: 

vs- vg = [-2uc(uc - ug) Afyhcao' + constant (Eq 1) 

where vg and ve are, respectively, the wavenumbers associated to the maximum absorption of 

the lowest energy transition and the maximum emission in a solvent; |ig and uL. are, 
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respectively, the ground state and the excited state dipole moment; h is Planck's constant; c is 

the speed of light, a0 is the effective spherical radius of the respective donor-acceptor system 

and A/ is the solvent polarity function described by: 

A/ = (ƒ(£•) - 'Af(n2)) with /(x)= (x - l)/(2x + 1) (Eq2) 

As we have already discussed, the dipole moment of the ground state of the molecule 

can be considered as being negligible. As a consequence, Eql can be simplified into: 

vc = [-2ue
2A/]//ica0

3 + constant (Eq3) 

In our case, plotting ve vs Af (=f(h vc)), a linear dependence as described by Lippert 

and Mataga is found when dioxane is excluded. A crude estimate of the magnitude of the 

excited state dipole moment in solution can be obtained from (-2ue lhc?af). The effective 

radius (a<)) is then estimated from: 

a0= (3Mf4npN),n (Eq4) 

where M is the molecular weight of the molecule, p is the density (considered as 1) and N is 

Avogadro's number. 

By applying this method to the data obtained for Zn(TpyPhPyrene2>2 a dipole 

moment of 21.8 D (S= -24000) was found with a0= 6.6 A. 

As it has been already discussed, all compounds that display 1LCT emission show 

solvatochromic shifts. However, the magnitude of this shift depends on molecular properties 

such as the distance between the chromophores. Indeed, when compared in chlorinated 

solvents, the most red-shifted compound is 2+H2TpyPhPyrene2 while Zn(TpyPhPyrene2)2 is 

more red-shifted than TpyPhPyrene2. Because "+H2TpyPhPyrene2 possesses a double 

positively charged acceptor moiety electron transfer from the pyrene to the pyridinium part is 

facilitated. The free ligand populates the CT state only in highly polar media (acetonitrile, 

DMF). This is due to the weak acceptor character of the terpyridine moiety. For 

Zn(TpyPhPpyrene2)2, the complexation allows new orbital mixing and induces a higher 

acceptor character to the terpyridine moiety than for TpyPhPyrene2, but the capacity to 

accept an electron is still smaller in comparison to the bis-protonated compound 

(2+H2TpyPhPyrene2). This difference comparing to the bis-protonated compound can be 

explained by the positive charges that are more delocalized. 
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4.7 Transient Absorption spectroscopy 

To gain a better insight into the nature and the processes in the excited states of 

TpyPhPyrene2 and of Zn(TpyPhPyrene2)2, time resolved absorption spectroscopy was 

employed. Spectra on the nanosecond time scale are depicted in Figure 8 to 10. 
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Figure 8. Nanosecond transient absorption spectra of TpyPhPyrene2 (top) and of Zn(TpyPhPyrene2)2 (bottom) 
in acetonitrile with 5 ns incremental time delay (k„= 290 nm) 

In Figure 8, the transient absorption spectra of TpyPhPyrene2 and of 

Zn(TpyPhPyrene2)2 are depicted. Both spectra are characterized by an initial absorption 

band at 463 nm that is converted to a long-lived species that has a maximum absorption at 

450 nm. We attribute the first state to an 'iLCT (463 nm) which, in a very short time, 

populates a long lived species (triplet state) (Figure 8). 

Because of the longer 'iLCT state lifetime of TpyPhPyrene2 (Tem = 6 ns, see Table 3) 

as compared to that of the zinc complex (Tem = 1 ns, see Table 4), the transient spectra show a 

clearer decay of the 463 nm band (Figure 8 top) which is attributed to the radical cation of the 

pyrene. This allows the detection of the evolution of the excited state from the 'iLCT state to 

the long lived triplet state for TpyPhPyrene2. The decay of such triplet state can be followed 

better in Figure 9 which shows the same spectrum as in Figure 8 in deaerated conditions and 

with 2 us incremental time delay. As it can be seen, the lifetime of this excited state is ca. 

11.0 us (see inset Figure 9) while in aerated condition, a lifetime of 240 ns is found. 
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Therefore, we can surely assign this transition to a triplet state considering the high sensitivity 

to oxygen. 

) I 1 1 1 1 1 1 

3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 700 
X/nm 

Figure 9. Nanosecond transient absorption spectrum for TpyPhPyrene, in deaerated acetonitrile with 2 us 
incremental time delay (Xex= 290 nm). The kinetic of the triplet state decay is depicted in the inset. 

In order to establish if the triplet state belongs to the pyrene moiety or to the Tpy unit, 

the transient absorption spectrum of TpyTol in acetonitrile was recorded (Figure 10). This 

spectrum shows a sharp peak around 490 nm which decays within 530 ns in aerated 

conditions while, after degassing, a longer lifetime was found (7.2 us). This spectrum can 

clearly be attributed to the terpyridine triplet state (T|—»T„). 

Attempts to assign the nature of T|—»T„ transitions observed for TpyPhPyrene2 and of 

Zn(TpyPhPyrene2>2 were not fully successful. In fact, it has been reported that the Ti—>Tn of 

pyrene falls in the 410-430 nm region153,54] and we have observed a Ti-»Tn band around 490 

nm for TpyTol. In our systems, the Ti—»T„ is localized in the 430-460 nm region. It thus 

seems most likely that phenyl substitution of pyrene shifts its triplet-triplet absorption to 

slightly longer wavelengths (450 nm) . 

400 500 600 700 

/./nm 

Figure 10. Nanosecond transient absorption spectrum of TpyTol in acetonitrile with Xex= 290 nm and 2 us 
increment. 

S3 



Chapter 4 

As depicted in the energy diagram in Scheme 2, we believe that the ILCT state 

recombines to form the triplet state located on the pyrene. This is also supported by 

comparison of the 77K emission spectra of TpyTol vs TpyPhPyrene2 (or 

Zn(TpyPhPyrene2)2) since in the latter cases, we do not see the triplet emission of the Tpy 

unit. This would indicate that the pyrene triplet state lying at lower energy is populated 

through a "down-hill" process from the 'ILCT to the JPy*. This process is in agreement with 

the efficient formation of the 450 nm transition observed in Figure 8. 

In order to obtain more information on the fast forward and back electron transfer 

processes, sub-picosecond transient absorption spectra were measured and are shown in 

Figures 1 la and 1 lb in THF and acetonitrile, respectively, for TpyPhPyrene2. 

400 450 500 550 600 650 700 
X/nm 

Figure 11. a: Sub-picosecond transient absorption spectra of TpyPhPyrene2 in THF with Xcx= 340 nm and 200 
ps incremental time delay, b: Sub-picosecond transient absorption spectrum of TpyPhPyrene, in acetonitrile 
with A.e>1= 340 nm and 100 ps incremental time delay 

In accordance with the emission spectra that were reported for TpyPhPyrene2 (see 

Figure 4), the transient absorption spectra obtained in the two solvents are quite different. In 

the nonpolar medium THF, the only visible transitions are those due to S|—>Sn of the Tpy, at 
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high energy (390 nm), and those belonging to the pyrene units (in the 470-530 nm region).'55' 
561 In the polar solvent (acetonitrile), the spectra present the singlet absorption of the Tpy (at 

390 nm) but, at lower energy, two distinct features are present which cannot be attributed to 

the pyrene singlet absorption (Figure 11 bottom). In fact, as we have already discussed, a 

charge transfer in acetonitrile is thermodynamically allowed leading to the formation of the 

radical cation of the pyrene'57 ' ' and the radical anion of the Tpy clearly visible at 463 nm 

and 550 nm, respectively. This CT state decays in the nanosecond time scale as mentioned 

before. The rise time of the CT state could not be detected. It is interesting to notice that the 

band at 470 nm does not show a clearly monoexponential decay. This may be due to the 

formation of the pyrene triplet state that, unfortunately, overlaps with the CT absorption band. 

For the zinc complex and the bis-protonated species, the electron transfer is expected 

to be more exergonic and, indeed, the transient absorption spectra show the typical features of 

the formation of the CT state in any solvent (see Figure 12). 

60x10'3H 1% 

400 450 500 550 600 650 700 
}J nm 

Figure 12. Sub-picosecond transient absorption spectra of TpyPhPyrene2 ( - ). Zn(TpyPhPyrene2)2 (•••) and 
"+H2TpyPhPyrene2 (—) in acetonitrile with X„= 340 nm, at 200 ps incremental time delay 

4.8 Conclusions 

The substitution of phenyl-terpyridines with electron donating pyrene groups can lead 

to the development of new charge transfer systems that have special properties that can be 

modulated by complexation. 

The properties of 3,5-bis(pyrene-l-yl)-4'-phenyl-2,2':6',2"-terpyridine, its bis-

protonated form and its zinc complex were studied. The electrochemistry of TpyPhPyrene2 

shows that photoinduced electron transfer process is thermodynamically allowed in polar 
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solvents. The steady state and time resolved spectroscopy indicate the presence of a 

photoinduced electron transfer process for Zn(TpyPhPyrene2)2) in all solvents, and for 

TpyPhPyrene2 only in polar solvents. A general deactivation pathway is proposed (scheme 

2) a) in absence of electron transfer and b) in presence of the electron transfer. 

3.10--

Scheme 2. schematic representation of the deactivation pathways a) in absence of electron transfer, b) in 
presence of electron transfer 

As can be seen on Scheme 2a, upon excitation of the LE state ( Py-Tpy), the pyrene 

71-71* based emission can be detected and the triplet state that is located on the pyrene is 

formed, either through JTpy or by direct intersystem crossing from the singlet state. In the 

more complicated case where electron transfer occurs, the ' Py-Tpy based-emission as well as 

an emissive ILCT state are observed. The intra ligand charge transfer state recombines to give 

to pyrene localized triplet state. This JPy* decays non-radiatively. 

Furthermore, using the Lippert-Mataga method, the dipole moment of the excited state 

(u.e = 21.8 D) was approximated for Zn(TpyPhPyrene2h). The transient absorption 

spectroscopy confirmed the charge separation phenomenon revealing typical bands of the 

radical cation of the pyrene and radical anion of the Tpy. 

4.9 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 (S) are given in ppm, using the deuterated solvent as internal standard. 
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Synthesis of TpyPhBr2 

To a solution of 3,5-bromobenzaldehyde (1 eq) in methanol and an aqueous sodium 

hydroxide (1 mol/L, 1 eq) was added 2-acetylpyridine (1.05 eq) and the mixture was stirred 

for 3 hours. The precipitate was filtered off on a glass filter and recrystallised in ethanol. The 

product (bromoazachalchone) in dichloromethane was then washed with water and dried over 

MgSO.4. The solvent was evaporated under vacuum and the solid was used without further 

purification. 

In a round bottom flask, potassium tertbutoxide (2 eq) was solubilized in dry THF. 

Then, acetylpyridine (1 eq) was added. The reaction was stirred for 4 hours (becoming slowly 

pink) at room temperature under nitrogen. Bromoazachalchone (1 eq) in dry THF (25 mL) 

was added. The reaction was stirred under nitrogen at room temperature for 4 hours 

(becoming quickly red). Then, THF was evaporated. Ammonium acetate (10 Eq) was added 

in ethanol and the reaction was stirred at 70 °C with the flask aerated during 36 hours. 

Then, the solvent (black solution) was removed. The solid was dispersed in water and 

filtered. This solid was intensively washed with water then solubilized in CHCI3 and dried 

over MgSÜ4. 

The product was recrystallised from ethanol (3 times). 

Yield: 43% (M= 467.17 g/mol), NMR (300 MHz, CDCI3): S (ppm) = 8.76 ppm (d, 3J= 4.8 Hz, 

2 H), 8.70 ppm (s, 2 H), 8.66ppm (s, 2 H), 7.97 ppm (d, 4J= 1.5 Hz, 2 H), 7.91 ppm (t, 3J= 8.1 

Hz, 2 H), 7.76 ppm (d, 4J= 1.5 Hz, 1 H), 7.36 ppm (t, 3J= 4.8 Hz, 2 H). 

Synthesis of TpyPhPyrene2 

In a lOOmL Schlenk flask, TpyPhBr2 (100 mg, 0.214 mmol), pyrene-1-boronic acid 

(132 mg, 0.535 mmol) and cesium carbonate (418 mg, 1.284 mmol) were mixed in DMF (30 

mL) and the solution was degassed. A catalitic amount of Pd(PPh3)4 was added (25 mg, 0.021 

mmol). The reaction was heated during 60 hours at 100°C under nitrogen. 

The solution was filtered and the DMF was removed azeotropically with toluene. The 

solid was washed with pentane and filtered off. The solid was solubilised in chloroform dried 

with MgSCU, filtered and evaporated under vaccum. The solid was purified by 

chromatography (alumina oxide) using a mixture dichloromethane/ethly acetate (7:1). 
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Yield: 35%, m = 54 mg (M = 709.86 g/mol), ESI-MS: 710.20, NMR (300 MHz, CD2Cl2)(see 

below): 6 (ppm) = 8.98 (s, 2 H), 8.70 (d, 3J= 7.8 Hz, 2 H), 8.66 (d, 3J= 5.4 Hz, 2 H), 8.45 (d, 
3J= 9.0 Hz, 2 H), 8.35-8.00 (m, 19 H), 7.89 (dt, 3J= 7.2 Hz, 4J= 1.8 Hz, 2 H), 7.36 (t, 3J= 4.8 

Hz, 2 H); l3C-NMR (125.7 MHz, CD3CN): 5 (ppm) = 156.2, 156.1, 151.9, 151.3, 142.4, 

140.6, 137.8, 137.1, 132.4, 131.7, 131.1, 128.8, 128.0, 127.7, 126.6, 126.5, 126.4, 125.4, 

125.2, 125.1, 124.9, 124.0, 123.8, 123.4, 123.1, 122.0, 119, 8, 119.2; UV/vis [Xmax (nm) (s (x 

104 M"'.cm"')), in acetonitrile]: 238 (8.8), 281 (8.6), 347 (5.0); Luminescence [Xmax (nm), in 

dichloromethane, (77K)]: 399, (377, 388, 398). 

. - • - • 

3.0 8 .5 8.0 7 .5 7 .0 6.5 5 .5 ppia 

Synthesis of Zn(TpyPhPyrene2)2 2 PF6 

In a 50 mL Schlenk flask, TpyPhPyrene2 (50 mg, 0.070 mmol) and ZnCl2 (5 mg, 

0.037 mmol) were suspended in methanol (15 mL) and refluxed for 4 hours. Then, the 

solution was cooled down, filtered and disoved in a solution of THF (20 mL). A water 

solution of ammonium hexafluorophosphate was added precipitating the zinc 

hexafluorophosphate salt. The precipitate was filtered, washed extensively with water and 

ether yielding a yellow solid. 

Yield: 76 %, m = 47 mg (M = 1775.03 g/mol), ESI-MS: 742.30 (- 2 PF„), NMR (300 MHz, 

CD2C12): 5 (ppm) = 9.00 (s, 2 H), 8.53 (m, 4 H), 8.38 (dd, 3J= 8.1 Hz, 2 H), 8.30-8.00 (m, 19 

H), 7.89 (d, 3J= 4.8 Hz, 2 H), 7.45 (dd, 3J= 5.4 Hz, 2 H); UV/vis [Xmilx (nm) (s (x 104 M"'.cm" 

')), in acetonitrile]: 240 (17.2), 281 (15.6), 342 (11.1); Luminescence [Xmax (nm), in 

dichloromethane, (77K)]: 540, (377, 388, 398). 
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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 

(b) 
' ' ! ' i 

•"time 

A • "ckcttoa poor" <»cccplor) 

' D • "eleoron tick" (donor) 
D D + 

A A* A A" 

D D- D D + 

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. 
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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 

104 



'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

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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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). 
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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. 
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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. 
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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 

114 



'Y-Shaped' Ruthenium Bisterpyridine Derivatives for Nonlinear Optics 

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). 
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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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Chapter 6 

Electrochemical and photophysical properties of Ruthenium(II)Bipyridyl 

complexes with pendant alkanethiol chains in solution and anchored to 

metal surfaces 

Abstract 

We have synthesized, through a new strategy, and investigated luminescent ruthenium 

trisbipyridine complexes containing one or two mercapto-alkyl chain(s) on one of the 

bipyridyl units. The electrochemical and photophysical properties have been determined in 

solution and in the solid state and the results were compared. In particular, deposition on 

electrode or metallic surfaces has been realized by self-assembly and the layers characterized 

by electrochemistry and fluorescence confocal microscopy. The role played by the number 

and length of chains is discussed. The emission of the complexes is strongly quenched by the 

metallic surfaces and the AFM measurements show aggregates formation which are also 

visible in the confocal microscopy images. 

% A. D'Aléo, Y. Chriqui, V. M. Iyer, P. Belser, F. Vergeer, V. Ruiz, P. R. Unwin, R. M. 
Williams, L. De Cola. Submitted 
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6.1 Introduction 

One of the necessary steps for building up molecular based devices is the crossing 

over from solution to solid state. Several possible strategies can be followed in order to 

include "intelligent" components into a matrix, e.g. polymerization, blending, evaporation or 

spin coating. In any case, a "bulk" property of the material is measured since no real 

orientation nor a precise positioning of the components is possible. In order to move from 

disordered solid samples to organized monolayers, it is necessary to assemble the molecules, 

via covalent'1'2' or non-covalent interactions1'1 on a substrate and to study their properties at 

this interface. Amongst the responsive molecules, those addressable with light and able to 

give a signal (e.g. emission) after their excitation are very appealing since any type of surface 

can be used and no wiring is required for their activation. 

Consequently, the attachment of photoactive molecules to metal surfaces to develop 

molecular devices,'4"8' nanowire transitor'9 '°' or photovoltaic systems, able to mimic natural 

light harvesting and charge separation'""'4' is a very important topic. For these purposes, 

ruthenium complexes containing polypyridine ligands are very good candidates as they 

possess light-responsive properties, such as good absorption in the visible region, luminescent 

and long-lived excited states (triplet Metal-to-Ligand Charge Transfer ('MLCT)) and 

reversible redox-properties.''5' '6' Unfortunately, the functionalization of the coordinated 

ligands, with e.g. mercapto-derivatives, is very difficult and so far, very few reports have 

appeared in the literature.'17""0' 

The attachment of mercapto-funtionalized ruthenium complexes to surfaces such as 

gold'17' 2I' and platinum as well as semiconducting surfaces'' ' has only been investigated 

superficially, and consequently, there is little information on the quality of the packing, the 

distance between the chromophore (metal center) and the surface, the orientation of the 

molecules as well as the coverage, and the stability of the surface when different numbers of 

anchoring groups are present. Furthermore, a good understanding and correlation between the 

above mentioned parameters, and the influence of the metal surfaces, on the photophysical 

properties of complexes is lacking. It is, in fact, predicted that metallic surfaces could quench 

the emission of attached molecules by energy transfer and/or electron transfer from the 

luminophore to the surface.'22'2j' On the other hand, studies on fluorescent dyes showed that 

these surfaces can induce an emission enhancement,'24"26' as also shown for nanoparticles. ' 
281 The latter enhancement phenomenon is used intensively in techniques such as surface 

enhanced Raman' " '' or infrared spectroscopy.' ~~jy' 
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We therefore consider that a complete understanding of the layer formation, quenching 

processes and electrochemical behavior of luminophores on surfaces is an important step for 

the development of electroluminescent devices or high-density sensor arrays. 

bpy2RubpyC„S(CO|Me bpy2Rubpy(C„S(CO)Me|2 

Chart 1. Schematic structures of the thiol protected ruthenium complexes under study. 

Here we report the synthesis, electrochemistry and photophysical properties of four 

ruthenium trisbipyridine complexes in which one of the bipyridine ligands has either one or 

two alkyl chains in the 4,4' position(s) terminated with thiol group(s) (see Chart 1). The 

anchoring of these molecules to different surfaces and the study of the adsorbed layers by 

electrochemical techniques is described. The differences observed upon variation of the 

number and the length of these alkanethiol chains is discussed. Furthermore, the 

photophysical properties of these complexes and the corresponding functionalized surfaces 

have been studied using emission spectroscopy and time resolved confocal microscopy. 

6.2. Results and discussion 

6.2.1. Synthesis 

All the complexes under investigation and their abbreviations are reported in Chart 1. 

A novel synthetic strategy to prepare thiol derivatives in the 4,4' position of 2,2'-bipyridine 

(bpy) is described. The bromoalkylbipyridine derivatives were obtained by reacting 

commercially available 4,4'-dimethyl-2,2'-bipyridine with lithium di-isopropylamine . The 

deprotonated bipyridines were subsequently added to a solution of l,n-dibromoalkane 

yielding the mono- or di-alkylated n-bromo-alkylbipyridines. 

In order to prepare ruthenium complexes, the bipyridine derivatives were complexed 

with [Ru(bpy)2Cl2] in deaerated DMF. The bromo function(s) were transformed into 

thioacetate function(s) using an "Amberlyte1"' resin grafted with thioacetate (Figure l).'36' 

The thioacetate was then de-protected to yield the free thiol by adding hydrazine'37' just 
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before the measurements. All details concerning the synthesis and the characterization are 

reported in the experimental section. 

n= 2, R= H bpyC4Br 
n= 2. R= C3S(CO)Me bpy(C4Br)2 

n= 5. R= H bpyC7Br 
n= 5, R= C6S(CO)Me bpy(C7Br)2 

n= 2, R= H bpy2RubpyC4SH 
n= 2. R= C3S(CO)Me bpy2Rubpy(C4SH)2 

n= 5, R= H bpy2RubpyC7SH 
n= 5. R= C6S(CO)Me bpy2Rubpy(C7SH)2 

n= 2. R= H bpy2RubpyC4Br 
n= 2, R= C3S(CO)Me bpy2Rubpy(C4Br)2 

n= 5, R= H bpy2RubpyC7Br 
n= 5, R= C6S(CO)Me bpy2Rubpy(C7Br)2 

H2N-NH2 

DMF 

n= 2, R= H bpy2RubpyC4S(CO)Me 
n= 2, R= C3S(CO)Me bpy2Rubpy(C4S(CO)Me)2 

n= 5, R= H bpy2RubpyC7S(CO)Me 
n= 5. R= C6S(CO)Me bpy2Rubpy(C7S(CO)Me)2 

Figure 1. Synthetic scheme for the preparation of the complexes. 

6.2.2. Photophysical properties in solution 

The U V/visible absorption spectra of these complexes reveal the typical 290 nm band 

with a molar absorption coefficient around 6 x 104 M"'cm"' which is attributed to allowed n-

7i* transitions localized on the bipyridyl units.'151 The lower energy absorptions (455 nm) 

belong to the Metal-to-Ligand Charge Transfer ('MLCT) transitions and are typical for the 

ruthenium trisbipyridine complexes (s= 1.3 x 104 IVf'cm"'). The small red shift compared 

with the unsubstituted bipyridines is due to the slight electron donating effect of the 
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methyl/alkyl groups attached to the thiolate bpy.'j8'j9' However, the difference in energy is so 

small that no separate MLCT bands can be detected. A representative spectrum for the 

bpy2RubpyC7S(CO)Me complex is shown in Figure 2. 

60000 

40000 

20000 

200 600 

Figure 2. UV/visible absorption spectrum of bpy2RubpyC7S(CO)Me in acetonitrile. The inset shows emission 
spectra at room temperature in acetonitrile (solid line) and at 77K in butyronitrile (dashed line). 

The emission maxima of these complexes are observed at 616 nm and are attributed to 

the decay of the JMLCT state of the ruthenium trisbipyridine complexes. All the complexes 

have exactly the same emission properties, and as already mentioned , due to the slight 

electron donating properties of the alkyl chain, the lowest excited state involves the 

unsubstituted bipyridines. The emission lifetimes (150 ns aerated, 1 u.s deaerated) of these 

complexes as well as the quantum yields (0.013 aerated, 0.06 deaerated) are not influenced by 

the appended alkylthioacetate groups of different lengths. All the data are summarized in 

Table 1. 

Table 1. Emission maxima, emission quantum yields and excited state lifetimes of the compounds under aerated 
and deaerated conditions at room temperature and at 77K. 

Complex 

bpy2RubpyC4S(CO)Me 

bpy2Rubpy(C,S(CO)Me)2 

bpy2RubpyC7S(CO)Me 

bpy2Rubpy(C7S(CO)Me)2 

" In air equilibrated acetonitrile. In d< 

kmar (nm)" 

616 

615 

615 

616 

gassed acetonitrile. 

Luminescence, 298K 

t (ns)" 

14') 

152 

148 

150 

T(ns)' 

1069 

1061 

1049 

1072 

In butyronitrile glass. 

<D" 

0.012 

0.012 

0.013 

0.013 

<£' 

0.053 

0.056 

0.061 

0.060 

Luminescence 

^mai (nm)' 

586,635 

586, 635 

586, 635 

586, 635 

77K 

T (ns)' 

2780 

2766 

2888 

2884 
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In a solid matrix (77K in butyronitrile glass), the emission maxima are blue shifted, as 

expected for CT states and already observed for bipyridine complexes (Figurel).'15' The 

excited state lifetimes become longer (around 2.8 us) due to the lack of thermal population of 

the metal centered, JMC, state. 

6.2.3. Electrochemical characterization of the complexes in solution and as self-assembled 

layers 

Voltammetric studies were made with the complexes in solution and adsorbed on 

electrode surfaces. In the latter case, functionalized platinum, gold and indium tin oxide (ITO) 

surfaces, obtained by a simple immersion technique (see Experimental Section) were 

investigated using cyclic voltammetry. A summary of peak separation (AEp) and surface 

coverage (F), along with other parameters, is reported in Table 2. 

Table 2. Electrochemistry data in solution, on platinum and on ITO. 

on ITOc 

£° (V) A£,> r (mol cm"2) 

(mV)' 

1.058 17 ±3 5.7±0.3-10"': 

1.049 8±7 4.3 ±0.5-10"" 

1.046 8±4 1.1+0.210"" 

1.064 21 ±6 1.3 + 0.410"" 

" 0 . 1 M TBACIO, in acetonitrile. b In 0.1 M TBAC104/acetonitrile; RE was Ag/AgN03 . c In 0.5 M 
H 2 S0 4 solution; RE was SCE. *up to 1 V s . The coverage was estimated from rus ing ref [17] 

Preliminary attempts to characterize the electrochemical behavior of self-assembled 

layers of the thiolated complexes on gold surfaces were compromised by the high anodic 

potential of the Ru""" redox process for all the complexes, consistent with previous work. 

However, the presence of a self-assembled layer on gold was evidenced by the substantial 

decrease of the voltammetric current for water oxidation/reduction (in 0.1 M KNO3 aqueous 

solutions) compared to the response of the bare gold surface. Moreover, the presence of 

adsorbed ruthenium compounds was further evidenced by contact angle measurements with 

water droplets, which showed an increase in hydrophilicity (contact angles decreased by 14-

In solution'1 

Complex g o ^ A E p ( m V 

bpy,RubpyC4SH 0.897 88 ± 3 

bpy,Rubpy(C4SH), 0.918 53 ±7 

bpy,RubpyC7SH 0.861 63 ±10 

bpy2Rubpy(C7SH)2 0.906 43 ± 4 

onPtb 

E°(V) AfplmV)' r (mol cm"2) 

0.894 37 ±7 3.6 ±0.6-10"" 

0.900 56 ± 10 1.8 + 0.5-10"'° 

0.895 46 + 8 1.2 ±0.3-10"'° 

0.901 37 + 9 1.4±0.3-10"'° 
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20°) of the grafted surfaces with respect to the bare gold.' ' This suggested that the 

hydrophilic ruthenium(II) headgroups in the adsorbed layers were exposed to the water drop. 

Similar decreases in the contact angle by 12-26° were reported for self assembled layers of 

Ru(bpy)2(bpy') where bpy'=4-methyl-4'-(dodecyl-l-thiol)-2,2'-bipyridine.'17' The change in 

hydrophilicity of platinum surface with self assembled layers with respect to bare platinum 

(contact angle decrease by 14-19°) was comparable to that on gold, tentatively suggesting a 

similar surface coverage on both metal surfaces. 

Successful voltammetry measurements were made on platinum electrodes in 

acetonitrile solution. Cyclic voltammetry (CV) of the four complexes (0.1 mM complex in 

acetonitrile/0.1 M B114NCIO4 solutions) was first investigated in solution using a platinum 

disk as working electrode. Figure 3(a) shows a typical CV obtained for the 

bpy2Rubpy(C7SH)2 complex in solution, demonstrating the high degree of reversibility of the 

Ru" '"redox process (Nernstian peak separation) even at the highest scan rate examined (10 V 

s~'). The voltammetric response of the self-adsorbed complex on platinum, recorded in an 

acetonitrile solution containing only supporting electrolyte (0.1 M TBACIO4), is also shown 

for comparison (Figure 3(a), dashed line). Self assembled adsorbed layers of the four 

complexes on platinum exhibited the characteristic electrochemical behavior of surface-

confined species, with very small peak separations at all scan rates (Table 2) and peak current 

(/» values linearly dependent on scan rate (y) (Figure 3(b)). 

Figure 3. (a): Cyclic voltammograms of bpy2RuBpy(C7SH)2: (0.1 mM solution of the complex in 
acetonitrile/0.1 M Bu4NCI04) (solid line) and as SAM on a platinum disk (dashed line). Scan rate 10 V s ' . (b) 

E (V) vs Ag/Ag+ E (V) vs Ag/Ag+ 

Cyclic voltammograms of a SAM of bpy2RubpyC7SH on a platinum disk in 0.1 M TBACIO4 in acetonitrile. 
Scan rates: 0.2, 1, 2, 5 and 10 V s . Inset: i'P vs. scan rate for the complex as SAM. 
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The high anodic potential of the Ru"'"' couple precluded its study on platinum and 

gold in aqueous solution. However, very well defined voltammograms were obtained for self 

assembled layers on ITO in 0.5 M H2SO4 solutions, as illustrated in Figure 4. The very small 

separations (8-21 mV) between anodic and cathodic peaks even at the highest scan rates 

examined (5 Vs"1) were remarkable, showing the high reversibility of the redox process in 

aqueous media. Moreover, self assembled layers on ITO surfaces proved very stable to 

repetitive cycling, with the charge remaining constant over one hundred cycles. 

E(V)vsSCE 

Figure 4. Cyclic voltammograms of a SAM of bpy2RuBpy(C4SH)2 on ITO (4.3-10" mol cm2) in 0.5 M 
H2S04. Scan rates: 1, 2, 5 and 10 Vs"1. Inset: anodic peak current vs. scan rate. 

The redox potentials and peak separations of the Ru"'"' redox couple are summarized 

in Table 2 for the four complexes, both in acetonitrile solutions and self-adsorbed on platinum 

and ITO surfaces. Surface coverage, as estimated by the integration of the anodic wave, is 

also given in Table 2 for self assembled layers of the four complexes on platinum and ITO. 

There are no significant differences between the redox potentials of each compound in 

solution and the value for pre-adsorbed molecules on the electrode surface. Also the redox 

potentials of the four adsorbed complexes are almost identical. The surface coverage of the 

four complexes is almost an order of magnitude higher on platinum than on ITO, which 

agrees well with the expected weaker chemisorption of the thiol groups on ITO surfaces. 

Although the solvent systems are different, the significantly smaller AEp for the self 

assembled layers on ITO in aqueous solution, as compared to self assembled layers on 

platinum in acetonitrile solution, coupled with the much lower surface coverage could suggest 

a different arrangement of the complexes on the ITO surface. It has been proposed for a 

similar complex that the molecule could lie flat on an ITO surface.'17' Such an orientation 

would reduce the distance from the ruthenium centre to the electrode surface with respect to 
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that in self assembled layers on platinum, where the adsorption occurs via the sulfur atom. 

The smaller Ru"'"' centre-electrode distance on ITO would explain the faster electron transfer 

reaction in both directions. 

Interestingly surface coverage of three of the complexes on platinum was similar, with 

the exception of the bpy2RubpyC4SH complex which exhibited a 4-fold lower coverage. At 

first sight, these results are perhaps surprising since the complexes with two alkyl thiolate 

chains are expected to possess a better geometry and a stronger chelating effect leading to the 

formation of more stable adsorbed layers. However, such chelating effect is only observed in 

the complexes with shorter anchoring chains (comparing the surface coverage of 

bpy2RubpyC4SH with bpy2Rubpy(C4SH)2) and not in the two complexes with the longer 

chains. Also, longer anchoring chains only seem to facilitate higher surface coverage in 

complexes with only one anchoring group, as evidenced by comparing the surface coverage 

data of bpy2RubpyC7SH and bpy2RubpyC4SH. 

As on platinum surfaces, bpy2Rubpy(C4SH)2 showed the highest coverage on ITO, 

11% (based on an estimated area of 100 A2 / molecule), while for the other complexes, only 

around 1.5-3% of the surface was covered by the adsorbate. These results, combined with the 

surface coverage on platinum, showed that the optimum number of carbon atoms spacing the 

ruthenium centre from the sulfur atom or the optimum number of tails are parameters which 

are difficult to tune. From these results, it can be concluded that, in complexes with short tails, 

two anchoring groups result in more efficient coverage whereas with longer chains complexes 

with two chains appear to lead to similar coverages as those with single chains of the same 

length. 

2.4. Photophysics of the functionalized surfaces 

The photophysical behavior of the complexes bpy2RubpyC4SH, bpy2Rubpy(C4SH)2. 

bpy2RubpyC7SH, and bpy2Rubpy(C7SH)2 on the different surfaces were investigated using 

emission spectroscopy. Attempts to record emission spectra with a conventional 

spectrofluorimeter were unsuccessful because of the weakness of the signals and the high 

scattering of the metal substrates. Therefore, the solid samples were investigated by 

fluorescence and confocal microscopy. 
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Figure 5. bpy2RuBpyC7SH on A: Fluoresence microscopy of gold surface coated with bpy2RubpyC7SH 
(85um by 65um), B: Confocal microscopic images of SAMs of gold surface coated with bpy2RubpyC7SH (10 
|im by 10 um) obtained in defocus mode, C: Confocal microscopic images of uncoated gold surface (10 um by 
10 um) using the same highlight threshold as for B. 

Fluorescence microscopy investigations showed that the complexes are not uniformly 

distributed on the entire surface but they tend to aggregate in smaller islands (Figure 5A). To 

understand the effect of the surface on the photophysical behavior, confocal microscopy 

experiments were performed on Au and Pt substrates. 

Selective observation of the ruthenium emission (^ex= 440 nm;. Xdel= 580-680 nm) 

resulted in dotted patterns with an irregular distribution. These dots appeared as concentric 

rings (Figure 5) when using the defocus mode (diffraction of the emission of the substrate).'41' 

The inhomogeneity of the surface coverage was confirmed by the intensity of the emitted 

light which was not equal over the observed area. Furthermore, when increasing the highlight 

value, some spots disappeared. Given that the spot sizes are at the diffraction limit, the 

different emission intensities are most likely due to domains on the surface, which have 

different lateral dimensions, but are all smaller than the diffraction limit (Figure 6). Most 

significantly, these patterns indicate that distinct island formation occurs, rather than a 

homogeneous layer. It is apparent that, on the visualization of adsorbate irregularities, these 

results are consistent with the low coverage (between 9 and 47 %) observed for all metal 

surfaces (see electrochemical characterization). 
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On platinum and gold surfaces, the emission lifetimes of ruthenium complexes were 

determined (Table 3). On platinum, analysis of the decay curves resulted in a bi-exponential 

fit, consisting of a long-lived component (around 3-4 ns for all species) and a pulse-delimited 

Table 3. Lifetimes found on gold and platinum surfaces (iav is the averaged lifetimes observed determined on at 
least 3 different spots) 

Lifetimes (T / ns) 

xav (platinum) Tav(gold) 

bpy2RubpyC4S(CO)Me 3 7 

bpy2Rubpy(C4S(CO)Me)2 4 8 

bpy2RubpyC7S(CO)Me 3.5 6 

bpy2Rubpy(C7S(CO)Me)2 4 7 

component (200 ps). The latter component was then attributed to the laser light reflected by 

the metallic surfaces because of identical results when the measurements were performed on a 

bare platinum surface. The 3-4 ns component (T) can be attributed to the ruthenium complexes 

present on the surface indicating that quenching occurs in such an assembly. Furthermore, 

similar measurements on a gold surface also revealed two components, with one arising from 

the bare surface and the second attributable to the attached ruthenium center. On this surface, 

lifetimes of around 6 ns were found, which are substantially longer than observed on 

platinum. To prove that the complexes were covalently linked to the surfaces via the thiol 

functionality, several attempts were made to adsorb Ru(bpy)3
2+ on the metallic surfaces but no 

coverage was detected. Therefore, to obtain a lifetime reference value (T()), the emissive 

lifetime of ruthenium trisbipyridine powder on glass was detected (180 ns). Based on the 

difference in lifetime, between the complexes on gold and glass, we can conclude that 

energy/electron transfer from the ruthenium center to the gold surface does occur, with a 

relatively slow rate constant. The rate keT can be calculated by:[431 

keT
 = 1/X - 1 /l() 

yielding a transfer rate constant of 2.8 x 108s"' on platinum and 1.7 x 108s~' on gold. This 

rate constant has to be seen in the light of the structure of the complexes on the surfaces, 

which is dominated by island formation. 
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Figure 6. Confocal microscopic images of bpy2RubpyC7SH on gold surface with increasing the highlight (10 
urn by 10 u.m), obtained in defocus mode. 

In view of these results, we conclude that we observe an average energy transfer rate 

that is the combination of the rates in layers of different dimensions but still, the quenching 

noticed is high for both surfaces in comparison to ruthenium trisbipyridine powder deposited 

on a surface. 

6.3. Conclusions 

The electrochemical and photophysical properties of ruthenium(II)trisbipyridine 

complexes with pendant alkanethiol chains were determined in solution and anchored to metal 

surfaces. In solution, the photophysical and electroctrochemical behavior of the substituted 

ruthenium complexes are similar to those of Ru(bpy)3~\ 
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Contact angle measurements on the self assembled layers show that a hydrophilic 

surface is formed and electrochemistry indicates a surface coverage between 2 and 47 %, 

depending on the number of chains, their length and the type of surface. Confocal microscopy 

shows island formation and time resolved emission indicates an averaged life time of 4 ns on 

platinum and 6 ns on gold from which energy/electron transfer quenching rate constants were 

obtained (2.8 x 1 0 V and 1.7 x 10s s'\ respectively). 

It is clear that the lack of a good organization on the surfaces is an important issue for 

the use of such complexes in nanodevices. The assembly led to the quenching of the emission, 

however a strong correlation between the distance, the anchoring points and the emission 

lifetime was not observed. The shape, and perhaps the charge, of the complexes are likely to 

play an important role in the assembly process and an improved methodology must be 

envisaged to obtain a high surface coverage and a better quality of the adsorbed layer with 

this type of complex. 

6.4. Experimental part 

Cleaning of substrates and preparation of self assembled layers: Prior to use, ITO films on 

glass (Delta Technologies, Ltd., USA) were cleaned by sequential sonication (10 min) in 

water, absolute ethanol and propanol, and rinsed again with water just before use. Gold and 

platinum films (100 nm thick) were evaporated on glass using a 10 nm thick adhesive 

underlayer of chromium or titanium respectively. The films were cleaned in Piranha solution 

for 20 min, rinsed with water and ethanol and dried with N2 (CAUTION: Piranha solution can 

react violently with organic material and should be handled with extreme caution). Platinum 

disks were cleaned mechanically by polishing with 0.05 urn alumina (Buehler) on a polishing 

cloth (Buehler), rinsing with water and sonicating in water for 10 min. The electrodes were 

then placed in a hot concentrated nitric acid solution for 10 min. Finally, the electrodes were 

cycled between +1.8 and -0.8 V at 4 Vs"1 for 2 min in a 1 M sulfuric acid solution. 

For voltammetric measurements on self assembled layers, the ruthenium complexes were 

allowed to adsorb onto the electrode surfaces by immersing the clean substrates in 1 mM 

solutions of the ruthenium complexes in acetonitrile overnight. Next, the substrates were 

rinsed with acetonitrile and methanol to remove any physisorbed material after which they 

were finally dried with N2. 
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Contact angle measurements: Dynamic contact angle measurements were made with Milli-Q 

water under ambient conditions. Water drops (5 uL) were placed at five different spots on the 

substrate surface and the average of these measurements is reported. 

4-(4-Bromo-l-butyl)-4'-(methyl)-2,2'-bipyridine (bpyC4S(CO)Me) 

In a 100 mL Schlenk flask, distilled diisopropylamine (1.14 mL, 8.14 mmol) was 

added to dry THF (20 mL) under nitrogen. The solution was cooled to -68 °C and n-

butyllithium (6.51 mmol) was added dropwise. The resulting lithiumdiisopropylamine (LDA) 

solution was stirred at this temperature during one hour and was then allowed to reach room 

temperature. 

In a 250 mL flask, 4,4,-dimethyl-2,2'-bipyridine (1.00 g, 5.43 mmol) was solubilized 

in dry THF (100 mL). The solution was cooled to -68°C. Then, the above-prepared solution of 

LDA was added dropwise over a period of 30 min after which the solution was stirred for 

another 45 min. After this period the solution was allowed to reach room temperature. 

In a 500 mL flask (high dilution conditions), the above-prepared bipyridine solution 

was slowly added to a cooled solution (-68°C) of 1,6-dibromopropane (21.9 g, 108 mmol) in 

dry THF. The resulting solution was stirred for one hour and then allowed to reach room 

temperature. Finally, the solution was stirred at room temperature for 14 hours. 

The reaction was quenched with HBr 48% (5 mL) and the solution was concentrated 

under vacuum. The precipitate was filtered off and dissolved in water. Then, K2C03 was 

added until pH = 7 was reached. Finally, the aqueous layer was then extracted with 

chloroform, dried with MgS04 filtered and the solvent was evaporated under vacuum. 

Yield: 21% (M = 305.22 g mol"1, Cl5H|7N2Br), 'H-NMR (300 MHz; CD2C12): d (ppm) = 8.55 

(m, 2H), 8.25 (s, 2H), 7.14 (d,3J = 7.1 Hz, 2H), 3.40 (t, 3J = 6.9 Hz, 2H), 2.70 (t, 3J = 7.2 Hz, 

2H), 2.45 (s, 3H), 1.85 (m, 2H), 1.70 (m, 2H) 

4,4'-bis(4-Bromo-l-butyl)-2,2'-bipyridine (bpyG»(S(CO)Me)2) 

This ligand was synthesized as described elsewhere.'441 For crystal structure of the 

intermediates, see Figure 7 below and reference [45] 
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Overall yield: 4% (M = 424.01 g mol"1, C|8H22N:Br2), 'H-NMR (300 MHz; CDC13): d (ppm) 

= 8.56 (d, 2H), 8.25 (d, 2H), 7.15 (s, 2H), 3.44 (m, 4H), 2.75 (t, 4H), 1.95-1.80 (m, 8H) 

Figure 7. Crystal structure oHhpyCiBrh)1 

7-(7-Bromo-l-heptyl)-4'-(Methyl)-2,2'-bipyridine (bpyC7S(CO)Me)) 

In a 100 mL Schlenk flask, distilled diisopropylamine (1.9 mL, 16.4 mmol) was added 

to dry THF (30 mL) under nitrogen. The solution was cooled to -68 °C and w-butyllithium 

(5.26 mL, 13.1 mmol) was added dropwise. The resulting solution was stirred at this 

temperature over a period of one hour. The solution was allowed to come to room 

temperature. 

In a 250 mL round bottom flask, 4,4'-dimethyl-2,2'-bipyridine (2.02 g, 11.0 mmol) 

was solubilized in dry THF (100 mL) and cooled to -68 °C. Then, the above-prepared solution 

of LDA was added dropwise over a period of 30 min after which the solution was stirred for 

another 45 min. Finally, the resulting solution was allowed to return to room temperature. 

In a flask of 500 mL, the above-prepared bipyridine solution was added to a cooled 

solution (-68°C) of 1,6-dibromohexane (53 g, 220 mmol) in dry THF. The resulting solution 

was stirred for one hour and allowed to return to room temperature. Finally, the solution was 

stirred at room temperature for 14 hours. 

The reaction was quenched with 10 mL of acidic water (1 mL HBr 48%) and the 

solution was concentrated under vacuum. Then, 40 mL of HBr 25 % was added after which 

the aqueous phase was extracted with chloroform. After evaporation of the chloroform, the 

remaining the oil was mixed with a small quantity of chloroform (or ether) and the precipitate 

was filtered off and washed with cold chloroform and ether. 

139 



Chapter 6 

The protonated bipyridine (2.1 g) was then solubilized in water and Na2C03 was 

added until neutrality was reached. The water was extracted with chloroform and the organic 

phase was evaporated giving a pinkish oil. This oil was dried under vacuum over night at 50 

°C giving a pinkish solid. 

Yield : 34% (M = 347.30 g mol1, C,8H23N2Br); ES1-MS (m/z): 347.11, 'H-NMR (300 MHz; 

CD2C12): d (ppm) = 8.55 (m, 2H), 8.25 (s, 2H), 7.14 (d, 3J = 7.1 Hz, 2H), 3.40 (t, 'J = 6.9 Hz, 

2H), 2.70 (t, 3J = 7.2 Hz, 2H), 2.45 (s, 3H), 1.85 (m, 4H), 1.70 (m, 4H), 1.40-1.35 (m, 12H) 

7,7'-bis(7-Bromo-l-heptyl)-2,2'-bipyridine (bpyC7(S(CO)Me)2)2 

In a 100 mL Schlenk flask, distilled diisopropylamine (3.8 mL, 32.8 mmol) was added 

to dry THF (30 mL). The solution was cooled to -68°C. n-Butyllithium (10.52 mL, 26.2 

mmol) was added dropwise. Then, the solution was stirred over a period of one hour and 

allowed to reach room temperature. 

In a 250 mL flask, 4,4'-dimethyl-2,2'-bipyridine (2.00 g, 10.9 mmol) was solubilized 

in dry THF (100 mL) and cooled to -68°C. Then, the freshly prepared LDA solution was 

added dropwise over a period of 30 min after which the solution was stirred for another 45 

min. After this period the solution was allowed to reach room temperature. 

In a 500 mL flask, the above-prepared bipyridine solution was added to a cooled 

solution (-68°C) of 1,6-dibromohexane (53 g, 220 mmol) in dry THF. After stiring for one 

hour at -68° the solution was allowed to reach room temperature where it was stirred for 

another 14 hours. The reaction was quenched with lOmL of acidic water (1 mL HBr 48%) 

and the solution was concentrated under vacuum. After the removal of THF under vacuum, 

water (50 mL) was added and the aqueous phase was extracted with chloroform. The 

chloroform was evaporated and the resulting pinkish oil was purified by chromatography on 

silica using a dichloromethane/ethyl acetate (7:1) as eluent. Finally, the solid was dried at 

40°C under vacuum for one night. 

Yield: 52% (M= 510.36 g mof', C24H34N2Br2), 'H-NMR (300 MHz; CD2C12): d (ppm) = 8.55 

(m, 2H), 8.26 (s, 2H), 7.14 (d, 3J = 7.1Hz, 2H), 3.41 (t, 3J = 6.9Hz, 2H), 2.72 (t, 3J = 7.5Hz, 

2H), 1.85 (m,2H), 1.71 (m, 2H), 1.42-1.34 (m, 6H) 
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General way to prepare ruthenium complexes : 

A solution of [Ru(bpy):Cl:] (1 equivalent) and bromoalkylbipyridine (1.05 equivalent) 

in DMF was degassed and then heated at 90 °C for 100 hours under nitrogen. 

After this period, the DMF was removed under vacuum via azeotropic distillation with 

toluene. The remaining solid was solubilized in water and washed multiple times with 

chloroform. The water layer was then concentrated and the compound was precipitated with 

ammonium hexafluorophosphate. The compound was purified by column chromatography on 

silica gel using acetonitrile/water/methanol/sodium chloride 4:1:1:0.1 as eluent. After removal 

of the organic solvents, the product was precipitated from the remaining water phase by 

adding ammonium hexafluorophosphate. The precipitate was filtered off over celite, washed 

with water and dried with ether. The product was re-extracted from celite by addition of 

acetonitrile. 

The product was dried at 50 °C under vacuum over night. 

bpy2RubpyC4Br Yield : 28% (M = 1008.59 g mol ' , CssHfeNeBrRiri^Fn), 'H-NMR (300 

MHz; CD3CN): c (ppm) = 8.52-8.49 (d, 3J = 8.4 Hz, 4H), 8.41 (s, 1H), 8.39 (s, 1H), 8.10-8.03 

(m, 4H), 7.75-7.73 (d, 3J = 5.4 Hz, 4H), 7.61-7.54 (m, 2H), 7.44-7.36 (m, 4H), 7.27-7.24 (m, 

2H), 3.66-3.62 (m, 2H), 2.87-2.74 (t, 'J = 5.1 Hz, 2H), 2.57 (s, 3H), 1.85 (m, 4H). 

bpy2Rubpy(C4Br)2 Yield: 31% (M = 1129.57 g mof', C^HsgNeBrzRuP.Fn), 'H-NMR (300 

MHz; CD3CN): d (ppm) = 8.52-8.49 (d, 3J = 8.4 Hz, 4H), 8.41 (s, 1H), 8.39 (s, 1H), 8.10-8.03 

(m, 4H), 7.75-7.73 (d, 3J = 5.1 Hz, 4H), 7.61-7.54 (m, 2H), 7.44-7.36 (m, 4H), 7.27-7.24 (m, 

2H), 3.66-3.62 (m, 4H), 2.87-2.74 (m, 4H), 1.85 (m, 8H). 

bpy2RubpyC7Br Yield: 37% (M = 1050.67 g mol ' , CjsH^NéBrRuPzFu), 'H-NMR (300 

MHz; CD3CN): 8 (ppm) = 8.52-8.49 (d, 3J = 8.4 Hz, 4H), 8.40 (s, 1H), 8.35 (s, 1H), 8.10-8.03 

(t, 3J = 5.1 Hz, 4H), 7.75-7.73 (d, 3J = 5.1 Hz, 4H), 7.61-7.54 (dd, 3J = 5.7 Hz, 2H), 7.44-7.36 

(dd, 3J = 6.3 Hz, 4J = 1.5 Hz, 4H), 7.25-7.23 (d, 'J = 6.3 Hz, 2H), 3.62-3.59 (t, 3J = 7.2 Hz, 

2H), 2.83-2.78 (t, 3J = 6.9 Hz, 2H), 2.55 (s, 3H), 1.72 (m, 2H), 1.54 (m, 2H), 1.39 (m, 6H). 

bpy2Rubpy(C7Br)2 Yield: 22% (M = 1213.73 g mol"1, C44H5oN6Br2RuP2F,2), 'H-NMR (300 

MHz; CD3CN): d (ppm) = 8.51-8.48 (d, 3J = 8.4 Hz, 4H), 8.40 (s, 1H), 8.36 (s, 1H), 8.12-8.02 

(t, 3J = 5.1 Hz, 4H), 7.76-7.73 (d, \J = 5.1 Hz, 4H), 7.61-7.54 (d, 3J = 5.7 Hz, 2H), 7.44-7.36 

(d, 3J = 6.6 Hz, 4H), 7.25-7.23 (d, 3J = 6.3 Hz, 2H), 3.62-3.59 (t, 3J = 7.2 Hz, 4H), 2.83-2.77 

(t, 3J = 7.2 Hz, 4H), 1.70 (m, 4H), 1.55 (m, 4H), 1.39 (m, 12H). 
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General procedure to prepare thioacetate ruthenium complexes: 

The bromoalkyl ruthenium complex (about 80 mg) and Amberlyte (bearing thioacetic 

acid as functional groups) (500 mg) in acetone (30mL) were stirred at room temperature for 4 

days. After this period, the Amberlyte was filtered off and the acetone was evaporated. This 

operation was repeated 4 times with Amberlyte® and acetone being freshly added after each 

step. After the fourth cycle, the solid was dissolved into acetonitrile/water/methanol/sodium 

chloride 4:1:1:0.1. The acetonitrile and the methanol were evaporated. Finally, ammonium 

hexafluorophosphate was added to precipitate the ruthenium complex from the remaining 

water phase. The orange solid was filtered off over celite, washed with water, dried with ether 

and re-extracted with acetonitrile. After evaporation of acetonitrile, the resulting product was 

dried under vacuum over night. 

bpy2RubpyC4S(CO)Me Yield: 60% (M = 1003.80 g mol ' , C40H52Nf,SORuP2Fl2), ESI-MS 

(m/z) : 858.77 (M - PF6) (M - PF6), 356.86 (M - 2 PF6), (M - PF6), 358.37 (M - 2 PF6), HR-

MS: 358.9282 (M - 2 PF6), 'H-NMR (300 MHz; CD3CN): d (ppm) = 8.52-8.49 (d, 3J = 8.4 

Hz, 4H), 8.40 (s, 1H), 8.37 (s, 1H), 8.10-8.03 (t, 3J = 7.8 Hz, 4H), 7.75-7.73 (d, 3J = 4.8 Hz, 

4H), 7.61-7.54 (dd, 3J = 5.7 Hz, 2H), 7.44-7.36 (dd, 3J = 6.3 Hz, 4J = 1.5 Hz, 4H), 7.25-7.23 

(d, 3J = 6.3Hz, 2H), 2.86-2.78 (t, 3J = 6.9 Hz, 4H), 2.55 (s, 3H), 2.28 (s, 3H), 1.80 (m, 2H), 

1.56 (m, 2H), 1.39 (m,6H). 

bpy2Rubpy(C4S(CO)Me)2 Yield: 82% (M = 1119.97 g mol ' , C42H44N6S202RuP2F|2), ESI-

MS (m/z): 975.16 (M - PF6), 415.11 ( M - 2 PF6), HR-MS: 415.10026 (M - 2 PF6), 'H-NMR 

(300 MHz; CD3CN): d (ppm) = 8.52-8.50 (d, 3J = 8.4 Hz, 4H), 8.40 (s, 2H), 8.10-8.03 (m, 

4H), 7.75-7.73 (d, 3J = 5.7 Hz, 4H), 7.61-7.54 (d, 3J = 5.7 Hz, 2H), 7.46-7.36 (m, 4H), 7.26-

7.23 (m, 2H), 2.93-2.81 (m, 8H), 1.72 (m, 4H), 1.64 (m, 4H), 2.31 (s, 6H). 

bpy2RubpyC7S(CO)Me Yield: 86% (M = 1045.88 g mol"', C40H52N6SORuP2Fi2), ESI-MS 

(m/z) : 901.18 (M - PF6), 378.11 (M - 2 PF6), HR-MS: 378.10953 ( M - 2 PF6), 'H-NMR (300 

MHz; CD3CN) : d (ppm) = 8.52-8.49 (d, 3J = 8.4 Hz, 4H), 8.40 (s, 1H), 8.35 (s, 1H), 8.10-

8.03 (t, 3J = 5.1 Hz, 4H), 7.75-7.73 (d, 3J = 5.1 Hz, 4H), 7.61-7.54 (dd, 3J = 5.7 Hz, 2H), 7.44-

7.36 (dd, 3J = 6.3 Hz, 4J = 1.5 Hz, 4H), 7.25-7.23 (d, 3J = 6.3 Hz, 2H), 2.86-2.78 (t, 3J = 6.9 

Hz, 4H), 2.55 (s, 3H), 2.28 (s, 3H), 1.72 (m, 2H), 1.54 (m, 4H), 1.39 (m, 6H). 
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bpy2Rubpy(C7S(CO)Me)2 Yield: 55.6 % (M = 1204.13 g mol"1, C48H56N6S202RuP2Fi2), ESI 

(m/z) : 1059.17 (M - PF6), 457.14716 (M - 2 PF6), HR-MS: 415.10026 (M - 2 PF6), 'H-NMR 

(300 MHz; CD3CN) : 8 (ppm) = 8.53-8.48 (d, 3J = 8.4 Hz, 4H), 8.39 (s, 1H), 8.35 (s, 1H), 

8.10-8.03 (t, 3J = 5.1 Hz, 4H), 7.75-7.73 (d, 3J = 5.1 Hz, 4H), 7.60-7.54 (dd, 3J = 5.7 Hz, 2H), 

7.44-7.34 (d, 3J = 6.6 Hz, 4H), 7.24-7.22 (d, 3J = 6.6 Hz, 2H), 2.92-2.79 (m, 8H), 2.28 (s, 6H), 

1.72 (m, 4H), 1.54 (m, 4H), 1.39 (m, 12H). 

General procedure for the thiol deprotection in the ruthenium complexes. 

In a 50 rtiL flask, the protected thiol-ruthenium complex was solubilized into DMF. 

The solution was degassed, hydrazine (1.5 Eq) was added and the reaction was stirred for 1 

hour at room temperature. The solution was neutralized adding acetic acid. The solution of 

DMF was then poured into a solution of ammonium hexafluorophosphate in water. The 

orange solid was filtered off over celite, wash with water, dried with ether and re-extracted 

with acetonitrile. Note that the deprotection is done just immediately prior the measurements. 
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Chapter 7 

Oligothia dendrimers for the controlled formation of gold nanoparticles 

Abstract 

The synthesis, characterization, X-ray analysis of oligothia dendrimers and their use for the 

formation of gold nanoparticles is described. The role played by these dendrimers, in 

controlling the stability and size of the particles, is discussed. It is shown that the generation 

of the dendrimers as well as the position of the sulfur atoms in the dendritic structure (S(,G1 

and S9GI) lead to different formation and reactivity of the nanoparticles. UV/visible 

spectroscopy, H-NMR spectrometry and high resolution TEM has been employed for the 

characterization of the nanoparticles. Furthermore, purification by soxhlet extraction has 

been performed. 

* A. D'Aléo, R. M. Williams, F. Osswald, P. Edamana, U. Hahn, J. van Heyst, F. D. 
Tichelaar, F. Vögtle, L. De Cola. Adv. Funct. Mat, 2004, 14 (12), 1167-1177. 



Chapter 7 

1.\ Introduction 

The pioneering work of Schmid et al. and of Brust et a/.'2"41 has introduced a 

fascinating route to prepare and use small well-defined clusters of gold atoms as normal 

chemical compounds to build new structures in the nano-world. Even though many synthetic 

ways have been provided to form and stabilize these nanoparticles so far no general 

strategies have been developed. Only few scattered examples, to create and control the size 

and functionalization of the nano-clusters, using the binding and the interactions with organic 

molecules have been reported'8'16'. In order to achieve such goals, sulfur, nitrogen or 

phosphorous containing molecules with an appropriate structure for organization have been 

used.'17"'9' As for metal ions, the possibility to use multi-binding ligands in order to increase 

the stability and extended branched molecules is an interesting approach to achieve some 

control, growth and functionalization of nanoparticles. Several groups have worked on this 

topic by employing amido-(or amino-) dendrimers where the coordinating nitrogens stabilize 

the gold clusters.'5'20"22' Also dendrons with a free thiol group have been described.' "' 4' The 

use of oligo-branched molecules has the advantage to protect the gold nanoparticle as well as 

to introduce solubilizing groups and different functionalities. The interest in the use of 

dendrimers for the stabilization and size control of nanoparticles can be easily understood by 

the intrinsic properties of these complex structures such as their branched nature that allows 

the positioning of coordinating atoms in desired places, their nanosize dimension controllable 

with the different generation, their multiple possible functionalization leading to new 

chemical and physical properties.' ' It has recently been shown that depending upon the 

dendrimer generation, the stabilized nanoparticles can have different sizes, dispersity' '' and 

properties.'34' The branches of the dendrimers are important as well because they might create 

a site isolation effect. In fact, for different dendrimers, the free space available between the 

branches (that can be used to incorporate nanoparticles) varies following the dendrimer's 

shape and generation. It has been shown that nanoparticles could be encapsulated in a cavity 

where they will be isolated from other nanoparticles.'21' Furthermore, dendrimers offer 

possibilities to act as a scaffold for the attachment of numerous functional groups to gold 

nanoparticles. Such functionalization may broaden the application of gold nano-structures in 

the fields of biomedicine,'35"381 catalysis'21'39"41' or electronics.'42'43' 

To our knowledge, only few reports on the use of dendrimers containing sulfur as a 

suitable core, have been published.'44' 45' However, the use of disulfide as a core leads to the 

decomposition of the S-S bond into thiolates in presence of a metal, resulting in the equivalent 
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of thiol dendrons.'451 The presence of organyl sulfide (thioether) functions'46' 47' implemented 

inside the dendritic structure, would result in a new approach to control the growth, the size 

and functionalization of nanoclusters. 

Here, we report on the preparation and on the use of oligothia dendrimers for the 

controlled formation of gold clusters. Comparison is made with two reference compounds that 

contain the same number of sulfur atoms, but are not dendritic structures. Synthesis, structure, 

particle formation, purification, characterization and relative stability of different ligand 

stabilized gold nanoparticles are described. 

7.2 Results and discussion 

One of the major challenges in the nanoclusters field is the possibility to control the 

size, the stability and the monodispersity of metal and semiconductive nanoparticles. In order 

to be able to reach a general strategy for the formation and selective functionalization of the 

nanoparticle, it is important to determine the effect of the chemical structure of the ligands 

that promote the formation or that are necessary for their stabilization. To rationalize several 

parameters such as the nature of the sulfur atom that will interact with the Au atoms, number 

of anchoring groups per molecule of ligand, size of the stabilizing ligand, we have 

synthesized, investigated and compared several sulfur containing molecules. All the 

investigated compounds and their abbreviations are depicted in Figure 1. 

W Dend3S SH6 MS6 

Figure 1. Schematic formulas of the investigated compounds 
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Three of the ligands are dendritic structures, two of the same family, SÖGO, SÖGI, 

containing the sulfur atoms only in the core, and S9GI in which the sulfurs are also in the 

branches. The two reference systems, SHé and MS6, containing the same number of sulfur 

atoms (six) arranged in a non-branched type structure have also been investigated and 

compared with the denritic species. All these molecules have been synthesized, characterized, 

and employed as templates for the formation of gold nanoparticles. 

7.2.1 Synthesis of the ligands and nanoparticle formation 

The synthesis of the oligothia core (SH6), of the dendrimers was performed as 

described before'48"501 (see also experimental part). The core for S6G0, and S6G1 is composed 

of a central benzene ring which is functionalized with six methylenethiol groups. The sulfur 

atoms are not in the same plane as the central benzene ring but are alternately above and 

below the plane of the ring. The presence of a methylene spacer between the benzene rings 

and the sulfur atoms is inducing a bent geometry since direct connection to the benzene ring 

would result in a flat core which could not be ideal to stabilize nanoparticles. The methylene 

group is also indispensable in order to have the possibility to introduce the rigid bulky 

branches of the dendrimer and confer a different acidity to the sulfur atom than an aromatic 

unit. 

Figure 2. Synthetic scheme for the preparation of S6G0 and S6G1. 
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S6GO was prepared by adding benzylbromide to SH6 using sodium(O) as a base 

(Figure 2). This dendrimer, present in solution in different conformations, has in the extended 

flat representation, from the extremities of two opposite phenyl, an estimated distance of 2.2 

nm, and an average size of about 1.5 nm in the conformation where the six sulfur atoms are 

on the same side of the benzene ring. The distance is 3.0 nm in the conformation where three 

sulfur atoms (atoms 1, 3, 5) are on top of the benzyl plane and the three others (atoms 2, 4, 6) 

are below the plane. This conformation has been proven in solid state by X-ray analysis'49,5 ' 

(see Figure 3). 

Figure 3. Crystal structure of S6G0 

The coupling of SHÖ with Fréchet-type-dendrons Gl was performed under the same 

conditions as for SÖGO and gave SÓGI (see Figure 4). 

The average size for the extended conformation of SÖGI being 2.8 nm while in the 

bent structure the size is roughly 2.1 nm. The synthesis of S9G1 was carried out analogously 

to S6Gn (Gn = GO and Gl ) , using a different dendron and a tris substituted benzene ring (see 

Figure 3 and experimental part). S9GI is composed of only three dendritic branches but each 

contains three sulfur atoms. This dendrimer is less crowded than S6G1 and, while in S6G1, 

every sulfur atom is connected to two sp3 carbons, every sulfur atom in S9G1 is connected to 

one sp3 carbon (benzylic fragment) and one sp2 carbon (phenyl carbon). Such a difference in 

the chemical structure is relevant since it is known that thiol groups connected to a benzylic 

carbon are more acidic, than those connected to phenyl systems. Therefore, the strength of the 

binding of the sulfur group to gold is related to the nature of the substituent on the sulfur. In 

the case of gold nanoparticle formation, one should expect a different stability related to the 
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chemical nature of the sulfur containing structure, being more stable with benzylic sulfur 

derivatives. We have in fact noticed that the commercially available 

hexakis(thiobenzyl (benzene does not stabilize the formation of nanoparticles. 

All the nanoparticles were prepared following Brust's synthesis'21. They were 

precipitated three times in ethanol in order to purify them before the measurements. 

Furthermore, using the method reported recently by Schiffrin et al.l5i\ the nanoparticles were 

purified using a soxhlet extraction to eliminate all organic impurities. We have compared the 

purity of the particles before and after soxhlet extraction (vide infra). The general preparation 

of the clusters involves the use of one equivalent of gold (hydrogen tetrachloroaurate) for one 

equivalent of sulfur atoms (for more details see experimental part). 

Figure 4. Synthetic scheme for the preparation of Dend,S and S9G1. 

The gold stabilized nanoparticles, Au/S6Gn and Au/S6G1, have been characterized by 

UV/visible spectroscopy, 'H-NMR spectrometry and high resolution transmission electron 

microscopy (HR-TEM) before and after soxhlet extraction. 

7.2.2 UV/visible absorption spectroscopy 

UV/visible absorption spectra have been recorded for all the compounds in toluene at 

room temperature. The spectra of Au/S6G0 and Au/S6G1 (see Figure 5) were compared with 

the bare nanoparticles (nanoparticles stabilized by tetraoctylammonium bromide'^21 
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Au/TOAB) and with particles obtained in the same conditions with dodecanethiol 

(An/CnSH). 

0.15 -

S 0.10 

1 
I 

0.05 

0.00 -

Au/TOAB 

Au/C,2SH 

Au/S„G0 

i i i r~ 
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Figure 5. Absorption spectra in toluene of Au/S6G0, Au/S6G1, Au/CnSH and Au/TOAB. 

Before soxhlet extraction, the absorption spectra show a clear band at 520 nm (which 

intensity and position is indicative of the size of the particles) attributed to the surface 

plasmon resonance of the gold.'53' 54] It can be seen that for the non-stabilized particles, 

Au/TOAB, this band has a high intensity, while for the Au/S6G0 and Au/S6G1, the intensity 

depends on the dendrimer used and it is much lower than for the bare nanoparticles. 

400 600 800 

Wavelength (nm) 

1000 

Figure 6. Comparison of the absorption spectra of Au/S6G1 and Au/S^Gl 
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Such important result suggests that the size of the gold clusters is dependant on the 

generation of the dendrimers. In particular, SÖGO leads to particles (AU/SÖGO) smaller than 

those obtained with dodecanethiol (Au/CuSH). The particles obtained using S6G1 as 

template (Au/S6G1) are on the other hand larger than Au/S6G0 but smaller than the non-

stabilized ones (Au/TOAB). For S6G1, it is also possible to detect an absorption at about 300 

nm characteristic of the 71-71* transition of the methoxybenzenes moities of the dendritic 

structure. The two dendrimers have an influence not only on the size of the particles but also 

on their stability. In fact, the Au/S6G0 adduct is much less stable than Au/S6G1 in the same 

experimental conditions. The use of the S6G1 dendrimer leads to clusters that can be stable 

for months in solution. Interestingly, the attempt to wash the nanoparticles by soxhlet 

extraction was not successful despite that the nanoparticles are not soluble in the extracting 

solvent. This proves that TOAB is indispensable to the stabilization and isolation of AU/SÖGI 

(see also NMR section). 

A similar spectroscopic behaviour is observed for the other dendritic structure S9GI. 

The nanoparticles formed by reaction with S9G1 (A11/S9GI) have an absorption spectrum 

shown in Figure 6 where a comparison with the analogous Au/SéGl is made. The absorption 

at 520 nm is weaker than that of Au/S6G1 suggesting that the average size of such 

nanoparticles is smaller than the Au/S6G1. It is interesting to notice that after soxhlet 

extraction the absorption of the S9GI is identical to that without soxhlet purification. 

We can therefore conclude that the size and the stability of the gold clusters are related 

to the dendrimer generation and indeed to the branched shape of the template molecules. The 

absence of any further absorption, at low energy (700 nm), suggests that no clustering of 

particles nor the presence of two nanoparticles trapped by one dendrimer molecule is 

possible'55'. In order to gain insight into the role of multiple sulfur binding sites within the 

same molecule, two other molecules containing six sulfur atoms (SH(, and MSÖ) have been 

prepared and investigated. The SH6 forms nanoparticles but also larger aggregates, observed 

in the UV/visible spectrum as a broad band extending up to 700 nm. After precipitation of the 

larger clusters, the soluble phase was isolated and re-dissolved in toluene. The absorption 

spectrum of the solution shows that the low energy band disappears and the typical band of 

the gold cluster around 520 nm remains. Purification with soxhlet techniques was not possible 

due to the extremely high solubility of the nanoparticles. It is interesting to notice that even 

though the SH6 is the bare core of the SÖGI, having the same number of sulfur atoms in the 

same geometric configuration, it behaves very differently because of the lack of the branching 

effect. 
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In the case of MSÖ, no nanoparticle formation was observed. As already mentioned the 

weak binding of the aromatic thiols does not provide enough stabilization of the gold 

nanoclusters. 

Further evidences of the involvements of the branches and of the binding of 

dendrimers on gold came from 'H-NMR measurements and HR-TEM. 

7.2.3 'H-NMR analysis. 

The ' H-NMR spectra performed in deuterated toluene or dichloromethane provided 

some information on the interacting groups of the dendritic structures and on the presence of 

TOAB. Comparison between the free dendritic structures and the Au/S„Gn reveals a general 

broadening of the proton signals after formation of the nanoparticles in solution. This effect is 

well known for alkane thiols (especially for the protons in a, (3 and y position of the thiol 
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Figure 7. 'H-NMR of S6G1 bottom, and Au/S6G1 top, in deuterated toluene. 

groups) [56, 57] and it is indicative of the proximity and interactions of these protons with the 

nanoparticles. In all the Au/dendritic structures, the signals of the protons in close proximity 

to the Au surface broadens and, in some cases, split up into more signals. In particular for the 
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dendrimer SéGl (see Figure 7), in deuterated toluene, upon formation of the nanoparticles, all 

the signals broaden as effect of a global interaction of each group with the Au surface. The 

aromatic region cannot be explored in detail because of the solvent employed. The integration 

of the spectrum reveals the presence in average of 23 molecules of TOAB per dendrimer. It is 

interesting to notice that despite the stability of the Au/S6G1 in toluene, in dichloromethane 

the particles are stable only for less than one hour. Such behavior could be related to the 

presence of a large quantity of TOAB still present after the formation of the nanocluster or to 

the acidity of the dichloromethane. 
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Figure 8. 'H-NMR of S9G1 bottom, and Au/S9G1 top. in deuterated dichloromethane. 

In the case of S9GI, in deuterated dichloromethane, we can observe that all the H-

NMR signals are broadened except the peak due to the protons of the methylene group 

between the central benzene ring and the sulfur atoms in the inner shell (peak e, figure 8). 

Comparison with the free S9GI clearly indicates that these groups are further from the 

nanoparticle than all the other protons. This can be interpreted with the assumption that the 

dendrimers are acting like an "octopus" (the arms of the dendrimers serving as tentacles) 

trapping the nanoparticles. Therefore the groups close to the core, being bent to "grab" the 
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nanoparticles, are not in contact with the gold atoms. Also in this case, some residual 

stabilizing agent is present but only three TOAB per S9GI moiety have been found. 

The 'H-NMR of A U / S H 6 in deuterated toluene shows that the initial singlet (CH2SH) 

in chloroform splits into a quartet-like feature. This suggests that more than one arm is in 

close contact to the gold, as expected for different CH2SH groups complexing the same 

nanoparticle. This NMR spectrum also reveals that the proton resonance of the SH is very 

broadened (from 5.1 to 5.9 ppm). This broadening is indicative of a strong interaction 

between the thiol group and the gold (type hydrogen bond). For this small molecule an 

average of 117 ammonium bromides (TOAB) were found per SH6 molecule. 

These nanoparticles were re-dissolvable in all organic solvents (ethanol, acetone, 

dichloromethane, toluene). 

7.2.4 High Resolution Transmission Electron Microscopy, HR-TEM 

HR-TEM measurements were performed on freshly made stabilized nanoparticles 

using the dendritic structures as templates. The diameters of more than one hundred 

nanoparticles were measured for each Au/Ligand isolated. 

Figure 9. HR-TEM pictures of the AU/SÖGI particles, their size distribution, and the 
schematic formula of the dendrimer used to form the nanoparticle. 
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The HR-TEM measurements show that the Au/S6G1 particles are present in two sizes 

of about 1.8 ± 0.6 nm, and about 3.2 ± 0.2 nm (Figure 9). The measurements also suggest that 

for the two populations, the dispersity is not the same, indicating that the largest particles 

possess the highest stability and are the most favourably formed. As already mentioned, the 

size of this dendrimer is 2.1 nm and, therefore, it is reasonable to think that in the case of the 

3.2 nm particles two (or more) dendritic structures can template the formation of one particle. 

For the smaller particles most probably only one dendrimer can interact with the gold 

assuming that all the branches are wrapped around the particle, and the rest of the particle is 

covered with TOAB (see Figure 10). 

Figure 10. Cartoon-type representation of S6G1 on the nanoparticle. The size of the 
molecule and of the particle are on real scale. 

We realize that this is a very simplistic view and only one of the several possible 

conformations that the dendrimer can have in the formation of the gold nanoparticles 

(Figure 10). However, the NMR spectra also support such a bent conformation of the 

dendrimer on the gold since all the protons of the branches are broadened (see previous 

section). From the NMR data, it is also clear that tetraoctylammonium bromide (TOAB), 

needed for the formation of the nanoparticles, is still present after the precipitations and can 

therefore fill the surface of the gold nanoparticle that is not covered by the dendrimer. 
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The same results were obtained with different stoichiometries of dendrimer (sulfur 

atom) per gold atom confirming that the chemical structure of the template is determining the 

size and stability of the nanoparticles. 

The gold nanocluster obtained with the dendrimer S6G0, reveals, after two 

precipitations, a size of 2.8±l.lnm, with a higher polydispersity than Au/S6G1. Furthermore, 

the nanoparticles obtained with the smallest dendrimer are less stable, decomposing after 2 

days in solution. If the synthesis of the nanoparticles is performed using 2 equivalents of gold 

per sulfur, the same kind of size and distribution are found suggesting that independently on 

the amount of gold employed, the precipitated nanoparticles have the same characteristics. 

These nanoparticle sizes (for AU/SÖGI and AU/SÖGO) are in perfect agreement with 

the UV/Vis absorption spectra (see figure 5): the 2.8 nm diameter nanoparticles (S6G0) being 

smaller than the 3.2 nm diameter nanoparticles (S6G1). We can clearly state that it is not only 

the number of sulfurs that plays a major role in stabilising the nanoparticles. In fact for SHÖ, 

possessing the same number of S atoms than the SöGn dendrimers very few stable particles 

could be isolated with an average size of 3.0 ± 1.2 nm. 

The gold nanoparticles obtained employing the S9GI dendrimer, are shown in Figure 

11. 

I 2 1-2S 2 6-3 0 3 1-3.5 3.6-« 0 

Size distribution (nm) 

Figure 11. HR-TEM pictures of the A11/S9GI particles, their size distribution, and the schematic formula 
of the dendrimer used to form the nanoparticle. 
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They have a rather high polydispersity and a range of sizes between 1.2 and 3.1 nm 

with an average size of 1.9 nm. Soxhlet extraction improved the size distribution ratio in 

favour of the particle with an average size of 1.9 nm. The stability of these clusters is 

remarkable and no decomposition has been observed even after several months in solution. 

Also in this case, the ratio between the sulfur and gold atoms used for the formation of the 

particles was irrelevant and the same results were obtained even with 10 equivalents of gold 

per sulfur atom. This once again demonstrates that there is a specific stabilization of gold 

clusters by the dendrimers. In order to fully understand the dendritic effect, preparation of 

gold nanoparticles stabilized by the dendron DendjS (dendron used for the synthesis of S9GI. 

see figure 3) has been performed. The results show that it is indeed possible to synthesize and 

purify stable gold particles with this compound. The size of these clusters using a 1:1 

stoichiometry is about 2.4 ± 0.3 nm and they have a quite good monodispersity. Interestingly 

changing the ratio between dendrons and gold, 0.33 equivalent of gold per sulfur atom, led to 

the formation of smaller particles, 1.8 ± 0.3 nm. Furthermore the stability of Au/DendjS is 

comparable to the one of alkanethiol stabilizing nanoparticles. 

Finally to prove the integrity of the dendritic structures also after formation of the gold 

nanoparticles, a comparison with the clusters obtained with benzylthiol and 3,5-

bis(benzyloxy)benzylthiol, dendrons of Ŝ GO and SÖGI respectively,' 4 '5 ' have been made. 

The average sizes for these stabilized nanoparticles are about 3.1 nm (3S:lAu)'" ' and 2.4 -

3.0 nm,'24' respectively. Besides the different size and stability of the particles, we can 

certainly exclude that bond breaking occurs (producing the same Au/dendrons described 

above) in the dendrimers since no shift in the 'H-NMR for the (Au/dendrimers) 

nanoparticles has been observed (see previous section). 

The surprising stabilization induced by the thioether of the dendrimers is in strong 

disagreement with the poor stabilization of the thioether vs. thiol for the formation of Au 

particles. We believe that the weaker interaction of the sulfur-ether atoms with the gold is 

partly compensated by the multiple-sites binding (kinetic stabilization). Furthermore 

contribution to the stability could come from the electron rich phenyl groups lying on the 

surface of the nanoparticles (strong electron acceptor). 

7.3 Conclusions 

We have described the syntheses and characterization of dendritic sulfur containg 

structures and their use as templates for the formation of gold nanoparticles. A comparison 
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with simpler molecules to understand the role played by the nature of the sulfur atoms, the 

effect played by the branches of the dendritic architectures and the generation dependence on 

the size and stabilization of the particles was made. The results show that the use of dendritic 

structures is of particular interest since the size and stability of the gold clusters depend on the 

generation of the dendrimers. The multiple sites binding, 6 or 9 sulfur atoms that are arranged 

in a desired fashion, is not the only determining factor to favour the formation of the gold 

nanoparticles. The branches and the nature of the groups connected with the sulfur play in fact 

a crucial role for the stability and solubility of the metal clusters. The kind of stabilization 

involved can be compared to that obtained with alkanethiol with the advantage that the 

thickness of the shell around the particle is much lower. 

The results obtained indicate that dendrimers can be used as a powerful tool to create 

nano-objects with desired size, and therefore electronic properties, and their peripheral 

functionalization could lead to a valuable approach to control the assembly of multiple 

particles. 

7.4 Experimental part 

Nanoparticle synthesis: Tetrachloroaurate hydride (n equivalents; where n is the number of 

sulfur atoms contained by one ligand) was dissolved in de-ionized water. When the stirred 

solution became lightly yellow, a solution of tetraoctylammonium bromide (4n equivalents) in 

toluene was added. The solution was vigorously stirred until all the gold was transferred in the 

organic phase (the organic phase became red leaving the aqueous phase colorless) and then a 

solution of the sulfur containing ligand (1/n equivalent) in toluene was added, followed by the 

addition of a freshly prepared solution of sodium borohydride (12n equivalents) in water. The 

mixture turned black and was stirred for 3 h at rt. The biphasic solution was separated, the 

organic phase concentrated (to 3 ml), and a solid precipitated by adding ethanol (300 ml). The 

mixture was cooled at 4°C during 18 h and the precipitate filtered over celite. In order to 

purify the precipitate, the solid was redissolved in toluene and the above described procedure 

was repeated 3 times. The solid was dried and cleaned employing a soxhlet extraction (using 

acetone) for 15 h. 

1,2,3,4,5,6-Hexakis(mercaptomethyl)benzene'46'411' (SH<,): 

A suspension of 1,2,3,4,5,6-hexakis(bromomethyl)benzene (500 mg, 0.78 mmol) and 

thiourea (600 mg, 7.87 mmol) in dry ethanol (40 ml) was refluxed for 5 h. The arising 
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precipitate was filtered off and the solvent removed in vacuo. The residue was dissolved in 

aqueous NaOH (20 ml; 2N), and refluxed for 3 h. The solution was brought to pH 4 with 

diluted aqueous HC1. The arising precipitate was filtered and dried in vacuo, yielding 213 mg 

(77%) of an amorphous solid. 'H-NMR (250 MHz, CDC13): 8 (ppm) = 3.58 (s, 12 H, CH2); 
l3C-NMR (62.9 MHz, CDC13): 5 (ppm) = 21.8 (CH2), 137.3 (Ar-C); MS (EI): m/z (%) = 354 

(15) [M-H]+, 322 (2) [M-SH]+, 320 (12) [M-H-SH]+, 304 (15), 253 (80), 219 (100), 207 (95). 

1,2,3,4,5,6-Hexakis(benzylsulfanylmethyl)benzenef46-48} (S6G0): 

l,2,3,4,5,6-Hexakis(mercaptomethyl)benzene (60 mg, 0.17 mmol) was suspended in dry 

ethanol (20 ml) under argon atmosphere and sodium (50 mg, 2.17 mmol) was added. The 

suspension is stirred at rt for 15 min and then a solution of benzylbromide (0.12 ml, 1.00 

mmol) in dry toluene (20 ml) was added dropwise over a period of 3 h. The suspension was 

stirred for another 15 h and then water (50 ml) was added. The water phase was extracted five 

times with dichloromethane, the collected organic phase dried over Na2SC>4 and the solvent 

removed in vacuo. Purification by column chromatography (Si02, 2:1 

cyclohexane/dichloromethane) yielded 30 mg (21%) of a colourless solid; mp 142-143 °C; 

'H-NMR (400 MHz, CDCI3): 5 (ppm) = 3.26 (s, 12 H, CH2), 3.42 (s, 12 H, CH2) 7,14 -7.36 

(m, 30 H, Ph-H); 13C-NMR (100.6 MHz, CDCI3): 5 (ppm) = 30.3, 37.8 (CH2), 127.1, 128.5, 

129.4, 135.5, 138.9 (Ar-C); MS (FAB): m/z (%) = 893.3 [M-H]+ (3), 803.3 [M-PhCH2]
+ (12), 

771.2 [M-PhCH2S]+ (19), 679.2 [M-PhCH2S-PhCH2]
+ (6), 649.2 [M-(PhCH2S)2]

+ (3), [M-

(PhCH2S)2-PhCH2f (14), 341.0 (42), 309.1 (16), 251.0 (80), 219 (100). 

1,2,3,4,5,6-Hexakis[(3 ',5 '-bis(benzyloxy)benzyl)sulfanylmethyl]benzene (&^G\): 

l,2,3,4,5,6-Hexakis(mercaptomethyl)benzene (70 mg, 0.02 mmol) was suspended in dry 

ethanol (30 ml) under argon atmosphere and sodium (200 mg, 8.69 mmol) was added. The 

solution was stirred for 10 min at rtand then a solution of 3,5-bis(benzyloxy)benzylbromide 

(760 mg, 12 mmol) in dry toluene (30 ml) was added dropwise over a period of 4 h at rt. The 

reaction mixture was stirred for another 20 hours and then water (20 ml) was added. The 

water phase was extracted five times with dichloromethane, the collected organic phase dried 

over Na2SC>4, and the solvent removed in vacuo. Purification by column chromatography 

(Si02; 2:1 cyclohexane/dichloromethane) yielded 160 mg (37 %) of a colorless viscous liquid. 

'H-NMR (400 MHz, CDCI3): 5 (ppm) = 3.27 (s, 12 H, CH2), 3.56 (s, 12 H, CH2), 4.85 (s, 24 

H, CH20), 6.41 (s, 6 H, Ar-H), 6.49 (s, 12 H, Ar-H), 7.13-7.36 (m, 120 H, Ph-H); l3C-NMR 

162 



Oligothia dendrimers for the controlled formation of gold nanoparticles 

(100.6 MHz, CDCI3): 6 (ppm) = 30.5, 37.9 (CH2), 70.0 (CH20), 100.8, 108.0, 127.6, 127.9, 

128.5, 135.7, 136.8, 141.2, 160.0 (Ar-C); MS (MALDI-TOF): m/z (%) = 2189.7 [M+Na]+ 

(12), 2207.9 [M+Kf (8). 

/, 3-Dibromo-5- (mt'thylsidfanyl)benzene: 

A mixture of 3,5-dibromofluorobenzene (1.00 g, 3.90 mmol) and sodium methylthiolate 

(0.284 g, 4.05 m mol) in dry DMF (10 ml) under argon atmosphere was stirred for 5 d at it. 

The solvent was removed in vacuo and the residue suspended in water (50 ml). The aqueous 

phase was extracted several times with dichloromethane, dried over Na2SC>4 and the solvent 

removed in vacuo. Purification by column chromatography (SiCh; petroleum ether (40/60)) 

yielded 800 mg (70%) of a colourless viscous liquid. 'H-NMR (400 MHz, CDC13): 5 (ppm) = 

2.40 (s, 3 H, CH3), 7.21 (s, 2 H, Ar-H), 7.33 (s, 1 H, Ar-H); '3C-NMR (100.6 MHz, CDC13): 8 

(ppm) = 15.5 (CH3), 123.1, 127.3, 130.4, 143.0 (Ar-C); MS (EI): m/z (%) = 281 [M+] (100), 

249 (24). 

l,i-Bis[(4'-methylphenyl)sulfanyl]-5-(methylsulfanyi)benzene: 

l,3-Dibromo-5-(mefhylsulfanyl)benzene (1.0 g, 4 mmol) was taken up in a mixture of 

pyridine (2 ml), quinoline (8 ml) andp-fhiocresol (1.49 g, 12 mmol) and then copper(I) oxide 

(380 mg) was added. The reaction mixture was heated for 45 h at 160 °C under argon 

atmosphere. The reaction mixture was cooled to rt and the crude product purified by column 

chromatography (neutral AI2O3; petroleum ether (40/60)) to give 1.20 g (81 %) of a colourless 

solid; mp 59 °C; 'H-NMR (400 MHz, CDCI3): 8 (ppm) = 2.31 (s, 3 H, SCH,), 2.38 (s, 6 H, 

Ar-CH,), 6.72-7.23 (m, 11 H, Ar-H); '3C-NMR (100.6 MHz, CDCI3): 8 = 15.5 (SCH,), 21.8 

(Ar-CH3), 123.1, 125.3, 129.6, 130.2, 133.1, 138.2, 139.4, 140.3 (Ar-C); MS (EI): m/z = 368 

[M+](100). 

3,5-Bis[(4 '-methylphenyl)sidfanyl]benzenethiol /DendiS,): 

l,3-Bis[(4'-methylphenyl)sulfanyl]-5-(methylsulfanyl)benzene (1.00 g, 2.7 mmol) was 

mixed with sodium rer/.-butylthiolate (0.9 g, 8.1 mmol) under argon atmosphere. Dry DMF 

(10 ml) was added while stirring vigorously and the mixture heated at 160 °C. After 5 h the 

reaction mixture was cooled to 0 °C and stirred at this temperature for 30 min. An aqueous 

solution of HC1 (15 ml; 3N) was rapidly added to the mixture until pH 1. The mixture was 

transferred to an aqueous solution of HC1 (85 ml; 3N). The aqueous phase was extracted 
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several times with dichloromethane. The collected organic phase was dried over Na2S04 and 

the solvent evaporated in vacuo. The crude product was purified by column chromatography 

(Si02; 95:5 petroleum ether (40/60)/ethyl acetate) to yield 620 mg (60 %) of a highly viscous 

liquid. 'H-NMR (400 MHz, CDC13): S (ppm) = 2.38 (s, 6 H, Ar-CH,), 3.30 (s, 1 H, SH), 6.72-

7.23 (m, 11 H, Ar-H); '3C-NMR (100.6 MHz, CDC13): 5 (ppm) = 21.2 (Ar-CH,), 125.5, 

126.2, 129.3, 130.2, 132.6, 133.3, 138.4, 139.9 (Ar-C); MS (EI): m/z (%) = 354 [M*] (100). 

1,3,5-Tris{3',5'-bis[(4'' -methylphenylsulfanyl)sulfanylmethyl]} benzene (S9GI,): 

3,5-Bis[(4'-methylphenyl)sulfanyl]benzenethiol (622 mg, 1.8 mmol) was mixed with 

1,3,5-tribromomethylbenzene (160 mg, 0.45 mmol) and KOH (283 mg, 5.0 mmol) in dry 

DMF (5 ml). The mixture was refluxed at 90 °C under argon atmosphere for 7 h. After 

cooling to rt, water was added and the resulting mixture extracted several times with 

dichloromethane. The collected organic phase was washed once with water, dried over 

Na2S04 and the solvent removed in vacuo. Purification by column chromatography (SiC>2; 3:1 

petroleum ether/dichloromethane) yielded 197 mg (38%) of a colourless solid; mp 107.6 °C; 

'H-NMR (400 MHz, CDCI3): 8 (ppm) = 2.31 (s, 18 H, Ar-CH3), 3.78 (s, 6 H, SCH2), 6.72-

7.23 (m, 36 H, Ar-H); 13C-NMR (100.6 MHz, CDC13): 6 (ppm) = 21.1 (Ar-CH3), 38.1 (S-

CH2), 126.4, 128.3, 129.5, 130.1, 130.2, 133.1, 133.2, 137.4, 138.1, 138.2, 139.5, 139.6 (Ar-

C); MS (MALDI-TOF): m/z = 1177.3 [M+H]+. 
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Chapter 8 

Instrumentation and experimental methods 

Abstract 

In this Thesis, several different techniques were used in order to characterize ground state 

(inspected by light or electric current) and excited states behaviour, non-linear properties or 

only for imaging nanoparticles. In this Chapter, the methods used are briefly descibed. The 

set-up used as well as the location is specified. Conditions for other techniques (NMR, pump 

freezing for deaerating, cleaning and preparation of coated surfaces) are given in the 

separate chapters. 
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8.1 Steady State Absorption and Emission Measurements 

Electronic absorption spectra were recorded in a quartz cuvette (1 cm, Hellma) on 

Hewlett-Packard 8543 diode array spectrometer (range 190 nm-1100 nm). Steady state 

fluorescence spectra were recorded using a spex 1681 fluorimeter, equipped with a Xe arc 

light source, a Hamamatsu R928 photomultiplier tube detector and double excitation and 

emission monochromator. Emission spectra were corrected for source intensity and detector 

response by standard correction curves, unless otherwise noted. Emission quantum yield'1' are 

measured in optically dilute solutions, using the indicated refernce solution in the individual 

chapters, according to the following: 

<?u= [(A, /„ MU
2) / (Au U «r2)]*, (Eq 8.1 ) 

where u and r are the unknown and the refernce respectively, <t> is the luminescence quantum 

yield, A is the optical absorbance at the excitation wavelength (« 0.1), I is the integrated 

emission intensity and n is the refractive index of the solvents. 

The fluorescence microscopy images were measured in Munster using an epi-

fluorescence microscope (Axioplan, Germany), equipped with a 63x long distance objective 

(NA 0.90) and standard fluorescence filter sets, was used. Images were taken by a CCD 

camera (KAPPA, Germany), digitized by a frame-grabber card, and processed by imaging 

software. 

8.2 Time Resolved Spectroscopy Measurements 

8.2.1 Time Resolved Fluorescence 

a- Nanosecond time scale 

Lifetimes of excited states were determined using a coherent Infinity Nd:YAG-XPO 

laser (2 ns pulses fwhm) and a Hamamatsu C5680-21 streak camera equipped with 

Hamamatsu M5677 low speed single sweep unit. Streak cameras are high-speed light 

detectors, which enable detection of the fluorescence as a function of the spectral and the time 

evolution simultaneously. 
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a- Picosecond time scale 

Time resolved fluorescence measurements were performed using a picosecond time-

correlated single photon counting (SPC). The complete set-up (Figure 1) has been described 

elsewhere.'2' A mode-locked Argon-ion laser (Coherent 486 AS Mode Locker and Coherent 

Innova 200 laser) was used to pump DCM dye laser (Coherent model 700). The output 

frequency was doubled with a BBO crystal and the 323 nm pulse was used as excitation. A 

microchannel plate photomultiplier (Hamamatsu R3809) was used as the detector. The 

instrument response (fwhm= 17 ps) was recorded using the Raman band of a doubly 

deionized water sample. Time windows (4000 channels) of 5ns (1.25 ps/channel) - 50 ns 

(12.5 ps/channel) could be used allowing a window for measurements going from 5 ps to 40 

ns. The recorded decay traces were deconvoluted with the system response and fitted using 

the computer program FluoroFit (PicoQuant). 
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Figure 1. Schematic representation of picosecond single photon counting (SPC) setup: 1. mode locker, 2. Ar-
ion laser, 3. dye laser, 4. cavity dumper, 5. autocorrelator, 6. photodiode, 7. sample, 8. monochromator, 9. 
photomultiplier, 10. photocounting system and 11. computer 

8.2.2 Time Resolved Absorption 

Transient absorption (TA) measurements represent a form of differential spectroscopy. 

It relies on recording electronic absorption spectra of transient species (excited molecules or 

photoproducts) at selected time delays after the excitation pulse. The transient absorption 
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signal can either be recorded over an extended wavelength range (full spectrum) or at a single 

wavelength. 

a- Nanosecond time scale 

Nanosecond transient absorption spectra were obtained by irradiating the samples with 

2 ns pulses (fwhm) of a continiously tunable (420-710 nm) Coherent Infinity XPO laser. The 

output power of the laser was typically less than 5 mJ/pulse at a repetition rate of 10 Hz. 

Samples in a 1 cm quartz cuvette with ca. 0.8 optical density at the excitation wavelength. 

The probe light from a low-pressure, high-power EG&G FX-504 Xe lamp passed through the 

sample cell and was dispersed by an Acton Spectra-Pro-150 spectrograph, equipped with 150 

g/mm or 600 g/mm grating and a tunable slit (1-500 (im)resulting in 6 or 1.2 nm maximum 

resolution, respectively. The data collection system consisted of a gated intensified CDD 

detector (Princeton Instruments ICCD-576EMG/RB), a programmable pulse generator (PG-

200), and an EG&G Princeton Applied Research Model 9650 digital delay generator. With 

OMA-4 setup (see Figure 2), I and Io values are measured simultaneously, using a double 

kernel 200 urn optical fiber. 

l 

5 

n 

6 

Figure 2. Schematic representation of the nanosecond transient absorption setup: 1. laser, 2. Xe lamp, 3. sample, 
4. spectrograph, 5. CCD camera, 6. pulser and 7. computer 

b- Sub-picosecond time scale 

The setup used for the sub-picosecond transient absorption measurements is shown in 

Figure 3. The laser system is based on a Spectra Physics Hurricane Ti-saphire regenerative 

amplifier system. Ths optical bench assembly of the Hurricane includes a seeding pump laser 

(Mai Tai), a pulse stretcher, a Ti-saphire regenerative amplifier, a Q-switched pump laser 

(Evolution) and a pulse compressor. The output power of the laser is typically 1 mJ/pulse 

\ Mirror 

-/-
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(130 fs fwhm) at a repetition rate of 1 kHz. The pump probe setup employed a full spectrum 

setup based on two optical parametric amplifiers (Spectra-Physics OPA 800) as a pump 

(depending on the excitation wavelength) and a residual fundamental light (150 uJ/pulse) 

from the pump OPA was used for the generation of white light, which was detected with CCD 

spectrograph. The OPA was used to generate excitation pulses from 280 - 600 nm (fourth 

harmonic signal of the OPA or idler). The white light generation was accomplished by 

focusing the fundamental (800 nm) into a stirred water cell equipped with barium bisfluoride 

or sapphire windows. The pump light was passed over a delay line (Physik Instrumente, M-

531DD) that provided an experimental time window of 1.8 ns with the maxima resolution of 

0.6 fs/step. The energy of the probe pulses was ca. 5 x 1 0 ° mJ/pusle. The angle between the 

pump and the probe beam was typically 7 - 10°. Samples were prepared in quatz cuvette (1 = 

0.1 cm) to have an optical density of ca. 0.8 at the excitation wavelength. For the white 

light/CCD setup, the probe beam was coupled into a 400 um optical fiber after passing 

through the sample, and detected by a CDD spectrometer (Ocean Optics, PC2000). The 

chopper (Roffin Ltd., ƒ= 10-20 Hz), place in the excited state spectra were obtained by AA 

= log (1 / Io). Typically, 2000 excitation pulses were averaged to obtain the transient at a 

particular time. Due to the lenses, a chirp of ca. 1 ps is observed between 460 - 650 nm. 

- -G- - . 0 

^™ Mirror 

0 Lens 

Flipping mirror 

Figure 3. Schematic representation of'the sub-picosecond transient absorption setup: 1. Hurricane, 2. OPA-800, 
3. delay line, 4. white line generator, 5. Berek polarizer, 6. chopper, 7. sample and 8. CCD camera 
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8.2.3 Confocal Microscopy 

Laser scanning confocal microscopy represents one of the most significant advances in 

optical microscopy ever developed, primarily because the technique enables visualization 

deep within both living and fixed cells and tissues and affords the ability to collect sharply 

defined optical sections from which three-dimensional renderings can be created. 

Development of modern confocal microscopes has been accelerated by new advances in 

computer and storage technology, laser systems, detectors, interference filters, and 

fluorophores for highly specific targets. 

Figure 4. Principle of a confocal microscop 

The principle of such microscop can be schemed as in Figure 4. The light is emitted by 

a laser through a pinhole. The light is then reflected by a dichromatic mirror on the sample in 

the focal plan. The response is detected by a photomultiplier detector. 

Confocal microscopy images were obtained with a MicroTime 200 fluorescence 

lifetime microscope system (Picoquant) coupled to an Olympus 1X71 inverted microscope. 

The excitation source consisted of a pulsed blue-diode laser (PDL 800-B, PicoQuant Berlin) 

with a wavelength of 440 nm, providing output pulses of < 100 ps. All measurements were 

conducted in a dark compartment at room temperature in air. 

8.3 Non Linear Optic (NLO) Measurements (ENS Cachan) 

The experiments were performed in Cachan. The principle of the HLS is described in 

Chapter 5 together with the background on NLO. 
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Harmonic Light Scattering (HLS) 

The 1.91 um fundamental beam was emitted by a high-pressure (30 bar), 50 cm long 

Raman cell pumped by Nd3+: YAG laser operating at 1.06 um (or 1.34 urn) with a 10 Hz 

repetition rate and pulse of 15 ns duration. Only the back-scattered 1.91 |im Raman emission 

was collected at a 45° incidence angle by use of dichroic mirror in order to eliminate most of 

the residual 1.06 |xm pump photons (Figure 5). 

The HLS photon at 955 nm were focused onto a photomultiplier tube (Hamamatsu 

R632-01 photomultiplier tube) by two collecting lenses. The detected signal was then 

sampled and averaged by a boxcar, and processed by a computer. The reference beam was 

collected at 45° incidence angle by a glass plate, and focused onto a highly nonlinear NPP 

powder, which was used as the frequency doubler.'J' The variation of the scattered second 

harmonic intensity from the solution was recorded on the computer as a function of the 

reference second harmonic signal provided by the NPP powder, which scales as the square of 

the incoming intensity. Value for p were then inferred from the slopes of the resulting lines. 
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1.91 um 

PM : Photomultiplier 
P : Glan polarizer 
L :Lenses 
F : Filters 

m 
NPP powder C 

Reference 
PM ( O 2 
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Figure 5. Experimental setup ot'HLS measurements 

8.4 Electrochemistry 

Cyclic, differential pulse and square wave voltammetric scans were performed with a 

gastight single-compartment cell under an atmosphere of dry nitrogen or argon. The cell was 

equipped with a Pt disk working (apparent surface area of 0.42 mm"), Pt wire auxiliary and 
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Ag wire pseudoreference electrodes. The working electrode was carefully polished with 0.25 

um-grain diamond paste between scans. The potential control was achieved with a PAR 

Model 283 potentiostat. All redox potential are reported against the ferrocene-ferrocenium 

(Fc/Fc1) redox couple used as internal standard'4' (Em = 0.38 V vs. SCE in acetonitrile). 

Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was used as support electrolyte. All 

electrochemical samples were 5 x 10"4 M in the studied complex and contained 3 x 10"' M of 

Bu4NPF6. 

For chapter 6, the electrochemistry was performed in Warwick where cyclic 

voltammetry (CV) measurements were made in a three-electrode arrangement using an 

electrochemical analyser (CH Instruments, model CHI 400). A platinum wire was always 

used as the counter electrode. Different working electrodes were employed, such as ITO (0.14 

cm"), a platinum disk (1.6 mm diameter, area 0.02 cm2) and both platinum and gold thin films 

deposited on glass (100 nm thick, area 0.25 cm2). A saturated calomel electrode (SCE) was 

used as the reference electrode in aqueous solutions and an Ag/AgN03 reference electrode 

(157 mV vs. SCE) was employed in 0.1 M Bu4N C104/acetonitrile solutions. 

8.5 High Resolution Transmission Electron Microscopy (HR-TEM)(TU Delft) 

TEM (Transmission Electron Microscopy) is a method of producing images of a 

sample by illuminating the sample with an electron with energy between roughly 100 and 300 

keV (in vacuum), and detecting the electrons that are transmitted through the sample. 

In Figure 7, the comparison of light and electron microscopes is made. In both 

instruments, illumination from the source (lamp, filament in the electron gun) is focused by 

the condenser lens onto the specimen. A first magnified image is formed by the objective 

lens. This image is further magnified by the projector lens onto a fluorescent screen, CCD 

camera or photographic plates (electrons) instead of a ground glass screen (light). 

HR-TEM, Cross sectional TEM electron micrographs have been taken with a Philips 

CM30T, and a CM300UT-FEG, both operating at 300 kV. A drop of a dilute suspension of 

particles was placed on a copper grid with a carbon foil and the solvent was, subsequently, 

evaporated at room temperature and atmospheric pressure. 
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Light Microscope Electron Microscope 

Figure 7. Comparison ot'light and electron microscopes. 
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Samenvatting 

Samenvattingf 

De interactie van verschillende chemische entiteiten, zoals de complexen van 

overgangsmetalen, organische fluorescerende kleurdragers en edele metalen, kan tot de 

ontwikkeling van complexe materialen met speciale eigenschappen leiden die tezamen meer 

dan de som van de individuele componenten zijn. Het onderzoek dat in dit proefschrift wordt 

beschreven, is gericht op de ontwikkeling van dit soort systemen met meerdere componenten 

en hun interactie met licht. Naast de studie van de intrinsieke fotofysische eigenschappen van 

de afzonderlijke componenten (b.v. absorptie, emissie) kan met licht, in geschikt ontworpen 

assemblages, het optreden van richtingprocessen zoals energie en elektronenoverdracht 

worden bewerkstelligd. 

Dit proefschrift beschrijft de synthese, de karakterisering en de optische 

eigenschappen van deze complexe materialen in oplossing of als vaste stof. Na een korte 

inleiding over de algemene fenomenen die optreden na lichtexcitatie van een molecule, wordt 

de achtergrond van de energie - en de elektron overdrachtsprocessen beschreven. 

Aangezien pyreen één van belangrijkste organische kleurdragers is die in dit werk wordt 

gebruikt, worden voorbeelden gegeven van moleculen die deze eenheid bevatten en energie 

en/of elektronenoverdracht vertonen (Hoofdstuk 1). Gedetailleerde spectroscopische 

onderzoekingen evenals de synthetische procedures van de vele verschillende types van 

fotoactieve systemen worden beschreven in Hoofdstuk 2 tot Hoofdstuk 7. Tot slot geeft 

Hoofdstuk 8 de instrumentatiekenmerken en de omstandigheden die voor de metingen werden 

gebruikt die in dit werk worden beschreven. In Hoofdstuk 2, wordt een moleculaire draad 

beschreven die bestaat uit een eenheid van ruthenium trisbipyridine dat covalent via een di-

ethynyleen-benzeen verbindingsstuk met een pyrene eenheid wordt verbonden. Na licht 

excitatie van het metaal complex wordt bij kamertemperatuur pyrene emissie vanuit de triplet 

toestand waargenomen, onder strikt zuurstofvrije omstandigheden. De tijdsopgeloste studies 

gaven blijk van een vrij langzaam voorwaartse energie overdracht tussen de triplet toestanden, 

in de orde van 2 x 105 s~' en van een nog langzamer teruggaande reactie, 3,3 x 10 s" , nog 

wel sneller dan de intrinsieke bederftijd van pyrene (200 us). 

Hoofdstuk 3 beschrijft het effect van meta versus para substitutie op de energie-

overdrachts processen in ruthenium-oligofenyl-osmium systemen, door meta gesubstitueerde 

oligo-fenyl bruggen met para gesubstitueerde te vergelijken. Een superexchange mechanisme 

wordt voorgesteld. 

+ Vertaling door René M. Williams 
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De synthese en het gedrag van een systeem waarin pyreen covalent verbonden zit aan 

een terpyridyl eenheid in zijn neutrale vorm , zijn zink complex en zijn geprotoneerde vorm 

worden beschreven in Hoofdstuk 4. Voor deze moleculen werd de elektronenoverdracht 

aangetoond waardoor het radicale kation van pyreen en het radicale anion van terpyridine 

wordt gevormd na de absorptie van licht. De transiënte absorptiespectroscopie van deze 

moleculen openbaart een de-activeerings proces naar een langlevende triplet toestand die 

wordt toegeschreven aan pyreen. 

Hoofdstuk 5 concentreert op de Niet Lineaire Optische eigenschappen (NLO) van 

gefunctionaliseerde metaalcomplexen. Na een korte inleiding over NLO fenomenen, worden 

de synthese en de fotofysische karakterisering gegeven van de complexen van 

rutheniumbisterpyridine waarin één terpyridine-eenheid met elektron-acceptoren of elektron

donoren is gesubstitueerd. De fotofysische eigenschappen openbaren de betrokkenheid in de 

MLCT (Metal to Ligand Charge Transfer) toestand van het ligand dat gefunctionaliseerd is 

met acceptor-groepen. Wanneer elektron donerende groepen worden verbonden aan één van 

de liganden, blijkt de niet-gesubstitueerde terpyridine ligand in de MLCT-toestand betrokken 

te zijn. Deze resultaten evenals de aanwezigheid van een ladingsgescheiden toestand binnen 

het ligand (ILCT = Intra Ligand Charge Transfer) werden gebruikt om de experimentele 

NLO resultaten te verklaren. Wij tonen aan dat de toevoeging van een laagliggende CT 

toestand naast de gebruikelijke MLCT niveaus de hyperpolarizeerbaarheid (P-waarde) van de 

rutheniumbisterpyridine systemen kan verhogen. Ook het verlengen van de afstand tussen 

metaal complex en de elektronendonor of acceptor door de toevoeging van fenyl 

brugeenheden verhoogt de NLO respons. 

Hoofdstuk 6 concentreert zich op metaaloppervlakken en de complexen van 

rutheniumtrisbipyridine die één (of twee) alifatische staart(en) bezitten die door thiol-functies 

wordt beëindigd. De complexen werden bestudeerd in oplossing evenals verankerd aan een 

metaaloppervlak. Na oppervlaktehechting werd slechts een zwakke emissie gevonden 

namelijk (x « 6 ns, k« 2 x 10 s" ) wegens sterke emissie-doving door het metaalsubstraat. 

Voorts openbaarde het onderzoek van de oppervlakteassemblage een lage dekkingswaarde. 

Dergelijke conclusies kwamen voort uit de elektrochemische karakterisering evenals uit 

confocale microscopiebeelden. 

Tot slot wordt in Hoofdstuk 7 gerapporteerd over de bereiding van goud nanopartikels 

met behulp van dendrimeren die zwavel bevatten en als een mal kunnen fungeren. Er wordt 

aangetoond dat de generatie van dendrimeren evenals de positie van de zwavelatomen in de 

vertakte structuur tot verschillende vorming en reactiviteit van de deeltjes leidt. Vanwege de 

180 



Samenvatting 

grootte, wordt er voorgesteld dat één kleine nanopartikel (d = 1.8 nm) door één enkel 

dendrimer zou kunnen worden gestabiliseerd. Voor andere moleculen die zwavel bevatten, 

maar niet de vertakte structuur bezitten, werd geen vorming of stabilisatie van goud 

nanodeeltjes waargenomen. 
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Summary 

The interaction of different types of chemical entities such as transition metal 

complexes, luminescent organic chromophores and noble metals can lead to the development 

of complex materials with special properties that are more than the sum of the individual 

components. For the research described in this Thesis, it is aimed at the development of 

multicomponent systems and their interaction with light. Besides intrinsic photophysical 

properties of the separate compounds (e.g. absorption, emission, ...), light can, in suitably 

designed assemblies, induce directional processes such as energy and electron transfer. 

This Thesis presents the synthesis, characterization and optical properties of these 

complex materials in solution or as solid. After a brief introduction to the general phenomena 

occurring upon light excitation of a molecule, the background of the energy- and electron-

transfer processes is described. As pyrene is one of the main organic chromophores used in 

this work, an exemplification of molecules that contain this moiety and show energy and/or 

electron transfer is given (Chapter 1). Detailed spectroscopic investigations as well as 

synthetic procedures of many different types of photoactive systems are described in Chapter 

2 to Chapter 7. Finally, Chapter 8 presents the instrumentation characteristics and the 

conditions used for the measurements presented in this work. 

In Chapter 2, a molecular wire composed of a ruthenium trisbipyridine moiety 

covalently linked via a dicthynylene-benzene spacer to a pyrene unit is described. Upon 

excitation of the metal complex the pyrene triplet state emission is observed at room 

temperature under strict deaerated conditions. Time resolved studies also evidenced a 

relatively slow forward triplet state equilibration rate, in the order of 2 x 105 s"1 (5 us), and an 

even slower back energy transfer rate, 3.3 x 10 s" , still faster than the intrinsic decay time of 

the pyrene (200 us). 

Chapter 3 presents the effect of meta vs para conjugation on the energy transfer 

processes in ruthenium-oligophenylene-osmium systems, by comparing meta substituted 

oligophenylene bridges to para-substituted ones. A superexchange mechanism is proposed. 

The synthesis and the behaviour of a system in which pyrene is covalently bound to a 

terpyridyl unit in its neutral form, its zinc complex and its protonated form are described in 

Chapter 4. For these molecules, an electron transfer process was shown to occur forming the 

radical cation of the pyrene and the radical anion of the terpyridine upon excitation. The 

transient absorption spectroscopy of these molecules reveals a deactivation process to a long-

lived triplet state that we have attributed to the pyrene. 
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Summary 

Chapter 5 is focused on the Non Linear Optical (NLO) properties of functionalized 

metal complexes. After a brief introduction on NLO phenomena, the synthesis and the 

photophysical characterization of ruthenium bisterpyridine complexes in which one 

terpyridine unit is substituted with electron-acceptors or electron-donors is given. The 

photophysical properties reveal the involvement in the Metal to Ligand Charge Transfer 

(MLCT) excited state of the ligand that is acceptor-functionalized. When electron donor 

groups are attached to one of the ligands, the unsubstituted terpyridine ligand seems to be 

involved in the MLCT excited state. These results as well as the presence of an Intra Ligand 

Charge Transfer (ILCT) state were used in order to explain the experimental NLO results. We 

demonstrate that the addition of low-lying CT states to the usual MLCT levels of ruthenium 

bisterpyridine systems can increase the hyperpolarizability (P-value). Also increasing the 

distance between metal complex and electron donor or acceptor by addition of phenylene 

bridging units increases the NLO response. 

Chapter 6 focusses on metal surfaces and ruthenium trisbipyridine complexes that 

possess one (or two) aliphatic tail(s) terminated by thiol functions. The complexes were study 

in solution as well as anchored to the metallic surface. Indeed, after attachment, only a weak 

emission was found (T = 6 ns, k*2x 108 s"') due to the strong queching of the metal substrate. 

Furthermore, the investigation of the assembly on the surface revealed a low coverage value. 

Such conclusions were resulted from the electrochemical characterization as well as the 

confocal microscopy images. 

Finally, in Chapter 7, the preparation of gold nanoparticles "templated" by sulfur 

containing dendrimers is reported. It is shown that the generation of the dendrimers as well as 

the position of the sulfur atoms in the dendritic structure leads to different formation and 

reactivity of the particles. Considering the size, it is suggested that one small nanoparticle (d= 

1.8 nm) could be stabilized by just one dendrimer. For sulfur containing molecules that do not 

contain the dendritic structure, no formation or stabilization of gold nanoparticles was 

observed. 
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L'introduction de différents types d'entités photoactives, telles que des 

complexes de métaux de transition, des chromophores organiques luminescents et des 

métaux nobles, au sein d'édifices moléculaires et supramoléculaires permet de mettre 

en evidence des propriétés photophysiques nouvelles qui ne sont pas observées avec 

les composants pris individuellement. Dans Ie cadre de la recherche entreprise dans ce 

travail de these, Ie développement de systèmes multi-composants et 1'étude de leur 

interaction avec la lumière sont décrits. En plus des propriétés photophysiques 

intrinsèques des composes séparés (par exemple absorption, emission...), la lumière 

peut, dans des assemblages convenablement concus, induire des processus 

directionnels tels que des transferts d'énergie et d'électron. Cette these présente la 

synthese, la caractérisation et les propriétés optiques de ces matériaux complexes en 

solution ou a 1'état solide. Après une breve introduction aux phénomènes généraux se 

produisant après excitation d'une molecule par la lumière, les processus de transfert 

d'énergie et d'électron sont décrits. Parce que Ie pyrène est 1'un des principaux 

chromophores organiques utilises dans ce travail, quelques exemples de molecules 

contenant ce chromophore et présentant Ie phénomène de transfert d'énergie et/ou 

d'électron sont donnés (Chapitre 1). Des investigations spectroscopiques détaillées 

aussi bien que les procédures synthétiques de différents types de systèmes photoactifs 

sont décrites du Chapitre 2 au Chapitre 7. En conclusion, Ie Chapitre 8 présente les 

caractéristiques des instruments et les conditions expérimentales utilisées pour les 

mesures présentées dans ce travail. 

Dans Ie Chapitre 2, un fil moleculaire compose d'une unite ruthenium 

trisbipyridine liée de maniere covalente a une unité pyrène par 1'intermediaire d'un 

pont diéthynylène-benzène est décrit. Lors de 1'excitation du complexe métallique, on 

observe 1'émission de 1'état triplet du pyrène a temperature ambiante dans des 

conditions parfaitement dégazées. Les études résolues en temps ont également 

démontré un transfert d'énergie relativement lent lors de 1'équilibre des états triplets, 

de 1'ordre de 2 x 105 s"1 (5 us), et un retour encore plus lente, de 1'ordre de 3.3 x 104 s" 

, toujours plus rapide que Ie temps de relaxation intrinsèque du pyrène (200 us). 

Le Chapitre 3 présente 1'effet de la conjugaison en méta par rapport a celle en 

para sur les processus de transfert d'énergie dans des systèmes de type rufhénium-
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oligophenylene-osmium, en comparant les ponts d'oligophénylène substituées en méta 

a ceux substitués en para. Un mécanisme de super-échange est propose. 

La synthese et Ie comportement d'un système dans lequel Ie pyrène est lié de 

maniere covalente a une unite terpyridyl sous sa forme neutre, son complexe de zinc 

et sa forme protonée sont décrits dans Ie Chapitre 4. Pour ces molecules, un 

processus de transfert d'électron photoinduit a été mis en evidence. Cet état excité est 

formé du cation radical du pyrène et de 1'anion radical de la terpyridine. La 

spectroscopie d'absorption transitoire de ces molecules suggère un processus de 

désactivation peuplant 1'état triplet du pyrène. 

Le Chapitre 5 se concentre sur les propriétés d'optique non lineaire (ONL) de 

complexes métalliques fonctionnalisés. Après une breve introduction sur le 

phénomène d'ONL, la synthese et la caractérisation photophysique de complexes de 

ruthenium bisterpyridine dans lesquels une unité de terpyridine est substituée par des 

groupes électro-accepteurs ou électro-donneurs sont décrites. Les propriétés 

photophysiques indiquent la participation de la terpyridine substituée dans 1'état 

MLCT quand la terpyridine est substituée par des groupes accepteurs. Quand des 

groupes électro-donneurs sont attaches aux ligands, le ligand non substitué de 

terpyridine semble être impliqué dans 1'état MLCT. Ces résultats comme 1'éventuelle 

presence d'état de charge séparé (ILCT) ont été employés afin d'expliquer les résultats 

expérimentaux d'ONL. Nous démontrons que 1'ajout d'états de basse énergie (CT) 

aux états MLCT (habituellement rencontres pour les derives de ruthenium 

bisterpyridine) peut augmenter 1'hyperpolarizabilité (valeurs P). En outre, 

1'augmentation de la distance entre le métal et le donneur ou 1'accepteur d'électron, par 

1'allongement du pont phénylènique, augmente la réponse d'ONL. 

Le Chapitre 6 se concentre sur des surfaces métalliques fonctionnalisées par 

des complexes de ruthenium trisbipyridine qui possèdent une (ou deux) chaïne(s) 

aliphatique(s) terminée(s) par des fonctions thiol. Les complexes sont étudiés en 

solution et greffés sur ces surfaces métalliques. Après greffage, seulement une faible 

emission a été détectée (x ~ 6 ns, k * 2 x 108 s') a cause d'un fort quenching dü au 

substrat métallique. En outre, 1'étude de la surface a indiqué une faible valeur du taux 

de greffage. Ces conclusions ont été obtenues par caractérisation électrochimique et 

imagerie par microscopie confocale. 
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En conclusion, dans Ie Chapitre 7, la preparation de nanoparticles d'or dirigée 

par 1'effet template de dendrimères a functions soufrées est décrite. Il est montré que 

la generation des dendrimères aussi bien que la position des atomes de soufre dans la 

structure dendritique sont des paramètres structuraux importants pour contröler la 

formation des particules. En considérant la taille d'une petite nanoparticule (d = 1.8 

nm), nous suggérons qu'une de ces nanoparticules pourrait être stabilise par un seul 

dendrimère. Pour les molecules contenant des atomes de soufre, mais ne possédant 

pas de structure dendritique, aucune formation ou stabilisation des nanoparticules d'or 

n'est observée. 
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