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Photoinduced Vectorial Electron Transfer:  A Trinuclear Mixed Valence 
Chromophore-Quencher 

Jacob K. Goertz and Brian Pfennig 
Department of Chemistry, Haverford College 

 

A trinuclear mixed valence chromophore-quencher, tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-

bipyridine)rhenium(I)-µ-(4,4ʹ′-bipyridine)-t-bisethylenediamineruthenium(III)-µ-

cyanopentacyanoferrate bromide, was synthesized.  The complex undergoes excited 

state metal to ligand charge transfer from the rhenium(I) to the bridging bipyridine 

ligand at 390 nm.  The complex then undergoes subsequent thermal electron transfer in 

the presence of phenothiazine until it relaxes to the mixed valence dmb–Re(I)–bpy–

Ru(III)–Fe(II) state, which exhibits an IT band at 633 nm.  Phenothiazine, as a sacrificial 

reductant, is necessary for the observable quenching product to be produced by a 

Michaelis-Menten type kinetic mechanism.  The phenothiazine undergoes photo-

oxidation which has a minimal effect upon the observed production of the reduced 

dmb–Re(I)–bpy–Ru(III)–Fe(II) state at the MLCT band and a significant impact at higher 

energy. 
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Introduction 
 

 Electron transfer in supramolecular coordination compounds combines the two 

basic classes of chemical reactions — acid-base reactions and redox reactions.  By 

combining the structural versatility of coordination compounds with the charge transfer 

of electron transfer reactions, myriad applications can be conceived including artificial 

photosynthetic light harvesting and charge separation, optical switching, and charge 

transport.1  In order for this versatility to be fully exploited, a basic comprehension of 

coordination compounds and the theory of electron transfer reactions must be 

established. 
 
 
Mixed Valence Coordination Compounds 

 Coordination compounds were originally classified as those molecules which 

had more ions or molecules attached to it than the oxidation number would allow.2  The 

most general view of coordination chemistry is that which involves the concepts of 

Lewis acidity and basicity.  A coordination compound consists of a central metal ion 

surrounded by a set of ligands which can have an independent existence.  The metal 

ion, almost always a d-block metal, serves as a Lewis acid due to its ability to serve as a 

lone pair acceptor, and the ligands serve as Lewis bases due to their ability to serve as 

lone pair donors.  The resulting association is essentially a Lewis acid-base adduct 

formation in which the ligands coordinate to the metal ion.  The coordination 

environment around the central metal ion depends on several factors including the size 

of the central atom, the steric interactions between the ligands, and electronic 

interactions between the ligands and between the metal and the ligands.  Coordination 

complexes can exist as polymetallic complexes in which there are two or more metal 

ions either connected by a bridging ligand or metal-metal bonds.3 

 One particular class of coordination compounds is mixed valence coordination 
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compounds.  Mixed valence compounds are, by definition, compounds which contain 

both an oxidizing and a reducing redox active center.  They can exist as either tight ion 

pairs in which the redox centers are coupled by electrostatic interactions ([Mox+,Mred-]), 

or as a ligand bridged entity in which the oxidizing and reducing centers are bound 

together and bridged by a common ligand ([Mox+–L–Mred-]).4  (See Figure 1.)  One of 

the first mixed valence compounds elucidated was Prussian Blue, which has two iron 

centers, one in the ferric state and the other in the ferrous state, bridged by a cyanide 

ligand.  The first mixed valence compound to be intentionally synthesized was the 

Creutz-Taube ion ([(H3N)5Ru(II)-pyrazine-Ru(III)(NH3)5]5+), in which a ruthenium ion 

in the reduced form (+2) and a ruthenium ion in the oxidized form (+3) were bridged by 

a pyrazine ligand.4 

 A mixed valence compound can exist in two isomeric forms:  one in which the 

first metal is oxidized and the second reduced (Aox–Bred) and another in which the first 

metal is reduced and the second is oxidized (Ared–Box).  These two states will exist 

independently and will therefore exist as two different harmonic oscillators. (See 

Figures 2 or  3 for a representation of the HO for the individual states.)  Consistent with 

the harmonic oscillator theory, these independent states can be modeled as parabolas.  

The relative energies of the states depends upon the relative free energy of the two 

states.  If the two metals have identical environments, as do the iron ions in Prussian 

Blue or the ruthenium ions in the Creutz-Taube ion, these two harmonic oscillator 

parabolas will be identical in energy.  If, however, the mixed valence compound is 

asymmetric, the energy of the two couples will not be the same.  The relative position of 

the harmonic oscillators on the reaction coordinate depends upon both inner and outer 

RuIII NH3( )6[ ]3+ , FeII CN( )6[ ]4! (a) NH3( )5 Ru
III – NC – FeII CN( )5[ ]!(b) 

 
Figure 1.  Examples of mixed valence coordination compounds.  (a) Tight ion pair, (b) Ligand 
bridged. 
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sphere effects in the system.  Inner sphere effects include the type and properties of the 

ions, the ligand fields surrounding each ion, and the character of the bridging ligand in 

the case of ligand-bridged mixed-valence compounds. Outer sphere effects primarily 

concern the distance between the donor and acceptor and the solvent arrangement 

around the compound and its constituent parts.  Therefore, the equilibrium geometry of 

the two states and the solvation shells have a great impact upon the system.5 

 Although the two states of a binuclear mixed valence compound can be 

successfully modeled based on the classical harmonic oscillator paradigm, the effects of 

quantum mechanics cannot be discounted.  Quantum mechanically, there exists a 

waveform ψ1 for the couple AoxBred and another waveform ψ2 for the couple AredBox.  

The overall state of the system exists as a linear combination of these two waveforms: 

 ! = c1"1 + c2" 2  (1) 

There exists, therefore, some possible degree of overlap between the two waveforms 

whenever c1≠0 or c2≠0.  The degree of overlap is determined by the overlap matrix, 

Hab.3  Robin and Day have created three categories of mixed valence compounds based 

on the degree of overlap between the donor and acceptor groups.  (See Figure 2.)  Class 

I compounds consist of two or more metals that have very little electronic interaction.  

This occurs when the two metals (A and B) are very different, or they have very 

different ligand fields.  The result is full localization of electrons due to orbital trapping.  

In Class I compounds, the two ions maintain their separate properties.  Class II 

compounds consist of two or more metals that retain part of their individual character 

but also acquire new properties relating to the complex.  The result is partial 

delocalization of the wavefunction.  This occurs when the two metals are similar and 

are in similar environments but are not exactly equivalent.  Prussian Blue is an example 

of a Class II compound which retains some of the character of the individual iron ions 

but also acquires characteristics of the complex, namely the deep blue color.  Class III 

compounds consist of two or more metals which have strong electronic interaction, 
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resulting in full delocalization of the wavefunction to the extent that the characteristics 

of the two component wavefunctions are no longer distinguishable.  Class III 

compounds occur when the metal ions and their environments are indistinguishable.  

The Creutz-Taube ion is an example of a Class III mixed valence compound and is more 

accurately described as [(H3N)5Ru(2.5)–pyrazine–Ru(2.5)(NH3)5]5+.3,4  In ligand bridged 

mixed valence compounds, the presence of a bridging ligand fixes the distance between 

the donor and acceptor groups hence affecting the degree of delocalization.  The nature 

of the bridging ligand will also affect the degree of delocalization, for pyrazine and 

other small aromatic ligands tend to favor Class III behavior while cyanide favors Class 

 

Class III

2Hab

Class I

2Hab

Class II

 

 
Figure 2.  Robin-Day classification of mixed-valence coordination compounds.  In Class I, Hab=0; Class II, 
Hab=0.05Eop; and Class III, Hab=0.5Eop.4,6 
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 II behavior.5  An interesting property of Class II mixed valence coordination 

compounds is their ability to undergo a specific type of electron transfer between the 

donor and acceptor couples. 
 
 
Thermal and Optical Electron Transfer 

 Electron transfer can occur between any two systems in which there exists at 

least two redox centers, one of which can act as an electron donor and the other as an 

electron acceptor, which meet certain energetic requirements, namely that the potential 

energy surfaces of the states intersect.  Depending upon the activation energy required 

for the transfer to occur, the transfer can either occur spontaneously at room 

temperature (thermal electron transfer) or will require the input of external energy, 

usually a photon of light (optical electron transfer).4 In coordination compounds, 

electron transfer can occur between two adjacent metal centers (metal to metal charge 

transfer (MMCT)), between the metal and the ligands (either metal to ligand charge 

transfer (MLCT) or ligand to metal charge transfer (LMCT)), or between two ligands 

(ligand to ligand charge transfer (LLCT)).9 

  The thermodynamics and kinetics of electron transfer reactions are described 

and related by the Marcus-Hush Theory of Electron Transfer.4,6,7  This, however, only 

holds for Class II mixed valence compounds.  The potential energy diagram for electron 

transfer between two inequivalent coordination complexes (A and B) is represented in 

Figure 3.  (The following discussion will address the specific case of MMCT.)  The 

difference in free energy between the two redox isomers (AoxBred and AredBox) is 

represented by ΔG°.  The change in the Gibbs free energy (ΔG°) can be calculated from 

the redox potentials of the two compounds using the following equation: 

   !G ! = "nF!E!  (2) 

where n is the number of electrons being transferred in the system, F is Faraday's 

constant (96,485 C mol-1), and ΔE° is the difference in the standard reduction potentials 
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Q

G

Eop

G'

G° G*

E°

AredBox

AoxBred

Bred/ox Ared/ox
– +

2Hab

 
 
Figure 2.  Potential energy diagram for thermal and optical electron transfer between two inequivalent 
coordination complexes (metals A and B).  The spheres represent the relative sizes of the metal atoms 
with the shaded sphere indicating the electron being transferred.  The relative redox potentials for the 
two couples are given at the bottom of the diagram. 
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between the donor and acceptor moieties.  Therefore the thermodynamic properties of 

interest, the change in the Gibbs free energy, can be calculated solely from the standard 

reduction potentials of the metals.8 

 The kinetics of electron transfer relates directly to the energies of activation 

needed for the transfer to occur.  In the forward direction (AoxBred → AredBox), the 

energy of activation is given by ΔGʹ′ while in the reverse direction (AredBox → AoxBred), 

the energy of activation is given by ΔG*.  These energies can be related by the following 

geometrical expression: 

   !G" = !G ! + ! # G  (3) 

These energies of activation can obviously be overcome, as is evidenced by the existence 

of such mixed valence compounds as Prussian Blue and the Creutz-Taube ion.  The 

critical problem in understanding electron transfer is that it necessitates the transfer of 

an electron without resulting in a net change in the equilibrium geometry.  This is a 

direct result of the Franck-Condon principle, which states that electronic transitions are 

fast (ca. 10-15 seconds) compared to the timescale of nuclear motions (ca. 10-13 seconds).  

Therefore, during the electron transfer itself, the total energy of the system must be 

conserved.  In order to reach this transition state, the system must first adjust itself by 

distorting its equilibrium state geometry.  The metal ion serving as the electron donor 

(Bred) will have extra electron density and is therefore typically larger than the acceptor 

metal ion  (Aox).  In order for the transfer to occur and obey the Franck-Condon 

principle, the sizes of the ions in the transition state must be equal.  Once this transition 

complex has been formed, the electron can readily transfer from one metal to the other.  

This electron transfer is then followed by a relaxation of the system to the new ground 

state.5,8 

  Thermal electron transfer, which occurs by the aforementioned process, occurs 

when the energy of activation can be overcome by the Boltzmann population present at 

room temperature.  If, however, the energy of activation is significantly greater than 
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that which can be overcome at ambient temperature, an additional source of energy is 

required.  This necessary energy is often provided by the absorption of a photon of 

light; and hence, it is referred to as Eop.  When the mixed valence compound (AredBox) 

is irradiated at the frequency of light corresponding to Eop (in the case of metal to metal 

charge transfer, this frequency corresponds to the MMCT band), the electron is 

transferred without any corresponding change in configuration or nuclear size.  In 

order for energy conservation and the Franck-Condon principles to be obeyed, the 

coordination sphere must then undergo an adjustment to the proper equilibrium sizes 

(AoxBred).  The energy released by this process is called the reorganization energy and 

is denoted by λ.  The reorganization energy consists of two components — an inner-

sphere component (λi) and an outer sphere component (λo): 

 ! = ! i + !o  (4) 

The inner-sphere reorganization energy primarily involves intrinsic properties of the 

redox pair, such as bond lengths and vibrational changes, while the outer-sphere 

reorganization energy is primarily concerned with solvent reorganization effects and 

the distance between the donor and the acceptor.   Changes in both of these, but 

primarily in the inner-sphere reorganization, effect the relaxation of the couple to the 

equilibrium geometry.4,6,7,9 

 In the limit of small Hab, the reorganization energy and the charge transfer band 

energy can be related by another geometric expression: 
   Eop = ! + "G

!  (5) 

Substitution using equation 3 and subsequent solving of the quadratic equation yields 

the following relation: 

 !G" =
Eop

2

4#
 (6) 

From this the energies of activation can be calculated.  The charge transfer band energy 

(Eop) can be measured experimentally, and from equation 2 the reorganization energy 
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(λ) can be calculated.  Equation 3 can then be solved for the remaining unknown, and 

all of the kinetic data can be calculated.  By calculating the energies of activation, the 

rate of the electron transfer can be calculated using the Arrhenius equation: 

 ket = Ae
!"G# RT  (7) 

where the pre-exponential factor is the frequency of the vibrations resulting in barrier 

crossings regardless of their energies.  At room temperature, A≈5x1012.4,8  These 

relationships demonstrate the power and simplicity of the Marcus-Hush paradigm.  

Using two variables which can be experimentally determined, the Eop and the reduction 

potentials, the remaining thermodynamic and kinetic properties of the system can be 

calculated.4,8 

 As stated previously, there are several categories of electron transfer that can 

occur in coordination compounds:  MMCT, MLCT, LMCT, and LLCT.  Metal to Metal 

Charge Transfer (MMCT) occurs when a reduced  metal transfers an electron to an 

oxidized metal. An example of MMCT occurs in Prussian Blue when the electron is 

transferred from the ferrous to the ferric iron.   Metal to Ligand Charge Transfer 

(MLCT) occurs when the metal is reducing (electron rich) and the ligand has empty 

orbitals at a low energy which can serve as electron acceptors.  An example of this is the 

transfer of an electron from the ruthenium(II) ion to one of the bipyridine ligands in 

[Ru(II)(bipy)3]2+.  Ligand to Metal Charge Transfer (LMCT) results in the reduction of 

the metal and the oxidation of the ligand.  It occurs when the ligand is reducing (the 

ligands serve as π donors) and the metal is oxidizing.  Ligand to Ligand Charge 

Transfer (LLCT) occurs in a complex when one ligand is reducing and another is 

oxidizing ([Lred–M–Lox]).3,10 
 
 
Excited State Electron Transfer 

 Traditionally, irradiation of a complex leads to an excited state of that complex 

followed by radiation back to the ground state by either fluorescence or through inter-



  10 

system crossing followed by phosphorescence or a non-radiative decay such as internal 

or external conversion.  If the excited state is fairly long lived, then it is possible for it to 

establish an equilibrium state and to undergo further reactions.11  It is upon this 

premise that excited state electron transfer is based. 

 The excited state of the complex is generated by irradiating the sample at a 

frequency of light which will promote an electron from one of the filled orbitals to an 

unfilled orbital higher in energy.  The redox potential of the excited state is therefore 

increased by the energy of excitation.9,12  If stable, this excited state will then serve as 

the donor moiety and can undergo electron transfer (MMCT, MLCT, LMCT, or LLCT) 

with an acceptor moiety.  This is portrayed energetically in Figure 4.  Typically the 

acceptor will have a free energy less than 

that of the excited state donor and hence the 

system will undergo thermal electron 

transfer, for this will be kinetically and 

thermodynamically favored.11  This process 

may occur several times resulting in an 

energy cascade from the excited state to the 

final acceptor.  The advantage of such a 

cascade is that it is thermodynamically 

forbidden when the donor is in the ground state, but is both thermodynamically and 

kinetically advantageous when the donor is promoted to an excited state.13  If the rate of 

electron transfer is approximately equal to or greater than the rate of fluorescence or the 

rate of inter-system crossing and phosphorescence, the electron transfer will effectively 

quench the excited state. 
 
 
The Trinuclear Mixed-Valence Chromophore Quencher 

 The trinuclear mixed-valence chromophore quencher, tricarbonyl(4,4ʹ′-dimethyl-

DA

*DA

D+A-hE

 
 
Figure 4.  Excited state electron transfer between a 
donor moiety (D) and an acceptor moiety (A). 
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2,2ʹ′-bipyridine)rhenium(I)-µ-(4,4ʹ′-bipyridine)-t-bisethylenediamineruthenium(III)-µ-

cyanopentacyanoferrate (henceforth referred to as dmb–Re(I)–bpy–Ru(III)–Fe(III), 

Figure 5), combines excited state and thermal electron transfer in a mixed valence 

coordination compound.  The quencher contains three metal centers.  The first is an 

octahedral  rhenium(I) which has three carbonyl groups, a 4,4ʹ′-dimethyl-2,2ʹ′-bipyridine, 

and a 4,4ʹ′-bipyridine ligated to it. The second metal is an octahedral ruthenium(III) 

which has two ethylenediamine ligands in a trans configuration, and is ligated by one of 

the nitrogens of the 4,4ʹ′-bipy ligand and the nitrogen from one of the iron cyano 

ligands.  The third metal is an octahedral iron(III) with six cyano ligands, one of which 

serves as the bridging ligand to the ruthenium center. 

 Each redox state of the trinuclear chromophore-quencher can be modeled as a 

potential energy parabola.  The energies of the parabolas are assigned as given in Figure 

6 with the value of the dmb–Re(I)–bipy–Ru(III)–Fe(III) arbitrarily assigned as zero. The 

free energies were calculated from the reduction potentials (Table 1) as described by 

equation 2.  The free energy of the dmbRe(CO)3L.- was calculated using the following 

equation12: 
 E !A A"( ) = E A A"( ) + E0 –0  (8) 

where E(*A/A-) is the reduction potential of the excited state, E(A/A-) is the reduction 

potential of the ground state, and E0–0 is the energy of the 0–0 band.  The energy of the 

0–0 band was estimated at 23326.5 cm-1 (23326.5 cm-1 is the mean of the absorption  

 

ReI N N

CO

OC

N

N

H
3
C

H
3
C

CO

RuIII NC

NN

NN

FeIII CN

CN

NC

NC

CN

+

 
 
Figure 5.  Structure of the trinuclear mixed-valence chromophore-quencher. 
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h

bReI-L-RuIII-FeIII

0.00 eV

1.67 eV

0.71 eV

2.89 eV

bReII-L-RuII-FeIII

bReII-L-RuIII-FeII

bReII-L.--RuIII-FeIII

IT Band
(~645 nm)

 
 
Figure 6.  Potential energy diagram of the redox states of the trivalent mixed-valence 
chromophore quencher.  Energies given using dmb–ReI–bipy–RuIII–FeIII as a 
relative baseline.  b=4,4ʹ′-dimethyl-2,2ʹ′-bipyridine; L=4,4ʹ′-bipyridine  

Table 1. Reduction Potentials of Redox Couples 
Couple E° (V vs. NHE) 
FeII/III(CN)64-/3- +0.36 
RuI/III(en)2Cl20/+ -0.60a 
(dmb)ReI(CO)3L -1.09b 
(dmb)ReI(CO)3L -1.07b 
*(dmb)ReI(CO)3L -1.82c 

Standard reduction potentials (V vs. NHE) for the redox 
couples in the trinuclear mixed-valence chromophore 
quencher.  Where applicable, the emphasized ligand is 
that which contains the radical in the reduced form. 
(a) Calculated from Lever, A.B.P. Inorg. Chem., 1990, 29, 1271-
1285.; (b) Tapolsky, G.; Duesing, R.; Meyer, T.J., Inorg. Chem., 
1990, 29, 2285-2297.; (c) Calculated using E(*A/A-) = E(A/A-) 
+ E0-0 
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maximum at 29412 cm-1 (340 nm) and the fluorescence maximum at 17241 cm-1 (580 

nm)).12 

 The electron transfer in the dmb–Re–bipy–Ru–Fe quencher is initiated by an 

excited state MLCT between the Re and the bridging bipyridine ligand followed by a 

thermal electron transfer cascade leading to the formation of the mixed-valence 

complex Ru(III)–Fe(II).  The initial irradiation of the compound occurs at a frequency 

corresponding to either the MLCT band of dmb–Re(I) or Re(I)–bpy.  In either case, 

model compounds show that the excited electron will be localized on the bridging 

bipyridine ligand within picoseconds.14  The -.dmb–Re(II)–bipy–Ru(III)–Fe(III) state is 

higher in energy than the dmb–Re(II)–bipy.-–Ru(III)–Fe(III) state because the reduction 

potential for the former is more positive than that for the latter (See Table 1.).  If the 

irradiation is in the dmb–Re(I) MLCT band, the electron will be transferred from the Re 

metal forming the radical on the dimethylbipyridine ligand.  This state will rapidly 

undergo thermal electron transfer to form the bipyridine bridging ligand radical.  

Therefore, irradiation into either MLCT band will form dmb–Re(II)–bipy.-–Ru(III)–

Fe(III).5,14  (See Figure 7.)  The electron is then rapidly transferred from the radical to the 

Ru(III) forming dmb–Re(II)–bipy–Ru(II)–Fe(III) and facilely undergoes the final transfer 

from the Ru(II) to the Fe(III) forming dmb–Re(II)–bipy–Ru(III)–Fe(II).  The Ru(III)–Fe(II) 

 

dmb–ReI–bipy

h 1
E

h 2

-.dmb–ReII–bipy

dmb–ReII–bipy.-

 
 
Figure 7.  Relative energy diagram of the two productive MLCT states of the dmb–ReI–
bipy complex. 
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complex exists as a mixed valence compound, for it contains the Ru in the oxidized 

form adjacent to the Fe in the reduced form.  Based on a model compound ([Cl-

Ru(III)(en)2–NC–Fe(II)(CN)5]2-), the intervalent absorption band of the Ru(III)–Fe(II) 

couple should be approximately 645 nm.  Since the energy of activation for the reverse 

electron transfer is too large to be overcome at room temperature, the quencher will be 

trapped in this redox state. Therefore, the mixed-valence complex serves as a readily 

observable product of the quenching process that is initiated by the excitement of an 

electron on a separate Re ion. 
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Experimental Procedure 
 

 All reagents are from Aldrich unless otherwise indicated.  UV-Vis spectra were 

performed by using a Perkin Elmer Lambda 2 or Lambda 6.  IR spectra were recorded 

on a Nicolet Magna 550 FT-IR interfaced with a Gateway 2000 computer.  1H NMR 

spectra were obtained using a Bruker ARX 300 FT-NMR.  Irradiation of the samples was 

performed using a Spex Fluorolog 2 Fluorimeter interfaced with a DM3000 controller. 
 
 
Synthesis of dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeIII(CN)5 

 Zinc amalgam.  The Zn(Hg) used as a reducing agent was synthesized using the 

following procedure.8  Zn(s) flakes (10 g) were washed with 3 M HCl (aq) for several 

minutes and then rinsed with H2O.  The Zn was added to HgCl2 (0.1 g) in 0.1 M HCl 

(aq) and stirred for 15 minutes.  The resulting amalgam was rinsed five times with 0.1 

M HCl (aq) and stored under 0.1 M HCl (aq). 

 Tricarbonylchloro(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)rhenium(I).  [dmb–Re(CO)3Cl] 

was synthesized from a literature procedure.15  4,4ʹ′-dimethyl-2,2ʹ′-bipyridine (0.7555 g; 

4.101 mmol) and [Re(CO)5Cl] (0.9845 g; 2.722 mmol) were added to toluene (150 mL) 

and refluxed for 1 hour yielding a yellow crystalline solid.  [dmb–Re(CO)3Cl] (1.2498 g; 

2.551 mmol; 93.72 % yield) was collected by vacuum filtration. 

 Tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)trifluromethanesufonatorhenium(I).  

[dmb–Re(CO)3(O2SOCF3)] was synthesized using a modification of a literature 

procedure.8,16  [dmb–Re(CO)3Cl] (1.2498 g; 2.551 mmol) and Ag(O2SOCF3) (0.6649 g; 

2.588 mmol) were added to methylene chloride (150 mL) and the solution was refluxed 

for 1.5 hours, yielding a cloudy yellow mixture.  The mixture was vacuum filtered 

through Celite to remove AgCl and the clear yellow filtrate was concentrated.  [dmb–

Re(CO)3(O2SOCF3)] precipitated as bright yellow crystals. 

 (4,4ʹ′-Bipyridine)tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)rhenium(I) 
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Hexafluorophosphate.  [dmb–Re(CO)3–bpy]PF6 was synthesized using a literature 

procedure.12  [dmb–Re(CO)3(O2SOCF3)] from the previous reaction and 4,4ʹ′-bipyridine 

(0.7550 g; 4.834 mmol) were added to THF (200 mL) and allowed to reflux for 3.5 hours.  

The product was precipitated with the addition of aqueous (NH4)PF6.  [dmb–Re(CO)3–

bpy]PF6 was collected by vacuum filtration and was washed with water and diethyl 

ether.  [dmb–Re(CO)3–bpy]PF6 was purified by column chromatography (SiO2 column 

with 4:1 MeCl2:CH3CN as the eluent).  The fractions were redissolved in acetone and 

precipitated by the addition of diethyl ether.  The purity of the fractions was 

determined by 1H NMR (300 MHz; d-acetone) (ppm vs. TMS (integration, multiplicity, 

coupling) 9.33 (2 H, d, 5.6 Hz), 8.72 (2 H, d, 4.4 Hz), 8.68 (2 H, d, 6.7 Hz), 8.62 (2 H, s), 

7.86 (4 H, m), 7.66 (2 H, m), 2.65 (6 H, s)). 

 Potassium Aquopentachlororuthenium(III).  K2[RuCl5(H2O)] was synthesized 

using the following procedure.8  RuCl3•H2O (7.4092 g; 35.721 mmol) was added to 12 

M HCl (150 mL) and brought to a boil.  KCl (5.3276 g; 71.454 mmol) and Hg(I) (5-10 mL) 

added to mixture.  After a color change from red to green, the mixture was gravity 

filtered to remove the Hg(I) yielding a dark green filtrate.  The red crystalline product 

K2[RuCl5(H2O)] (4.8370 g; 12.914 mmol; 36.152 % yield) was collected under vacuum 

and washed with cold H2O (1 mL). 

 trans-Dichlorobisethylenediammineruthenium(III) Hexafluorophosphate.  

trans-[Ru(en)2Cl2]PF6 was synthesized using a modification of a literature procedure.17  

A solution of K2[RuCl5(H2O)] (4.8370 g; 12.91 mmol) in MeOH (ca. 250 mL) was 

brought to reflux.  A solution of ethylenediamine (1.5530 g; 25.84 mmol) in MeOH (150 

mL) was added dropwise into the solution.  After the end of the addition (6 hrs.), the 

solution was allowed to reflux for an additional 1.5 hours.  A brown crystalline product 

was collected by vacuum filtration.  Recrystallization from hot 2 M HCl (aq) and 

precipitation with (NH4)PF6 yielded bright orange crystals.  Purity was determined by 

UV-Vis (1 M HCl) (269.0 nm, 344.0 nm) (lit17: 268 nm, 342 nm). 
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 Tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)rhenium(I)-µ-(4,4ʹ′-bipyridine)-

trans-bisethylenediamineruthenium(III)-µ-cyanopentacyanoferrate Bromide.  [dmb–

ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br (MW 1115.72 g mol-1) was synthesized 

using the following procedure.8  [RuIII(en)2Cl2]PF6 (0.0542 g; 124. µmol) was suspended 

in H2O (3 mL) and [dmb–Re(CO)3–bpy]PF6 (0.0815 g; 124. µmol) was dissolved in 

MeOH (15 mL).  The two solutions were mixed together with Zn(Hg).  The mixture was 

allowed to stir under a flow of Ar(g) until the [RuIII(en)2Cl2]PF6 was reduced to 

[RuII(en)2(H2O)2]+ and went into solution (15 min).  K3[FeIII(CN)6] (0.0410 g; 124.5 

µmol) was placed in the bottom of a filter flask and dissolved in H2O (6 mL), forming a 

clear yellow solution.  The [dmb–Re(CO)3–bpy]+ and [RuII(en)2(H2O)Cl]+ solution was 

vacuum filtered into the filter flask yielding a dark green filtrate and precipitate.  The 

[dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeII(CN)5] product was collected by vacuum 

filtration.  The [dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeII(CN)5] was then oxidized to 

[dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeIII(CN)5]- using the following procedure.  A 

suspension of [dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeII(CN)5] was made in CH3CN (ca. 

100 mL).  Liquid bromine (1 mL) was added to the mixture, which was allowed to stir 

for 1 hour.  Gaseous argon was then bubbled through the mixture to displace the Br2(l) 

as Br2(g).  The resulting [dmb–ReI(CO)3–bpy–RuIII(en)2–NC–FeIII(CN)5]Br product 

formed a deep yellow solution and was collected by allowing the solvent to evaporate. 
 
 
Synthesis of dmb–ReI(CO)3–bpy–RuIII(NH3)4–NC–FeIII(CN)5 

 Ruthenium Tetraoxide.  RuO4 was synthesized using a literature procedure.18  

RuCl3•H2O (2.0237 g; 9.7565 mmol) was added to 1.5 M NaOH (aq) (20 mL) and then 

added to an ice cold aqueous solution of NaIO4 (8.9956 g; 42.057 mmol dissolved in 

H2O (70 mL)).  The aqueous solution of RuO4 was divided into three portions and each 

portion was extracted three times with CCl4 (ca. 7 mL) to yield a total volume of 60.0 

mL.  The CCl4 solution was collected and stored with NaIO4 in the refrigerator. 
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 trans-Tetraaminedioxoruthenium(VI) Dichloride.  trans-[Ru(NH3)4O2]Cl2 was 

synthesized using a literature procedure.18  NH4Cl (9.9981 g; 0.18691 mol) and Na2CO3 

(1.0005 g; 9.4411 mmol) were dissolved in ice cold H2O (70.0 mL).  The CCl4 solution of 

RuO4 (60.0 mL) was added to the aqueous solution with stirring.  After allowing to stir 

for ca. 15 min, the green precipitate was collected by vacuum filtration and was washed 

with CCl4 and EtOH. 

 trans-Tetraaminedichlororuthenium(III) Chloride.  trans-[Ru(NH3)4Cl2]Cl was 

synthesized using a literature procedure.19  A mixture of trans-[Ru(NH3)4O2]Cl2 (0.4167 

g; 1.531 mmol) and ascorbic acid (4.1893 g; 23.787 mmol) in 2 M HCl (aq) (31.3 mL) was 

allowed to stir for 1 day.  The orange crystalline product was collected by vacuum 

filtration and recrystallized from water.  The purity was determined by UV-Vis (1 M 

HCl) (332.0nm) (lit19: 331 nm). 

 Tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)rhenium(I)-µ-(4,4ʹ′-bipyridine)-

trans-tetraamineruthenium(III)-µ-cyanopentacyanoferrate Bromide.  [dmb–ReI(CO)3–

dmb–RuIII(NH3)4–NC–FeIII(CN)5]Br was synthesized using the same procedure as the 

synthesis of [dmb–ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br with the exception that 

trans-[RuIII(NH3)4Cl2]Cl was substituted for trans-[RuIII(en)2Cl2]PF6. 
 
 
Wavelength Dependence Studies 

Wavelength Dependence. 

 The irradiation of [dmb–ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br was 

performed using a Spex Fluorolog 2 Fluorimeter with the excitation monochromator 

slits removed and with aligned polarizers.  Aliquots (400 µL) of a  69.2 µM [dmb–

ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br and 7.53 mM phenothiazine (PTZ) solution 

were irradiated in a quartz cuvette (1 cm path length) for 45 minutes at the following 

wavelengths:  578.0 nm, 546.0 nm, 509.0 nm, 480.0 nm, 468.0 nm, 436.0 nm, 405.0 nm, 

365.0 nm, 334.0 nm, 313.0 nm, 297.0 nm, and 254.0 nm20.  After irradiation, the samples 
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were diluted with CH3CN (400 µL) and the UV-Vis spectra were recorded from 900.0 

nm to 190.0 nm.  A background spectrum of an aliquot (400 µL) of non-irradiated 69.2 

µM [dmb–ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br and 7.53 mM PTZ solution was 

obtained in the same manner. 

 The molar extinction coefficient at 633.0 nm was determined by irradiating an 

aliquot (400 µL) of 69.2 µM [dmb–ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br and 7.53 

mM PTZ at 365.0 nm for 4 hours.  The UV-Vis spectrum was recorded in the same 

manner as the irradiated samples. 

 The wavelength dependence of a solution of 70.9 µM K[Cl–Ru(III)(en)2–NC–

Fe(III)(CN)5] and 7.54 mM PTZ was determined for the wavelengths between 405.0 nm 

and 254.0 nm using the identical procedure. 
 

Actinometry. 

 The procedure used for the ferrioxalate actinometry was a modification of a 

literature procedure.20,21  The two actinometer solutions were mixed as follows.  For the 

0.00603 M solution, K3[Fe(C2O4)3]•3H2O (0.1481 g; 301.4 µmol) was dissolved in H2O 

(40. mL).  1.0 M H2SO4(aq) (5.0 mL) was added and the solution was diluted to 50.0 mL 

with H2O.  The 0.150 M solution was prepared in the same manner using 

K3[Fe(C2O4)3]•3H2O (3.6857 g; 7.5027 mmol).  A 4 % solution of 1,10-phenanthroline 

monohydrate (4.0240 g; 22.330 mmol) in MeOH (100. mL) was prepared.  A buffer 

solution was prepared by dissolving NaCH3COO (4.9288 g; 60.086 mmol) in H2O (60. 

mL).  1 M H2SO4 (aq) (36. mL) was added and the solution was diluted to 100.0 mL 

with H2O. 

 To perform the ferrioxalate actinometry, an aliquot (400. µL) of the appropriate 

actinometer solution was irradiated in a 1 cm quartz cuvette at the different 

wavelengths until the absorption was between 0.1 and 1.4 optical units.  The 0.00603 M 

solution was used as the actinometer solution at the following wavelengths which were 
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irradiated for the length of time given:  254.0 nm (15 minutes), 297.0 nm (60 seconds), 

313.0 nm (60 seconds), 334.0 nm (60 seconds), 365.0 nm (30 seconds), and 405.0 nm (30 

seconds).  The 0.150 M solution was used for the following wavelengths:  436.0 nm (30 

seconds), 468.0 nm (30 seconds), 480.0 nm (60 seconds), 509.0 nm (60 seconds), 546.0 nm 

(5 minutes), and 578.0 nm (15 minutes).  The irradiated actinometer solution was 

diluted with H2O (900. µL), and 4 % 1,10-phenanthroline monohydrate solution (500. 

µL) and buffer solution (200. µL) were added.  The sample was mixed and allowed to 

stand for 30 minutes.  The absorption at 510.0 nm was obtained to determine the 

concentration of the iron-phenanthroline complex. 

 The calibration plot for the iron-phenanthroline complex was determined in the 

following manner.  A 400. µM solution of FeSO4•7H2O in 0.1 M H2SO4 (aq) was 

prepared by dilution from 0.100 M FeSO4•7H2O in 0.1 M H2SO4 (aq).  Solutions were 

prepared with the following volumes of the 400. µM FeSO4•7H2O solution:  0.00 mL, 

0.50 mL, 1.00 mL, 1.50 mL, 2.00 mL, 2.50 mL, 3.00 mL, 3.50 mL, 4.00 mL, 4.50 mL, and 

5.00 mL.  The solutions were brought to 10.00 mL total volume of 0.1 M H2SO4.  

Phenanthroline solution (2.00 mL), buffer solution (5.00 mL), and MeOH (3.00 mL) were 

added to each solution.  The solutions were mixed, allowed to stand for 45 minutes, and 

the absorbance at 510.0 nm was obtained.  The 0.00 M Fe2+ solution was used as the 

blank. 

 Potassium Trioxalatoferrate Trihydrate.  K3[Fe(C2O4)3]•3H2O was synthesized 

using a literature procedure20, which was performed in a dark room illuminated with a 

red safelight.  1.5 M K2(C2O4)•H2O (60. mL) and 1.5 M FeCl3•6H2O (20. mL) were 

mixed with stirring.  The green crystalline K3[Fe(C2O4)3]•3H2O was collected by 

vacuum filtration. The product was recrystallized twice from hot H2O, washed with 

cold H2O and cold MeOH, and stored in an opaque container. 
 
 
Phenothiazine Concentration Dependence 
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 Samples of 69.2 µM [dmb–ReI(CO)3–dmb–RuIII(en)2–NC–FeIII(CN)5]Br were 

prepared with the following concentrations of phenothiazine:  69.3 mM, 6.93 mM, 673 

µM, and 90.3 µM.  An aliquot (400 µL) of each sample was irradiated at 390.0 nm for 

either 5 minutes (69.3 mM), 1 hour (6.93 mM and 673 µM) or 90 minutes (90.3 µM).  

After irradiation, the samples were diluted with CH3CN (400 µL) and the UV-Vis 

spectra were obtained from 900.0 nm to 190.0 nm.  For each concentration of PTZ, a 

background spectrum of an aliquot (400 µL) of non-irradiated sample was obtained in 

the same manner. 
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Results 
 

 The study of the trinuclear mixed valence chromophore quencher was divided 

into three parts:  spectral characterization, wavelength dependence studies, and 

phenothiazine concentration dependence.  The spectral characterization included 

infrared spectroscopy, used to characterize the product, and UV-Vis spectroscopy, used 

to characterize the electronic states of the molecule.  The wavelength dependence study 

was performed in two parts.  In the first, the dependence of the [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br quenching upon wavelength was studied.  In the 

second, the intensity of the lamp as a function of wavelength was determined using 

ferrioxalate actinometry.  From these data, the photoaction spectra of [dmb–Re(I)(CO)3–

bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br and of phenothiazine were determined.  The 

phenothiazine concentration dependence was performed to determine the effects of the 

concentration of PTZ on the quantum efficiency of the quenching process. 
 

Spectral Characterization 

 Since a spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br that 

was clean enough to accurately identify peaks could not be recorded, an infrared 

spectrum of the [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] reduced form was 

obtained.  (Figure 8.)  The spectrum presented the following peaks:  3298 cm-1, 3242 

cm-1, 3143 cm-1, 2966 cm-1, 2072 cm-1, 2032 cm-1, 1927 cm-1, 1920 cm-1, and 842 cm-1.  

The peaks at 3298  cm-1 and 3242 cm-1 are the doublet caused by the N–H stretching in 

the primary amines of the ethylenediamine coordinated to the Ru.  The peak at 3143 cm-

1 results from the aromatic C–H stretches in either the dimethylbipyridine or the 

bridging bipyridine.  The peak at 2966 cm-1 results from the aliphatic C–H stretches in 

either the ethylenediamine ligands or from the methyl groups present on the 

dimethylbipyridine.  The broad peak at 2072 cm-1 is indicative of Fe(II)–CN stretches.  

Because the peak is broad, it is most likely an average of both the bridging cyanide 
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group, which should be higher in energy, and the non-bridging cyanide groups, which 

should be lower in energy.  The peaks at 2032 cm-1, 1927 cm-1 and 1920 cm-1 are due to 

the C–O stretches from the fac-carbonyl ligands on the Re.22  From this spectrum, it is 

possible to conclude that all three centers are present in the compound.  Due to the 

order of the synthetic scheme, they must be present as [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(II)(CN)5]. 

 The UV-Vis spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br 

was recorded in CH3CN (Figure 9) and the resulting spectrum had the following peaks:  

219 nm, 278 nm, 324 nm (sh), 390 nm, 416 nm (sh), 468 nm.  By analogy to the 

literature12 for [dmb–Re(I)(CO)3–bpy](PF6) and for [dmb–Re(I)(CO)3–bpy–Re(I)(CO)3–

dmb](PF6)2, the peaks were assigned as follows.  The peaks at 278 nm and 324 nm are π 

→ π* transitions within the Re complex.  The peak at 390 nm is the MLCT band for the 

transition between the metal d electrons and the π* orbitals of the dimethylbipyridine 

and the bridging pyridine ligands.  The peak at 219 nm corresponds to the trans-

Ru(III)(en)2 complex.  The peak at 416 nm corresponds to the LMCT band of 

K3[Fe(III)(CN)6].  From this, it can be determined that the iron center must be in the 

oxidized state, for there is not a peak in this region of the UV-Vis spectrum for 

K4[Fe(II)(CN)6.]  The remaining peak at 468 nm most likely corresponds to the π ligand 

→ d metal electron transfer for the bridging bipyridine to the ruthenium or for the 

ethylenediamine to the ruthenium. 
 
 
Wavelength Dependence Studies 

 The wavelength dependence of the quenching of [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br in the presence of phenothiazine was determined by 

spectrometric determination of absorbance differences between the starting compound 

and the photo-product.  The spectra of the oxidized non-irradiated [dmb–Re(I)(CO)3–

bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br with PTZ and of the presumed [dmb–Re(I)(CO)3– 
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Figure 8. Infrared spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] (obtained in KBr). 
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Figure 9. UV-Vis spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br ( obtained in 
CH3CN in a 1 cm path length quartz cuvette with CH3CN as the background. 
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bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] photo-product with PTZ are presented in Figure 10.  

Since there is not a peak at 633.0 nm in [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br while there is one for the presumed [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–

NC–Fe(II)(CN)5] complex, the absorbance at 633.0 nm can be directly correlated to the 

amount of [dmb–Re(I)(CO)3–bpy–Ru(II)(en)2–NC–Fe(II)(CN)5] photo-product produced 

by the quenching reaction.  Since the only peaks in the UV-Vis spectrum of [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br are between 200 nm and 600 nm, this is 

the region in which the wavelength dependence was performed.  The wavelengths used 

for the study were chosen because ferrioxalate actinometry can be performed at those 

wavelengths.20  The irradiation was performed for 45 minutes, for this is long enough 

that the peak at 633.0 nm would be spectrometrically measurable but not long enough 

that the reaction might have gone to completion during the irradiation time, as 

indicated by the fact the the absorbance at 633.0 nm continued to increase as the time of 

irradiation was lengthened. 
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Figure 10. UV-Vis spectra of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br and PTZ before 
irradiation (solid line) and after 60 minutes of irradiation at 390.0 nm (dashed line). 
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 The UV-Vis spectra were obtained after irradiation of [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br at the following wavelengths:  578.0 nm, 546.0 nm, 509.0 

nm, 480.0 nm, 468.0 nm, 436.0 nm, 405.0 nm, 365.0 nm, 334.0 nm, 313.0 nm, 297.0 nm, 

and 254.0 nm.  The baselines of the spectra were normalized at 800.0 nm with that of 

non-irradiated [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br.  The normalized 

absorbance differences between the irradiated samples and the non-irradiated sample 

were obtained for all wavelengths.  In order to convert these absorbance differences into 

the amount of product, the molar extinction coefficient of the presumed [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] photo-product at 633.0 nm was calculated.  

A sample of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br was irradiated at 

365.0 nm for 4 hours after which the reaction was assumed to be complete.  The 

differential absorption was obtained and converted into the extinction coefficient at 

633.0 nm using the Beer-Lambert law: 

   A = !C!  (9) 

where A is the absorbance, ε is the molar extinction coefficient, C is the concentration of 

the sample, and l is the path length of the cell.  The molar extinction coefficient of the 

presumed [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] photo-product in CH3CN 

at 633.0 nm was calculated at 57000 M-1 cm-1.  Using this value, the concentration of 

product formed at each wavelength was calculated.  This concentration was then 

corrected for the fact that some of the CH3CN evaporated during the irradiation.  For 

Table 2. Concentration of bReILRuIIIFeII Produced at Different Wavelengths 
Wavelength (nm) [bReILRuIIIFeII] (M) Wavelength (nm) [bReILRuIIIFeII] (M) 
254.0 2.04x10-6 436.0 5.56x10-7 
297.0 5.16x10-6 468.0 0 
313.0 5.53x10-6 480.0 0 
334.0 7.64x10-6 509.0 0 
365.0 2.32x10-5 546.0 0 
405.0 7.97x10-6 578.0 0 

Concentrations of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5 ] photo-product produced by 
irradiation of  [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br (69.7 µM) and PTZ (7.53 mM) for 
45 minutes at different wavelengths. 
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both the irradiated samples for the wavelength dependence and the molar extinction 

coefficient, the ratio of the post- and pre-irradiation concentrations was 13/16.  (See 

Table 2 for concentrations.) 

 The power of the xenon lamp in the fluorimeter was determined by ferrioxalate 

actinometry, which has the following chemical mechanism: 
 

 

Fe C2O4( )[ ]+ h!" # " " Fe2+ + C2O4( )$

C2O4( )$ + Fe C2O4( )[ ]+
" # " 2CO2 + Fe2+ + C2O4( )2$

Fe2+ +1,10 $ phenanthroline " # " Fe2+ phenanthroline( )3[ ]2 +

 I 

Therefore, the moles of ferrous iron produced are directly proportional to the incident 

irradiation absorbed by the ferrioxalate actinometer.  In order to correlate the 

concentration of the iron-phenanthroline complex and its absorbance at 510.0 nm, a 

Beer-Lambert calibration curve (Figure 11) was determined, and from it, the molar 

extinction coefficient of the iron-phenanthroline complex at 510.0 nm was calculated as 

14,200 M-1 cm-1. 
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Figure 11.  Beer-Lambert calibration curve for the absorbance of [Fe(phenanthroline)3]2+ at 510 nm using 
a 1 cm path length cuvette.  Slope=14200±165 M-1 cm-1; intercept=-1.00x10-4±1.02x10-2; R2=0.999 
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 By measuring the absorbance of each actinometer sample at each wavelength, the 

concentration of iron-phenanthroline complex was calculated using the Beer-Lambert 

calibration curve.  This concentration was converted to the number of photons absorbed 

by the sample using known quantum efficiencies (Table 3) and the following formula: 
 
 ! =

moles product formed
moles photons absorbed

 (10) 

where φ is the quantum efficiency at a specific wavelength.  By measuring the fraction 

of light absorbed by each actinometer solution between 250 nm and 600 nm, the moles 

of photons absorbed by the product were converted to the moles of photons impingent 

upon the sample (Table 3 and Figure 12).  This intensity, or flux, was normalized by 

dividing by the irradiation time and the irradiated cross-section of the sample (0.4 cm2). 

 Once the power of the lamp was determined over the range of wavelengths, the 

quantum efficiency of the quenching of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br could be calculated (Table 4).  The moles of photo-product were obtained 

from the concentration, and the absorbed light flux was calculated from the fraction of 

light absorbed (Table 4) and the light flux impingent upon the sample.  The resulting 

quantum efficiencies were plotted versus the wavelength of irradiation, yielding the 

photoaction spectrum for [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br (Figure 

13). 

 The wavelength dependence of the photo-oxidation of phenothiazine in the 

presence of K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] was also studied.  The UV-Vis spectrum 

of a solution of PTZ was obtained in CH3CN.  This spectrum agreed with the 

literature23 and presented the following peaks:  204 nm, 246 nm, and 316 nm.  

Therefore, the photoaction spectrum of PTZ and of the Ru(III)–Fe(III) couple was 

calculated between 405.0 nm and 254.0 nm.  As with the [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br, the reduced K2[Cl–Ru(III)(en)2–NC–Fe(II)(CN)5] couple 

had an absorbance peak at 628.0 nm while that of the oxidized Ru(III)–Fe(III) couple did 
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not.  This enabled direct spectrometric measurement of the photo-oxidation of PTZ in 

the 

 

 

Table 3.  Ferrioxalate Actinometry of the Xenon Fluorimeter Lamp 
Wavelength 
(nm) 

[Actinometer] 
(M) 

Quantum 
Efficiency20 

Fraction of Light 
Absorbed 

Intensity of Lamp 
(Einsteins s-1 cm-2) 

254.0 0.00603 1.25 0.9984 2.69x10-10 
297.0 0.00603 1.24 0.9987 2.49x10-9 
313.0 0.00603 1.24 0.9988 3.63x10-9 
334.0 0.00603 1.23 0.9988 5.68x10-9 
365.0 0.00603 1.22 0.9975 9.30x10-9 
405.0 0.00603 1.14 0.8282 1.23x10-8 
436.0 0.150 1.01 0.9983 1.30x10-8 
468.0 0.150 0.93 0.7710 1.65x10-8 
480.0 0.150 0.94 0.5090 1.61x10-8 
509.0 0.150 0.86 0.1337 2.02x10-8 
546.0 0.150 0.15 0.0602 3.27x10-8 
578.0 0.150 0.013 0.0946 5.98x10-8 
Intensity of the fluorimeter lamp determined by ferrioxalate actinometry at selected wavelengths between 
250 nm and 600 nm. 
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Figure 12.  Lamp flux (Einsteins s-1 cm-2) as a function of wavelength as determined by ferrioxalate 
actinometry. 
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presence of K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] and subsequent reduction of the Ru(III)–

Fe(III) couple to Ru(III)–Fe(II). 

 The UV-Vis spectra were recorded after irradiation of PTZ and K[Cl–Ru(III)(en)2–

NC–Fe(III)(CN)5] at the following wavelengths:  405.0 nm, 365.0 nm, 334.0 nm, 313.0 nm, 

297.0 nm, and 254.0 nm.  The baselines of the spectra were normalized at 800.0 nm with 

that of non-irradiated PTZ and CK[l–Ru(III)(en)2–NC–Fe(III)(CN)5].  The normalized 

Table 4. Quantum Efficiencies of dmb–Re(I)–bpy–Ru(III)–Fe(III). 
Wavelengt
h (nm) 

Fraction of 
Light Absorbed 

Quantum 
Efficiency 

Wavelengt
h (nm) 

Fraction of 
Light Absorbed 

Quantum 
Efficiency 

254.0 0.9984 3.15x10-3 436.0 0.5535 3.20x10-5 
297.0 0.9988 8.57x10-4 468.0 0.57791 0 
313.0 0.9989 6.30x10-4 480.0 0.5083 0 
334.0 0.9990 5.56x10-4 509.0 0.2807 0 
365.0 0.9920 1.04x10-3 546.0 0.1059 0 
405.0 0.6918 3.89x10-4 578.0 0.1155 0 

The fraction of light absorbed by [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br at each 
wavelength and the quantum efficiency of the quenching process at each wavelength. 
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Figure 13. Photoaction spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br and PTZ.  The 
plot is of  the quantum efficiency of the quenching process (as measured by the formation of the mixed 
valence product) as a function of wavelength. 
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absorbance differences between the irradiated samples and the non-irradiated sample 

were obtained for all wavelengths.  These absorbance differences were converted into a 

concentration of product (Table 5) using the molar extinction coefficient of PTZ and 

K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] at 628.0 nm, which was calculated as follows.  A 

sample of PTZ and K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] was irradiated at 365.0 nm for 4 

hours after which the reaction was assumed to be complete.  The differential absorption 

was obtained and converted into the molar extinction coefficient at 628.0 nm (22,000 M-1 

cm-1). 

 Using the power of the lamp, the quantum efficiency of the irradiated conversion 

of PTZ and K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] to PTZ+ and [Cl–Ru(III)(en)2–NC–

Fe(II)(CN)5]2- was calculated (Table 6).  The moles of [Cl–Ru(III)(en)2–NC–Fe(III)(CN)5]2- 

photo-product were obtained from the concentration, and the absorbed light flux was 

calculated from the fraction of light absorbed (Table 6) and the light flux impingent 

upon the sample.  The resulting quantum efficiencies were plotted versus the 

wavelength of irradiation yielding the photoaction spectrum for PTZ and K[Cl–

Ru(III)(en)2–NC–Fe(III)(CN)5] (Figure 14). 
 

Table 5. Concentration of RuIII–FeII Produced by Photo-oxidation of PTZ 
Wavelength (nm) [RuIIIFeII] (M) Wavelength (nm) [RuIIIFeII] (M) 
254.0 9.58x10-7 334.0 1.02x10-5 
297.0 4.28x10-6 365.0 1.52x10-5 
313.0 6.32x10-6 405.0 5.38x10-6 

Concentrations of [Cl–Ru(III)(en)2–NC–Fe(II)(CN)5]2- photo-product produced by irradiation of K[Cl–
Ru(III)(en)2–NC–Fe(III)(CN)5] (70.9 µM) and PTZ (7.54 mM) for 45 minutes at different wavelengths. 
 
Table 6. Quantum Efficiencies of PTZ Photo-oxidation in the Presence of Ru(III)–Fe(III) 
Wavelengt
h (nm) 

Fraction of 
Light Absorbed 

Quantum 
Efficiency 

Wavelengt
h (nm) 

Fraction of 
Light Absorbed 

Quantum 
Efficiency 

254.0 0.9985 1.46x10-3 334.0 0.9988 7.33x10-4 
297.0 0.9987 7.02x10-4 365.0 0.9814 6.80x10-4 
313.0 0.9989 7.13x10-4 405.0 0.4023 4.46x10-4 

The fraction of light absorbed by K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] and PTZ at each wavelength and 
the quantum efficiency of the photo-oxidation of PTZ and subsequent reduction of the Ru(III)–Fe(III) 
couple at each wavelength. 
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Phenothiazine Concentration Dependence 

 The phenothiazine concentration dependence of the former quenching process 

was determined by calculating the quantum efficiencies of the quenching process at 

different concentrations of PTZ.  The concentrations of PTZ used were approximately 1 

equivalent, 10 equivalents, 100 equivalents, and 1000 equivalents to that of the [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br.  The samples were irradiated at 390.0 

nm for a time long enough to produce measurable conversion to the reduced [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5], but not long enough that the reaction 

could have gone to completion.  As with the wavelength dependence studies, the UV-

Vis spectrum of each sample was obtained after irradiation and was normalized against 

a sample of the same solution which had not been irradiated.  The absorption difference 

at 633.0 nm was converted into a concentration of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–

NC–Fe(II)(CN)5] using the extinction coefficient for [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–
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Figure 14. Photoaction spectrum of PTZ photo-reduction of K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5].  The plot 
is of the quantum efficiency of the photo-oxidation of PTZ (as measured by the reduction of K[Cl–
Ru(III)(en)2–NC–Fe(III)(CN)5])  as a function of wavelength. 
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NC–Fe(II)(CN)5] and PTZ in CH3CN at 633.0 nm.  The molarities were converted to 

moles and the quantum efficiencies were calculated using the flux of the lamp at 390.0 

nm, which was interpolated from the lamp flux data.  The quantum efficiencies were 

plotted against the concentrations of PTZ (Figure 15) yielding a rectangular hyperbolic 

curve. 
 

Table 7. Quantum Efficiency of Quenching of dmb–Re(I)–bpy–Ru(III)–
Fe(III) at 390 nm at Different PTZ Concentrations 

[PTZ] (M) Fraction of Light Absorbed Quantum Efficiency 
6.93x10-2 0.9960 2.10x10-4 
6.93x10-3 0.7508 2.10x10-4 
6.73x10-4 0.5811 9.04x10-5 
9.03x10-5 0.5607 1.13x10-5 

Quantum efficiency of the quenching of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–
NC–Fe(III)(CN)5]Br at 390.0 nm irradiation at different concentrations of PTZ. 
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Figure 15. Quantum efficiency of the quenching of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–
Fe(III)(CN)5]Br at 390.0 nm at different concentrations of PTZ.  Curve is fit to y=a1*x/(a2+x) with 
a1=2.23x10-4; a2=9.43x10-4; R2=0.9878. 
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Discussion 
 

 The quenching ability of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br 

was investigated as a function of wavelength.  When a solution of [dmb–Re(I)(CO)3–

bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br was irradiated at 390 nm (the MLCT band for Re–

bpy), no discernible difference was present between the pre-irradiation and post-

irradiation UV-Vis spectra.  The reason for this observation can be determined from the 

potential energy diagram in Figure 6.  Although the quenching product is trapped in 

relative energy minimum of the mixed valence complex, this is not the absolute 

minimum in the system.  The mixed valence quenching product has a ∆G° of +0.71 eV 

as compared to the pre-irradiated complex.  Since the only changes in the complex were 

electronic transfers, the system can further relax thermally back to the original [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br state from the [dmb–Re(II)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(II)(CN)5]Br quenching product.  Alternatively, rapid back electron 

transfer could follow the initial light excitation, reforming the ground state species with 

no net forward electron transfer.  One method of preventing either non-productive 

process is to irreversibly reduce the photo-excited Re(II) to Re(I) using a sacrificial 

reductant.  This would have the effect of producing an energetically favorable stable 

product that would be locked in the Ru(III)–Fe(II) mixed valence form.  One such 

compound capable of undergoing irreversible oxidation is phenothiazine (PTZ).  The 

possible mechanisms of PTZ reduction of the Re(II) are given in Figure 16.  The 

mechanism follows the energetics given in the Introduction in two possible pathways.  

In the first pathway, the Re(II) is reduced at the dmb–Re(II)–L.-–Ru(III)–Fe(III) redox 

isomer, for the charge transfer has not achieved large separation at this point.  The other 

possible mechanism is that the Re(II) is reduced after the electron transfer cascade to 

form the dmb–Re(II)–L–Ru(III)–Fe(II) state is complete.  With either mechanism, the 

Re(II) is reduced via the oxidation of PTZ and this provides an energetically favorable 
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state in which the mixed valence quenching product might be trapped. 

 When the solution of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br and 

PTZ was irradiated at 390.0 nm, the post-irradiation spectrum differed from that of the 

pre-irradiation product.  The most obvious difference was the presence of a peak at 633 

nm in the post irradiated product, which is consistent with a Ru(III)–Fe(II) mixed 

valence compound.  This is consistent with the hypothesis given above, for the 

irradiation product in the presence of PTZ should be [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–

NC–Fe(II)(CN)5], which differs from [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br only in the oxidation state of the iron. 

dReI-L-RuIII-FeIII

dReII-L.--RuIII-FeIII

h CR

dReI-L-RuII-FeIII

dReII-L-RuII-FeIII

PTZ

PTZ+

dReI-L.--RuIII-FeIII

dReI-L-RuIII-FeII

dReII-L-RuIII-FeII

PTZ

PTZ+

 
 

Figure 16.  Kinetic scheme for the involvement of phenothiazine in the 
intramolecular quenching of dmb–Re(I)–bpy–Ru(III)(en)2–Fe(III). 
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 The dependence of the intramolecular quenching of dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5 upon the concentration of phenothiazine was studied in 

order to qualitatively elucidate the kinetics.  When the concentration dependence was 

calculated, the resulting curve was in the shape of a rectangular hyperbola.  This curve 

shape is indicative of saturation kinetics.  According to the hypothesis given previously, 

the PTZ was necessary either to lock the compound in the energetically favorable dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5 state or to force the electron transfer 

cascade to proceed in the forward direction.  Therefore, the amount of [dmb–

Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] observed depends on two factors:  the rate 

of the thermal relaxation of the final product to the initial state (a unimolecular 

mechanism) and the rate of collision of the [dmb–Re(II)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(II)(CN)5]Br with PTZ molecules (a bimolecular mechanism).  The rate of collision is 

considered to be the rate limiting step, for the electron cascade occurs on a picosecond 

timescale.  If the rate of production of the irradiated intermediate is approximated as a 

steady state, the rate equation can be solved using Michaelis-Menten type kinetics.25  In 

these kinetics the formation of the excited state results in the rapid formation of the 

steady state intermediate.  The excited state then either relaxes back down to the 

ground state through intramolecular charge recombination or complete thermal 

relaxation (both of which are unimolecular mechanisms), or it produces the observable 

[dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] product via a bimolecular 

mechanism between the [dmb–Re(II)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5]Br and the 

PTZ.  Since the quenching process is initiated by the absorption of light, the quantum 

efficiency is proportional to the overall rate of quenching.  Therefore, the quantum 

efficiency can be related to the concentration of PTZ with the following expression: 
 

 ! =
!max PTZ[ ]
K + PTZ[ ]( )

 (11) 

where φmax is the maximum quantum efficiency given the experimental conditions and 
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K is a collection of rate constants. 

 At low concentrations of PTZ (ca. 1 equivalent), the rate of thermal relaxation of 

the product exceeds the rate of collision with PTZ and a low quantum yield is observed.  

At high concentrations (ca. 100 or 1000 equivalents), however, the rate of collision 

exceeds the rate of relaxation and all of the molecules which have undergone 

intramolecular quenching are locked into the [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(II)(CN)5] redox isomer by reaction with the PTZ.  Increasing the concentration of PTZ 

would not have an appreciable effect on the quantum efficiency of the quenching 

because every quenched molecule of [dmb–Re(II)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(II)(CN)5]Br can collide with PTZ before undergoing thermal relaxation.  Therefore, it 

can be concluded that the PTZ concentration dependence curve of the intramolecular 

quenching of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br demonstrates a 

kinetic mechanism similar to Figure 16 and that PTZ has a necessary role in the 

quenching process.  It serves to lock the quenched [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–

NC–Fe(III)(CN)5]Br  in the observable state by preventing further thermal relaxation. 

 The calculation of the photoaction spectrum for [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br allowed for the determination of those wavelengths for 

which the quenching process was most effective.  Since the MLCT bands of both Re(I) 

→ dmb and Re(I) → bpy were hypothesized to be at ca. 390 nm, the expected 

photoaction spectrum would have one peak between the 365 nm and 405 nm 

irradiations.  All other wavelengths should have small quantum efficiencies, for the 

electron transfer in the quencher would not readily occur.  The observed spectrum, 

however, differed from this hypothetical spectrum in that it had peaks at both 365.0 nm 

and 254.0 nm.  The peak at 365.0 nm is explained by the presence of a MLCT band of 

[dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br near this wavelength.  The peak 

at 254.0 nm, however, cannot be adequately explained by assignment to any electronic 

transfer within [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br complex, for 
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there is not a peak at 254.0 nm in the UV-Vis spectrum of [dmb–Re(I)(CO)3–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br.  Two possibilities were considered to explain this peak:  

error in the lamp flux and effects of the PTZ. 

 One possible explanation was that an error was performed in the determination 

of the lamp flux by actinometry.  In order to discount experimental error, the 

actinometry was performed twice — once starting at 254.0 nm and proceeding towards 

longer wavelengths and once starting at 578.0 nm and proceeding towards shorter 

wavelengths.  Similar fluxes were obtained in both experiments.  The spectral shape of 

the fluorimeter lamp was also compared with that of the literature24  to identify any 

discrepancies.  The spectra agreed from ca. 250 nm to ca. 400 nm with the lamp 

increasing power over these wavelengths.  Between ca. 400 nm and 600 nm, however, 

the spectra disagreed.  Experimentally, the power of the lamp increased significantly 

while, according to the literature, the power of the lamp actually decreases over this 

range.  This experimental discrepancy can be partially explained by the fact that the 

fraction of the light absorbed by the actinometer solution decreases after 468.0 nm.  

Therefore, even though the flux was corrected for this absorbance, not all of the light 

was absorbed and so effects such as reflection off the back of the cell become significant.  

By providing a falsely high absorbance, the flux would be artificially high.  Therefore, 

the actinometer solution becomes less accurate as the fraction of light decreases.  These 

errors occur at the long wavelengths at which there is no measurable reduction of 

[dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br.  The other possible explanation 

is that the lamp flux at 254.0 nm is small (by an order of magnitude) compared to the 

other fluxes at nearby wavelengths. Therefore, any error would be significant when the 

quantum efficiency was calculated at that wavelength. 

 The remaining possibility was that the phenothiazine was, in some manner, 

affecting the quenching process.  It was hypothesized that PTZ might undergo photo-

oxidation at the visible wavelengths being studied.  If this process occurred, then as the 
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PTZ underwent photo-oxidation it would reduce the Fe(III) center to Fe(II).  Since the 

concentration of PTZ in the sample was one-hundred-fold that of the [dmb–Re(I)(CO)3–

bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br, this effect would be significant.  According to the 

literature, PTZ photo-oxidation was observed in both transient and steady state ESR 

when PTZ was irradiated at 355 nm, 308 nm, and 266 nm by either a laser or an intense 

conventional light source.23  These wavelengths correspond to the anomalous region of 

the photoaction spectrum of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br.  

When the photoaction spectrum of PTZ and K[Cl–Ru(III)(en)2–NC–Fe(III)(CN)5] was 

calculated, there was a non-zero baseline between 405.0 nm and 297.0 nm with a peak at 

254.0 nm. 

 From these experimental data, it was possible to conclude that there was a small 

and constant contribution towards the reduction of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–

NC–Fe(III)(CN)5]Br from the photo-oxidation of PTZ between 405.0 nm and 297.0 nm.  

At 254.0 nm, there was a significant contribution towards the reduction of dmb–

[Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(III)(CN)5]Br from the photo-oxidation of PTZ.  

Therefore, the overall conclusion was that the excited state quenching electron transfer 

was the primary source of reduced [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–Fe(II)(CN)5] 

photo-product in the irradiated sample at 405.0 nm and 365.0 nm — those wavelengths 

which correspond to the MLCT band of [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br.  For the wavelengths between 334.0 nm and 254.0 nm, the primary 

contribution to the production of reduced [dmb–Re(I)(CO)3–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br was from the photo-oxidation of PTZ. 
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Conclusion 
 

 Tricarbonyl(4,4ʹ′-dimethyl-2,2ʹ′-bipyridine)rhenium(I)-µ-(4,4ʹ′-bipyridine)-t-

bisethylenediamineruthenium(III)-µ-cyanopentacyanoferrate bromide was successfully 

synthesized as a mixed valence chromophore quencher.  The compound has an excited 

state metal to ligand charge transfer band from the Re(I) to the dimethylbipyridine and 

bridging bipyridine ligands at ca. 390 nm.  Excitation of the quencher at this wavelength 

in the presence of PTZ produced the reduced [dmb–Re(I)–bpy–Ru(III)(en)2–NC–

Fe(II)(CN)5] form, which has an IT band at 633.0 nm, and PTZ+.  The intramolecular 

quenching process demonstrates a dependence upon the concentration of PTZ.  An 

analysis of the role of PTZ reveals Michaelis-Menten type kinetics and elucidates the 

necessary functions of PTZ in locking the quenched product in the observable form.  

The PTZ undergoes some photochemistry and this photo-oxidation has a minimal 

impact upon the observed dmb–Re(I)–bpy—Fe(III) intramolecular electron transfer at 

the MLCT band (ca. 365 nm) and a significant impact at higher energy (ca. 254 nm). 

 Further studies must be performed in order to fully characterize the mixed 

valence chromophore quencher.  An infrared spectrum or a Raman spectrum of the 

complex in the oxidized state must be obtained in order to provide definitive proof of 

the complex in its reactive form.  Electrochemistry should be performed on the complex 

in order to empirically determine the redox potentials for each couple.  Once these have 

been determined, the empirical values for the change in Gibbs free energies can be 

calculated for each redox state.  Finally, the photoaction spectrum of [dmb–Re(I)–bpy–

Ru(III)(en)2–NC–Fe(III)(CN)5]Br should be performed with an irreversible reducing 

agent which will not undergo photo-oxidation at those wavelength which are being 

investigated for the photochemistry of the [dmb–Re(I)–bpy–Ru(III)(en)2–NC–

Fe(III)(CN)5]Br. 
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