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ABSTRACT

CHRHILUKINBSCBNCR: A MECHANISTIC PROBE OF

ELECTRON-TRANSFER REACTIONS

by

Robert Dorsey Mussell

The chemiluminescent reactivity of M6X8Y62 (M = Mo, W;

X, Y = Cl, Br, I) clusters in nonaqueous solution has been

used to investigate the mechanism of electron transfer

reactions. The partitioning of the electrochemical

excitation energy upon annihilation of electrogenerated

M06C1143' with a series of W6X8Y6' ions has been determined

from overall electrogenerated chemiluminescence (ecl)

quantum. yields and chemiluminescence spectra. The

electrochemical excitation energy is partitioned to produce

M06C1142'* and W6X8Y62'* with essentially equal probability.

Analysis of the equal distribution with current electron-

transfer theories suggests that the electronic coupling and

reorganizational energy for the conversion of M5X8Y6‘--€>

2-*

Mssts
and M6X8Y63'——-§ M6X8Y62'* by simple electron

exchange ‘are equal» The free-energy dependence. of the

M6X8Y62’ ecl in acetonitrile and dichloromethane was
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investigated with four series of structurally and

electronically related electroactive organic compounds. The

yields for the formation of electronically excited M06C1142'

ion produced by the electron-transfer reaction of M06C1143”

with electroactive organic acceptors and the reaction of

M06C114' with electroactive organic donors have been

measured over a wide potential range by simply varying the

reduction potential of the electroactive organic reagents.

-*

The dependence of the formation yield of M06C1142 , ¢est on

the driving force of the annihilation reaction is similar

for the four series in both solvents. is immeasurable
¢es

(<1o'5) for reactions ‘with free energies positive of a

threshold value. Over a narrow free energy range just

negative of threshold, ¢es rapidly increases. And with

increasing exergonicity of the electron-transfer reaction,

fes asymptotically approaches a limiting value less than

unity. Analysis of these excited-state production yields

using Marcus theory reveals that unit efficiencies for

excited-state production are circumvented by long-distance

electron transfer. The distance this electron transfer

occurs can be mediated by solvent and solute interactions,

and calculations establish that the electron-transfer

distance is equal to the radii of the reactants plus the

diameter of two solvent molecules. Ecl efficiencies of the

hexanuclear cluster ions are not only perturbed by

intermolecular factors but also are dramatically
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effected by ligand coordination sphere. Additionally, the

effects of temperature and potential step sequence on the

ecl efficiencies of the hexanuclear cluster ions have also

been investigated.
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CHAPTER I

I. INTRODUCTION



Electron transfer reactions play a fundamental role in

chemical and biological processes. Many important chemical

reactions involve oxidation-reduction processes especially

including those in inorganic chemistry in which transition

metal complexes are versatile redox reagents. Small

molecule activationl, photocatalysis2'3, and homogeneous4

and heterogeneous catalysis5 are fundamental inorganic

processes involving the transfer of an electron or electrons

to or from a metal reaction center. In biological systems,

oxidation-reduction transformations at inorganic reaction

centers control several essential biological processes.5'7

Some of these include electron transfer between the heme

centers of cytochromes and reduction of 02 by cytochrome

oxidase in oxidative phosphorylation, the reduction of

dinitrogen at a molybdenum center of nitrogenase, and four-

electron oxidation of water to oxygen at the manganese

center of the oxygen-evolving complex in photosystem II.

Owing to the importance of oxidation-reduction reactions,

experimental and theoretical elucidation of the factors that

govern the rates of electron-transfer events, has been a

central theme of mechanistic chemistry during the past two

decades.8"11

Electron-transfer reactions can be described in

classical terms by activated complex theory. As first

proposed by Marcus,12 electron transfer can be represented

by potential energy curves for reactants and products such

as those depicted in Figure 1. In this diagram, the

1



Figure 1. Potential energy curve for an electron

transfer reaction accompanied by a net chemical change.

AG’ is the driving force for the electron transfer, AG*

is the activation barrier, and the splitting at the

intersection is equal to ZHAB.
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electron transfer reaction, which is defined in many-

coordinate space, (N-l, where N defines the positions of all

molecules, their orientations and their vibrational

coordinates) is simplified by choosing a one dimensional

generalized reaction coordinate involving a vibration which

is important to the reaction along a reaction coordinate, x,

which represents the positions of the reactant and product

molecules and their solvent coordination spheres. The

ordinate defines the relative potential energy of the

system. The intersection of the reactant and product

potential energy curves occurs at an intermediate

configuration, called the activated complex, where the

nuclei are in a position halfway between the reactants and

products. The barrier height from reactants to the

activated complex defines the activation energy, AG*, and

the rate of electron transfer can be described by the

ket = Z exp [AG*/kBT] (1)

classical expression shown in eq 1, where Z is the

collisional frequency of the uncharged reactions in

solution. Marcus has defined the contributions to AG* by eq

2 where AG* is the driving force for the reaction, A is the

AG* = wr + (AG° + A)2 / 4A (2)



reorganizational energy which contains inner-sphere, ii, and

outer-sphere, 1°, contributions and wr is the work required

to bring the two reactants together. Marcus has shown that

in a dielectric continuum, the outer-sphere reorganizational

energy is given by,

Ac = Aez (1/2a1 + 1/2a2 - 1/r) (1/Dop - 1/Ds) (3)

where a1 and a2 are the radii of the two reactants, r is the

distance between centers of the two reactants in the

activated complex (usually assumed equal to a:l + a2) , and

Dop and DS are the optical and static dielectric constants,

respectively. The inner-sphere reorganizational parameter,

which depends on differences in equilibrium bond lengths and

angles between reactants and products, is defined by eq 4.13

In this equation fi = 2f2f3/(f2 + f3) is a reduced force

Xi 1/2 E’fi (d2°-d3°)iz (4)

constant for the ith inner-sphere vibration and (d2°-d3°)i

is the corresponding difference in equilibrium bond

 

distances of the reactants and products. The summation is

over all the intramolecular vibrations. The work term, wr,

is approximated by a Debye-Huckel formalism where z

2
_ 2122 e 5

wr- ()

Dsr(l + flDH r 'V'Ti)
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51')“ = (6)

1000 DskBT

 

and 22 are the usual charges of the two reactants and p is

the ionic strength of the solution. It is noteworthy that

this classical approach assumes that reaction to products

occurs from the activated complex with unity. For this case

the electron-transfer reaction is said to be adiabatic.

More generally, electron transfer can be mediated

significantly by the electronic coupling between the

reactant and product surfaces and nuclear tunneling through

the barrier. To this end, a more accurate expression of the

electron ‘transfer rate is given_ by eq; 7 'where nuclear

tunneling and nonadiabatic effects are accounted for by Pn

ket = ZwEPn exp [AG*/kBT] (7)

and 53, respectively.”-17 Because nuclear tunneling will

increase the reaction rate, with respect to the activated

electron transfer, Pn takes on values 2 1. At room

temperature tunneling does not typically contribute to the

overall rate (1‘n 9‘- 1), but becomes significant when (1)

either the barrier height is large, (ii) the reaction is

very exergonic, or (iii) the temperature of the reaction is

low. These quantum mechanical aspects of nuclear tunneling

have been treated by several authors in recent years.18"20



More important to chemical and biological electron transfer

under typical reaction conditions is the mediation of the

overall rate by the electronic coupling strength.15'21'24

Quantitatively, the probability that the electron transfer

will occur in the activated complex is given by eq 8 where

ea in eq 7 is related to nE’ by 53 = 1-exp(-nE’) and RAB. is

the electronic coupling matrix element between reactant and

product surfaces,17 calculated usually by the Landau-Zener

 ‘3' = —— (3)

kBT AkBT

treatment of avoided crossings. This is represented in

Figure l by the splitting at the intersection which is equal

to 2 HABO' For adiabatic reactions, HAB° is large and nE =

13 reactions with EB < 1 are said to be nonadiabatic. The

semi-classical electron-transfer expression, eq 7 reduces to

the classical formalism when nE and Pn are unity.

The energy dependence of the rate in both classical and

semi-classical treatments of electron transfer follows

directly from eq 2. Ignoring work terms for the moment, for

a weakly exergonic reaction (AG‘ > - A) the rate will

increase with increasing negative free energy, maximize when

the activation barrier is zero (A6“ = - A) and then decrease

for driving forces more exergonic than - A (i.e. AG° < - A)

(Figure 2). This latter region, called the inverted region,

is illustrated in Figure 2c, where the product curve, at



Figure 2. Potential energy curves for electron

transfer as a function of increasing driving force: (a)

AG' > -A; (b) AG° = -A; (c) AG° < -A.
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exergonicities greater than activationless transfer, climbs

up the back side of the reactant curve thereby introducing

again a positive activation energy.

Significant strides in the understanding of the

contributions of electronic, nuclear, and driving force

effects on the rate of electron transfer have been made in

recent years with the preparation of systems in which

electron donor and acceptor sites are molecularly linked

over fixed distances. One such approach to the design of

electron donor-acceptor systems is based on covalently

binding a transition metal complex (e.g. -Ru(NH3)52+) to

polypeptide residues of proteins sudh as cyctochrome c and

myoglobin.8'25a In these semi-synthetic metalloproteins the

electron transfer rates between transition metal complex and

the heme center of the protein have been measured. A

modification of this approach has been to substitute Zn for

Fe in the heme center of hemoglobin, cytochromes, and

myoglobin.25'27 The Zn modified protein is structurally

similar to the native protein and hence can be complexed

with its biologically relevant electron-transfer counterpart

(i.e. cytc-chytc peroxidase). In these systems the

electron transfer is activated by absorption of a photon by

the long-lived Zn porphyrin. The photochemically activated

Zn site acts as an acceptor or donor with the heme center of

the complexed protein. In many instances the return

electron-transfer rate can also be measured. Results from

both. of these. approaches have led to» quantification of
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biological inner-sphere reorganizational energies as well as

the effect of distance on the electronic coupling between

biological reaction centers.8'25'27 Alternatively a less

biological approach has relied on molecularly linking

organic acceptor and donor sites via rigid spacers.28'33

These systems have provided a direct comparison to

biological electron transfer and, for the case of aromatic

molecules bridged by steroid spacers, provided the first

verification of the inverted region.

Not surprisingly, the initial studies of electron

transfer, beginning with Rehm. and Weller’s studies on

fluorescence quenching of aromatic molecules,34 did not rely

on the design of synthetically complicated intramolecular

samples, but focussed on simple electron transfer reactions

between freely diffusing reactants. Since that landmark

study of Rehm and Weller, numerous experimental studies of

bimolecular systems have provided ample data for electron

transfer reorganizational energies, self-exchange rate

constants, and free energy dependencies in which the rate

increases and levels with increasing free energy (i.e., the

normal electron transfer region).35'40 However, unlike the

fixed distance electron donor-acceptor systems, observation

of a decrease in rate at high exergonicities (i.e., the

inverted region) has proven experimentally more elusive.

The inability to detect the inverted region prompted the

utilization of empirical free energy relationships, first

proposed by Rehm and Wellerfmt42 and modified by
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others/‘3'44 to fit the observed data. In a more

quantitative approach, several theoretical studies have

involved quantum mechanical treatments to rationalize the

absence of the inverted region.17'19'45'49 Adthough these

studies attenuate the magnitude of the inverted effect

predicted by classical theories, a decrease in rate at high

exergonicity is maintained. The shortcomings of classical,

semi-classical and quantum mechanical rate expressions in

the highly exergonic region have been attributed to several

factors: (1) Truncation of the predicted rate curve by the

diffusion-controlled limiting rate as shown in Figure 3 will

obscure the inverted effect. Inverted behavior, which will

only be observed for rates below kd, occur at experimentally

inaccessible driving forces. (2) Electron transfer does not

proceed directly to ground state (in the inverted region)

but to electronically excited products (in the normal

region) which then decay efficiently to ground state

products.50 (3) And finally, the introduction of

competitive chemical pathways, such as H-atom transfer

followed by proton exchange with the solvent and exciplex

formation that can circumvent a simple electron transfer

pathway.51'52

More recently, Marcus and Siders have shown that the

inverted effect is diminished at large distances.53 This is

an important result because it was generally assumed for

bimolecular reactions that electron transfer takes place

only at closest contact. A typical bimolecular reaction
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Figure 3. TTuncation of very fast electron transfer

rates by diffusion. The diffusion limiting rate is

represented by the dotted horizontal line. Thus, the

rates are leveled until AG° becomes very large.
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model for electron transfer is shown in Scheme 1. The first

step is the diffusion together of the two reactants to form

a precursor complex. This is followed by electron transfer

within the precursor complex to form the successor complex

kd k
M- + N3- ‘—_ M-eeeeN3-_—£t_9 M2-... N2"___9 M2- + N2-

k-d

Scheme 1

and the ultimate separation of the successor complex to form

products. The assumption of closest contact is valid for a

reaction in which equilibrium is established (i.e., ket <

kd). However, equilibrium is not achieved for the fastest

reaction (i.e., ket. z ikd) and longer' distance electron

transfer (r > a) is possible. Electron transfer at

distances larger than. closest contact. may occur if the

reactants are carrying a solvent shell or a counterion, both

of which can inhibit the closest approach of the reactants.

The long distance effect for bimolecular reactions can

be made quantitative by formulating the overall rate

constant as the harmonic mean of the diffusion-limited,

kdiff' and the activated, k rates,
act'

l/kobsd = l/kdiff + 1/kact (9)

Under steady-state conditions kdiff and k can be

154-56

act

approximated by eqs 10 and 1 where k(r) is the
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41'1") a -2

kdiff = f 99(r) r dr (10)

1000 a

41rN co
2

kact = I gefr) k(r) r dr (11)

1000 a

unimolecular rate of the electron-transfer reaction between

reactants at a fixed center-to-center separation r, D is the

sum of the reactant’s diffusion coefficient, a is the

distance of closet approach, and ge(r) is the equilibrium

pair distribution function given in eq 12 where U(r)

represents the intermolecular potential between the

reactants.

qe(r) = exp [-U(r)/kBT] (12)

Typically, U(r) is described by the Debye-Huckel relation

given by eqs 5 and 6. Fbr nonadiabatic electron transfer,

k(r) is given by eqs 13 and 14.

 
  

ZHABZ «3 1/2 (A + AG°)2

k(r) = eXp - (13)

h AkBT 4AkBT

HAB2 = (HA3°)2 exp[-fi(r-a)]
(14)

The distance dependence of the bimolecular electron transfer

rate can be assessed by substituting the previously

described nonadiabatic electron transfer rate expression
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into eqs 10 and 11. Eq 14 accounts for the distance

dependence of HA3, where 5 is a measure of the conductivity

of the medium between the two redox centers, and follows

from the straightforward treatment of tunneling through a

classically impenetrable barrier.57

A major problem with testing the validity of

bimolecular theories, such as the ones described above, lies

in the difficulty with designing homogeneous systems which

incorporate both the effects of normal and inverted electron

transfer and the dependence of these two pathways on

distance. To this end, chemiluminescence (cl) is an

excellent probe of bimolecular electron transfer processes.

A chemiluminescence reaction is described by the potential

energy curve diagram shown in Figure 4 where driving force

to produce excited state and ground state products is

defined by AG°es and AG°gs respectively, and the activation

barrier for excited state production is AGes*°58 In this

figure the reaction is so exergonic that the reactant well

has become imbedded in the ground state product well.

Unlike a typical thermal reaction a luminescent excited

state product well is now energetically accessible and can

be populated by classical barrier crossing. The excited

state production efficiency, ¢est is related to the ratio of

the two competing pathways for excited state and ground

state production (defined by kes and kgs! respectively).

fes = kes / (kes + kgs) (15)
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Figure 4. Potential energy curve. description of

chemiluminescence. AG°es and AG°gs are reaction free

energies for electron transfer to produce excited- and

ground-state products, respectively, and AG* is the

activation energy for the excited-state reaction. Res

and kgs are the electron transfer rates for production

of excited- and ground-state products, respectively.
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Figure 4
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The‘ overall quantum yield of chemiluminescence, felt is

simply the product of fes and the steady-state emission

quantum yield fe'

¢c1 = ¢e¢es (16)

Since ¢e is an intrinsic property of the luminescent excited

state, it is ¢es that is fundamentally descriptive of the

efficiency of the chemiluminescent process. In a

chemiluminescent system, electron transfer in the normal

region (i.e., chemiluminescence pathway) will produce a

photon, while reaction in the inverted region (i.e., ground

state pathway) will be photometrically silent. Thus a

measure of the photons emitted per electrons transferred

allows ¢cl to be experimentally determined, and by eq 16

provides a direct probe of kinetics of electron transfer in

the normal and inverted region.

The issue of chemiluminescence efficiencies is not only

important for determining fundamental mechanistic features

of highly exergonic electron transfer but is also important

in a practical sense. Because cl represents a chemical

energy to light energy conversion process, several

applications of cl chemistry to the design of chemical based

laser systems,59"6o light emitting devices,62'63 and

electro-optical devices have been suggested. Of course the
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practical development of such devices relies on developing

systems with high overall efficiencies.

Our interest in cl has centered on the electron-

transfer chemistry of the hexanuclear cluster system

M6X8Y62- (M = M0, w; x, Y = Cl, Br, I) whose structure

consists of an octahedral core of metal atoms coordinated by

eight face-bridging and six axial halides (Figure 5). These

cluster systems exhibit long-lived highly emissive excited

states [e.g. r0 = 180 psec, fe = 0.20 for M06C1142 in CH3CN

at 23°C] and also can. be. oxidized. and reduced. by one-

electron in nonaqueous solution.64a The magnitude of these

oxidation and reduction potentials, coupled with the low

energy' of the. emissive excited. state of ‘these clusters

permits the luminescent excited state to be populated

directly upon the exchange of an electron between M6X8Y6'

and M6X8Y63-. If the reactant precursors are generated

electrochemical1y , the overal1 process is called

electrogenerated chemiluminescence (ecl). The ecl chemistry

of the M5X8Y62' clusters is exemplified by the molybdenum

chloride cluster, whose spectroscopic and electrochemical

properties are summarized in the energy diagram in Scheme 2.
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Figure 5. Structure of M6X8Y62" ions: 0 = Mo(II),

W(II): X,Y = Cl, Br, I.
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Potentials versus SCE

Scheme 2

Electrogeneration of M06C114' and M06C1143' leads to red cl

attributable to the production of electronically excited

M06C1142'* according to the following annihilation

reaction,65

..«k 2...

+ Mo6Cll4 (l7)M06C114" + M06c1143’———> M06C1142

The M6X8Y62- clusters offer an unique opportunity to

study the mechanism of bimolecular electron transfer in the

normal and inverted region, and provides an ideal system to

elucidate the factors governing chemiluminescence

efficiencies. Described herein is our electron-transfer

studies of the M6X8Y62' system. A fundamental issue in ecl

chemistry that heretofore has not been addressed is how the

electrochemical excitation energy between the

electrogenerated oxidized and reduced parent molecules is

distributed. As presented in Chapter III the cluster

systems have allowed the issue of energy distribution to be

addressed for the first time. Moreover, the cluster ions

possess unique properties which allow other important ecl
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and electron transfer mechanistic issues to be investigated.

A problem of paramount importance that has eluded

identification is the factors governing partitioning between

the inverted and normal reaction pathways. The large

overpotential in the M6X8Y62' ecl reaction, has allowed the

driving force dependence of the eel efficiencies and hence

the partitioning, to be defined. These studies are

discussed in Chapter IV. with the information garnered from

the studies of Chapters III and IV, the effects of solvent,

supporting electrolyte, temperature and ligand substitution

on ecl efficiencies are described in Chapter V.



CHAPTER II

II. EXPERIMENTAL



A. Synthetic Methods

1. Preparation of flexangglea; Mglybgengm Clusters

Molybdenum dichloride, purchased from Cerac Inc.,

was dissolved in 6 M HCl and filtered to remove any

insoluble impurities. The volume of the yellow HCl solution

was reduced approximately to one quarter. As the solution

cooled, long narrow yellow crystals of (H3O)2M06Cll4 formed

in the beaker. The crystals were collected, heated to 150°C

for 2 h in vacuo to remove any excess HCl and H20, and

subsequent heating to 210 °C decomposed (H3O)2M06C114 to

MoGCllz. The 150 °C preheating step improved the quality of

the final M06C112 product. The tetrabutylammonium salt was

prepared by the addition of NBu4Cl (Southwestern Analytical)

to a 6 M HCl solution containing M06C112. The yellow

precipitate was collected and washed several times with

water and ethanol. The (NBu4)2M06Cll4 was multiply

recrystallized by slow evaporation of CHZClz previously

dried over MgSO4.

Disubstituted clusters, M06C112X22’ (X = Br, I, SCN),

were prepared by addition of X' to an ethanolic solution of

Mo6C112. For ‘the case of 1M06C112(SCN)22', the complex

slowly precipitated out of solution upon simple addition of

NBu4SCN (made by the metathesis of NaSCN and NBu4Cl in

ethanol) to M06C112 solution. For the halide clusters, a

small amount of the appropriate hydrohalic acid was

initially added to the ethanolic solution of Mo6C112.

Subsequent addition of excess NBu4Br or NBu4I, yielded the

26
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tetrabutylammonium salt of the cluster. The purification of

thiocyanate and halide cluster complexes was accomplished by

multiple recrystallizations from methanol and

dichloromethane, respectively.

The axially substituted M06C18x62’ (X = Br, Cl, I)

clusters were prepared by dissolving M06C112 in ethanol and

then adding enough HBr or HI to yield a 1:1 volume ratio of

ethanol:hydrohalic acid.66 The exchange of the axial

chlorides with either bromide or iodide, was accomplished by

boiling the solution until the volume was reduced by 50

percent. A small volume of ethanol was added to redissolve

the solid that formed during the heating process. Addition

of NBu4I or NBu4Br to hot solutions promptly afforded a

yellow precipitate of (NBu4)2M06ClBBr6 or (NBu4)2M06C18I6,

respectively. The suspensions were gently heated and

stirred overnight to ensure complete exchange of the axial

halides. These cluster complexes were purified by using

procedures analogous to that of the tetrabutylammonium salt

of M06c1142‘.

The preparation of M06C18C16.nYn (n = 3,4,5: Y = Br, I,

SCN) necessitates stoichiometric control of the substitution

reaction at the axial ligand sites. This was accomplished

by removing the axial chloride ligands of M06C112 with the

appropriate number of equivalents of silver ion. For

example, (NBu4)2M06Cllo(SCN)4 was obtained with the addition

of two equivalents of silver p-toluenesulfonate (Aldrich) to

a methanol solution of M06C112. The AgCl precipitate was
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removed from solution by filtration and the tetrathiocyanate

cluster was obtained by addition of an excess of NBu4SCN to

the filtrate. The precipitate was collected, washed with

ethanol, and recrystallized from methanol. The chloro-bromo

and chloro-iodo clusters were synthesized by similar

procedures: however, recrystallization of these compounds

was performed in CHZClz.

The preparation of NBu4M06C113 was accomplished by the

addition of slightly more than one equivalent of silver p-

toluenesulfonate to an acetonitrile solution of

(NBu4)2M06C114. The reaction was performed under dilute

conditions (< 5 mmolar) and stirred overnight to (i) ensure

the removal of only one chloride ligand and (ii) inhibit the

precipitation of Ag2M06C114. The AgCl precipitate was

removed by filtration and the filtrate was evaporated to

dryness in vacuo to yield NBu4M06C113. The crude product

was dissolved in CH2C12 and filtered to remove any insoluble

M06C112 that had formed during’ reaction, The filtered

solution was dried over MgSO4, and the CH2C12 was evaporated

to yield crystalline product.

Monosubstituted bromide , iodide , pyridine and

thiocyanate clusters were made by adding slightly more than

one equivalent of the corresponding ligand (tetra-

butylammonium salts of the anion donor ligand) to an

acetonitrile solution of M06C113'. The solvent was then

removed under vacuum and the resulting solid was washed with
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methanol to remove any excess ligand. .All the

monosubstituted clusters were recrystallized from CH2C12.

The preparation of M06 bromide clusters was facilitated

by the fact that molybdenum dibromide could be purchased

from. Cerac Inc. The commercial iMoBrz was purified. by

dissolving it into ethanol followed by filtration to remove

any insoluble impurities. The ethanol was removed by

evaporation leaving a yellow-orange residue of M06Br12-

(HOCHZCH3)2. iMoGBrlz could be isolated. by’ heating the

ethanol complex under vacuum for several hours.

The tetrabutylammonium salt of MoéBruz' was prepared

by addition of NBu4Br to a ethanolic/HBr solution of

MoéBrlz. The dark yellow precipitate was washed with water

and ethanol, and recrystallized several times from CH2C12

which had been dried over MgSO4. The tetrabutylammonium

salts of the substituted molybdenum bromide clusters

MosBraBr6.nYn (n = Cl, I) were prepared and purified by the

analogous procedure described for that of the corresponding

substituted M06C18C16_nYn c1usters.57

2. e ra ' of Hex uc a t us

The method of Dorman and McCarley68 was used with

slight modification to prepare tungsten dichloride. In a

typical reaction 15 g of WClG, 1.35 g of Al metal, 6.75 g of

NaCl, and 10.00 g of AlCl3 were added in a dry box to a

quartz reaction tube. The tube was capped with a rubber

septum, removed from the drybox and connected to a high
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vacuum manifold, evacuated for 1 h, and then flame sealed

under dynamic vacuum. The contents were thoroughly mixed

and the reaction vessel was placed into a high temperature

furnace. The furnace was heated to a temperature of 210 °C

to initiate the reaction which was allowed to equilibrate at

this temperature for 6 h. The temperature was then raised

to 450 °C over a 3 h period, held at 450 °C for 9 h, and

finally raised to 550 °C where it was held for 24 IL. The

tube was allowed to cool to room temperature. The contents

were collected by wrapping the tube in several sheets of

paper, and carefully cracking it open with a blunt object

(Caution: violent explosions sometimes resulted). The black

fused solid was dissolved in 6 M HCl/ethanol solution and

was filtered to remove any insoluble reaction products. The

light yellow filtrate was reduced in volume and, upon

cooling, greenish-yellow crystals of (H3O)2W6Cll4 formed.

The crystals were collected and heated in a furnace at 350

°C for 2 h under a dynamic vacuum to form W6C112. The

tetrabutylammonium salt of W6Cll42' was prepared by addition

of NBu4Cl to an ethanolic/HCl solution of W5C112. The

precipitate was collected, washed with water and ethanol,

and recrystallized several times from CH2C12.

Tungsten dibromide was prepared in a similar manner as

tungsten dichloride. To the quartz reaction tube 15 g of

WBrS, 0.72 g of Al metal, 7.50 g of NaBr, and 13.0 g of

AlBr3 were added in the drybox. The reaction conditions

were identical to those used for the preparation of W6C112.



31

The black solid product was dissolved into a solution of 6 M

HBr and ethanol, the solution was filtered, and evaporated

over' gentle heating to near’ dryness. The residue was

collected, dissolved in ethanol, and the insoluble alkali

salts were removed by filtration. The ethanol was allowed

to evaporate to afford greenish crystals of

W68r12(HOCH2CH3)2. The tetrabutylammonium salt of W6Br142'

was prepared by addition of NBu4Br to an ethanol:HBr

solution of W6Br12(HOCH2CH3)2. (NBu4)2W6Br14 was

recrystallized several times from acetonitrile solutions.

Tungsten diiodide was prepared by the method of Hogue

and McCarley69 with slight modifications. To a quartz

reaction tube 1.00 g of K2W6C114, 9.97 g of KI and 3.60 g of

LiI were added in the dry box. The reaction tube was

removed from the drybox, placed under vacuo, and after 1 h

it was flame sealed under dynamic vacuum. The reaction tube

was placed into a furnace and the temperature was raised

over a 1 1/2 h period to 550 °C. After 1 h at 550 °C the

tube was allowed to cool to room temperature and was opened

carefully (Caution: violent explosions sometimes resulted).

The black solid was washed with water to remove alkali salts

and iodine. The remaining yellow-brown solid was extracted

with ethanol to give a deep golden brown solution of W6I12

which was isolated by evaporation of ethanol and subsequent

heating of the solid under vacuum. The tetrabutylammonium

salt of W6I142' is obtained by addition of NBu4I to an

ethanol solution of W6I12. The dark yellow powder was
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.collected, washed several times with ethanol, and

recrystallized several times from dry CH3CN to yield pure

(NBu4)2W6114.

Mixed tungsten halide clusters, W6X8Y62' (x, Y = Cl,

Br, I) were prepared by dissolving (W6X8)X4 in ethanol and

6 M hydrohalic acid HY where X x Y. The solubility of the

cluster in HY decreases along the series HCl > HBr > HI and

thus a larger amount of ethanol must be added. To ensure

complete exchange of axial halides the resultant solution

was evaporated to near dryness with moderate heating. When

preparing W6I8Y6 (Y = Cl, Br), gentle heating under a vacuum

aspirator was required. An insoluble precipitate formed

when the solution was heated too rigorously. The residue,

collected from solvent evaporation was redissolved in

ethanol: 6 M HY solutions. The tetrabutylammonium salt was

obtained by addition of excess NBu4Y to the ethanol/HY

solution. The mixed halide tungsten clusters (NBu4)2W6x8Y6

were recrystallized several times from either dry CH3CN or

CH2C12.

3. Orggnig Donors and Aggeprors

Nitroaromatics and aromatic amines, with the

exception of tris (p-tolyl)amine which was synthesized

following published procedures"), were obtained from

commercial sources (Aldrich Chemical Company, Alfa Products,

and Pfaltz and Bauer). Solids were purified by

recrystallization followed by vacuum sublimation and liquids
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were purified by fractional distillation. The pyridinium

salts were synthesized by addition of either methyl iodide

or benzyl chloride to a 1:1 acetone/ethanol solution of the

appropriately substituted pyridine. Isonicotinamide

(Sigma), 4-cyanopyridine (Aldrich) and isonitotinic acid

ethyl ester (Sigma) were used without subsequent

purification. The bipyridinium salts were synthesized by

dissolving the appropriate bipyridine (4,4'-dimethyl-2,2'-

bipyridine, 4,4'-bipyridine, 2,4-bipyridine, 2,2'-bipyridine

and 1,2-bis(2-pyridyl)ethylene were purchased from Aldrich

and used as received) in a neat solution of methyl iodide,

1,2-dibromoethane (Aldrich), 1,3-dibromopropane (Matheson,

Coleman & Bell) or 1,4-dibromobutane (Aldrich), and by

gently heating these solutions overnight. The resulting

precipitate was collected and washed with ethanol and

acetonitrile to remove any starting compound or

monosubstituted products. The filtrate could be heated

further to generate additional disubstituted product.

Pyridinium and bipyridinium hexafluorophosphate salts were

obtained by the addition of ammonium hexafluorophosphate to

aqueous solutions of the bromo, chloro or iodo salt, and

were twice recrystallized from acetone/water solutions.

4. u or ' e t s

Tetrabutylammonium hexafluorophosphate and

perchlorate (Southwestern Analytical Chemicals) and

tetrabutylammonium tetrafluoroborate (Aldrich) were
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dissolved in ethyl acetate, dried over M9804, and

recrystallized from pentane/ethyl acetate solutions. The

salts were dried in vacuo for 12 h at 60 °C to ensure that

the ethyl acetate was completely removed. Tetramethyl-

ammonium and tetraethylammonium hexafluorophosphate (Fluka)

were dissolved in acetonitrile and recrystallized from a

water/acetonitrile solution and dried in vacuo for 12 h at

100 °CL Potassium hexafluoroarsenate (Ozark-Mahoning) and

trifluoromethane sulfonic acid were converted into their

corresponding tetrabutylammonium salts by dissolving them in

water and adding excess NBu4Br. The resulting precipitate

was collected and dried in vacuo at 60°C for 12 h. Lithium

and sodium perchlorate (Fischer Scientific) were

recrystallized from acetonitrile solution and dried under

vacuo at 100°C for 6 h.

5' Solvents

Dichloromethane, acetonitrile, acetone, dimethyl-

formamide, and 1,2-dichloroethane purchased from Burdick &

Jackson Laboratories (distilled in glass grade), were

subjected to seven freeze-pump-thaw (fpt) cycles and vacuum

distilled onto 4-A molecular sieves (except acetonitrile

where 3-A molecular sieves were used) contained in a 1-liter

round-bottom flask equipped with a high-vacuum Teflon value.

Because acetone undergoes a condensation reaction in acidic

media to produce mesityl oxide, it was vacuum distilled from

the sieves after 24 h. Butyronitrile and benzonitrile were
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purchased from Aldrich (Gold Label) and were used as

received. Propionitrile, purchased from Aldrich was treated

with dilute HCl to remove isOnitrile and after the

extraction, was sequentially dried over MgSO4 and CaHz, and

finally fractionally distilled from P205. Butyronitrile,

benzonitrile, and propionitrile were subjected to seven fpt

cycles and vacuum distilled onto 4-A molecular sieves.

B. Experimental Methods

1. Characterization of Molybdenum and Tgngsren

Clusters

A thorough characterization of all the molybdenum

and tungsten cluster systems was performed by negative ion

Fast Atom Bombardment Mass Spectrometry (FABMS). The

technique utilizes a 10 keV Xenon beam which bombards a

sample placed in a high viscosity, low vapor pressure

matrix. The energy from the beam is transferred to the

matrix which causes desorption of matrix sample ions into

the gas phase. The negative ions generated during the

absorption process, were isolated and recorded to give

fingerprint spectra of each cluster. FABMS is a superior

analytical method for the synthesized clusters because

substituted halide clusters are easily detected. The

detailed experimental results and a general discussion of

the usefullness of this technique is presented elsewhere.71
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2 - Ware

Formal reduction potentials of acceptors and donors

were determined by cyclic voltammetry using a Princeton

Applied Research (PAR) Model 173 potentiostat, Model 175

programmer, and a Model 179 digital coulometer. The output

of the digital coulometer was fed directly into a Houston

Instrument Model 2000 X-Y recorder. A three-electrode

system was used with a standard H-cell configuration. The

working electrode was a Pt button, the auxiliary electrode

was a Pt gauze and an Ag ‘wire served as an adequate

reference potential by using ferrocene as an internal

72 Potentials were related to the SCE referencestandard.

scale by using a ferrocenium-ferrocene couple of 0.31 V ye.

SCE. The molybdenum and tungsten cluster potentials were

measured under high vacuum conditions in a single

compartment cell (vida infra) to obtain accurate E1/2

potentials.

3. Qgegehigg Measurements

Electron—transfer quenching rate constants for the

reaction of M06C1142'* with nitroaromatics, aromatic amines,

and pyridinium compounds in CH3CN and CH2C12

([(NBU4)2MO5C114] = 3 mM, p = 0.1 M NBu4ClO4) were

determined from Stern-Volmer plots of the M06C1142'*

luminescence intensity. The quenching rate constants of

—*

M06C1142 by 4 , 4 ' -dimethoxydiphenylamine and 3 , 5—dichloro-

p-benzoquinone in CH3CN, acetone and propionitrile
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[(NBu4)2M06C114 = 1 mM] were determined from Stern-Volmer

-*

plots of M06C1142 lifetimes. Additionally, the Stern-

Volmer lifetime method was used to study the energy-transfer

quenching of Mo6C1142’* and w6x8Y62‘* by wsxsyéz' or

Mo5C1142' , respectively , in CH2C12 . Stern-Volmer

experiments were performed over a quencher concentration

range of 5 x 10"4 to 1 x 10'1 M and Stern-Volmer constants

*

were calculated by using ro(M06C1142') = 180 14 sec in

CH3CN, = 160 p sec in CH2C12, = 170 p sec in acetone, = 148

*

u sec in propionitrile, 10(W6I142' ) = 19 )1 sec in CH2C12

and ro(w6188r62'*) = 16 p sec in cuzc12 at 23 °C.

Quenching experiments were performed in a specially

constructed high-vacuum cell, consisting of a l-cm cuvette

attached to a sidearm terminating with a 10-ml round-bottom

flask. Solvents were vacuum distilled into the quenching

cell and freeze-pump-thawed three times. All quencher

additions were performed under high vacuum conditions.

Luminescence intensities (*exc = 436 nm) were measured on a

high resolution emission spectrometer and emission lifetimes

(*exc = 355 nm) were acquired with a pulsed laser system

(Nd:YAG, FWHM = 8ns) . Both instruments were constructed at

Michigan State University and are described elsewhere.73

4. t e d ' s c

(i) Quantum_xields

A triple step square wave potential sequence

generated by the PAR 175 programmer was used to establish
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ecl reactions. The potential limits of the program sequence

were chosen to ensure production of electrogenerated

intermediates in the mass-controlled region. The

electrochemical cell employed in ecl measurements was a

cylindrical, single-compartment high-vacuum cell. A sidearm

permitted solvents to be transferred into the cell by vacuum

distillation and two sample chargers allowed cluster and

electroactive acceptor or donor to be added independently to

the working electrode compartment while maintaining the

isolated environment of the electrochemical cell. Two

tungsten wires sealed in uranium glass served as electrical

leads to the Pt mesh auxiliary electrode and an Ag wire

quasi-reference electrode. The auxiliary and reference

electrodes were positioned parallel to a Pt disk working

electrode (A = 0.0314 cmz) which was positioned

centrosymmetrically along the cylindrical axis. of the

working compartment. The Pt disk was spectroscopically

viewed through a fused silica window which constituted the

bottom surface of the electrochemical cell. After each

experiment the Pt disk electrode was polished with 1 pm

diamond paste and 0.05 pm alumina purchased from

Bioanalytical Systems.

Ecl spectra and quantum yield experiments were

performed in solutions containing 0.1 M supporting

electrolyte and equimolar concentrations of M06C1142' and

electroactive acceptor or donor. Samples for all ecl

experiments were prepared by transferring the appropriate
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amount of solvent under a high-vacuum manifold (1 x 106 to 5

x 10'6 torr) into the cell sidearm which contained

supporting electrolyte previously heated at 100 °C for 1 h.

After 3 fpt cycles, the solution was thoroughly mixed and

poured into the working chamber by slowly rotating the cell

by 90°. The current response of the solution containing

only supporting electrolyte was recorded before undertaking

ecl measurements. Background current densities of 48 pA/cm2

in CH3CN and 35 pA/cm2 in CHZClz were measured at potential

limits of -2.0 V and +2.0 V.

The quantum yield for ecl is defined by the fellowing

expression where I is the total ecl intensity

(einsteins/sec)

a

feel = I Idt/Q (18)

0

over a finite period of time t and Q is the total cathodic

or anodic charge. The ecl yield is equivalent to the number

of photons produced per electron transferred and

consequently fecl can be determined by measuring the number

of photons emanating from the electrode surface and the

number of equivalents of electrogenerated species. The

latter' quantity can. be :measured coulometrically' by

monitoring the anodic, QA, or cathodic, Qc' charge passed

into solution during an ecl experiment. QA and Qc were

determined by pulsing from the foot of one wave to the
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diffusion controlled region of the other. In regard to the

former quantity, absolute ecl intensity measurements were

performed by using an EG & G Electro-Optics 550-19

integrating sphere and an EC & G Model 550-1

photometer/radiometer equipped with an EG & G Model 550-2

multiprobe detector. A flat response between 450 and 1100

nm was achieved by fitting the multiprobe with a radiometric

filter attachment provided by ES & G. Appropriate

corrections were made for the radiometric filter attachment

which allowed only 14 percent of the light to be

transmitted. Integration of the ecl intensity was

accomplished by using a Model 550-3 pulse integrator.

Calibration of the integrating sphere was performed by EG &

G Electro-Optics Division by using photometric sources

certified by the National Bureau of Standards. This

calibration led to a correction factor of 3774 at the

wavelength of M06C1142’ emission.

Ecl yields were calculated with appropriate corrections

for reflectivity of the electrode and. non-faradaic

contributions to the integrated current according to the

methods described by Bard.74 The reflectance of the

polished Pt disk electrode was taken to be 0.67 at the

wavelength of Mo6C1142' emission. The double layer charging

components qA and qc were measured by pulsing the electrode

between an anodic limiting potential set at the foot of the

oxidation wave and a cathodic limiting potential set at the

foot of the reduction wave. From these potential limits,
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qA's and qc’s were measured in 200 mV increments by setting

the anodic and cathodic limiting potential 200 mV negative

and positive, respectively. Plots of qA and qc ye. AE3/2

were linear and the background current passed at potentials

used in ecl experiments were obtained by extrapolation of

this plot.

Measurements of the ecl efficiency of Ru(bpy)32+, which

has been determined in several previous studies, was

undertaken in an effort to allow us to check our

experimental apparatus and procedure. An acetonitrile

solution containing Ru(bpy)32+ (p = 0.1 M NBu4ClO4,

[Ru(bpy)32+] = 3 mM) was prepared in the high-vacuum

electrochemical cell and ecl measurements were performed

with the integrating sphere contained in a light-tight box.

An ecl yield for a single run was determined from twenty

measurements of the intensity generated from a single

triple-step potential sequence. The system was allowed to

equilibrate 30 seconds between each pulse sequence. The

overall yield calculated from five separate experiments was

¢ec1[Ru(bpy)32+] = 0.046 2 0.004. This value is in good

agreement with the previously reported efficiency of 0.05 in

cu3cu at 23°c.75

Quantum yield measurements of all ecl systems followed

procedures similar to those described above. For M06C1142'

/acceptor and donor systems the cluster ion and

electroactive reagent were contained in separate sample

chargers. Prior to the addition of a given acceptor or



calculated directly from the following expression, where

foecl is the ecl efficiency of

Q0

I

Q Io

¢ecl = foecl ' (19)

u06c1142“ (p = 0.1 M NBu4ClO4 in CH3CN or cnzc12 at 23°C),

Q“ and Q are the charges passed into solution, and 1° and I

are the measured integrated photon intensities of solution

containing cluster and solution containing cluster and donor

or acceptor, respectively. Ecl yields were calculated from

averaging three experimental runs of ten measurements: error

limits of ¢eclt measured by this method, were 2 15% in CH3CN

and 2 10% in CHZClZ.

Ecl quantum yields for the M06C1142'7W6X8Y62" systems

and. all systems. described in. Chapter’ V’ were calculated

relative to ¢ecl of M05C1142' for the former and to feel of

Ru(bpy)32+ for the latter.

(ii) Spectra

Ecl spectra of M06C1142'7acceptor and donor

systems were recorded between 350 and 1100 nm, and between

550 nm and 1050 nm for’ M°6C1142-/W6X8Y62- ecl spectra.

Spectra were obtained interfacing the specially designed

electrochemical cell directly to the detection side of the

emission spectrometer. The lock-in amplifier was referenced

to the ecl signal with the cycle synchronous output of the
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donor to the working electrode compartment, the eel yield of

a solution containing only M06C1142' was determined from the

average of a minimum of ten pulses. Donor or acceptor was

then introduced to the solution and fecl was measured by

using a pulse sequence with potential limits appropriate to

the system under investigation. This procedure permitted us

to identify anomalous ecl measurements by monitoring the

M06C1142' ecl efficiency. Error limits for M06Cll42'/donor

and acceptor ¢ecl values, determined from three experimental

runs composed of ten ecl intensity measurements, were 2 12%

in CH3CN and r 10% in CHZClz.

Accurate determination °f¢ecl for acceptor and donor

systems exhibiting the weakest ecl intensities were hampered

by the low throughput of the integrating sphere. For these

systems, the electrochemical cell was positioned directly on

the face of the multiprobe detector. The ecl efficiencies

of M06C1142'/acceptor and donor systems were estimated using

M06C1142' as a relative standard. In an experimental run,

M06C1142', was initially added to the solution and the ecl

yield was determined from a minimum of twenty intensity

measurements. The electroactive organic reagent was then

added to the solution and the eel yield for the M06C1142'

/acceptor or donor system was recorded. In this manner,

errors due to geometric positioning of the cell on the

detector were minimized. Because the spectral distributions

of the two experiments are identical, the eel quantum yield

of M0601142'/acceptor and donor system, feclt can be
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PAR 175 programmer. The single compartment cell is very

similar to the one previously described except the optical

window is on the side of the cell. The working electrode is

a platinum disk (area = 0.0707 cmz) sealed in glass but

whose face is now perpendicular to the bottom of the cell.

The Pt disk electrode was positioned at the focal point of

the collection lens on the detection side of the emission

spectrometer. The ecl was generated by using a cyclic

square wave (10 to 20 Hz) with potential limits appropriate

for the system under investigation.

Ecl spectra were recorded on a Zenith microcomputer.

The deconvolution of M06C1142'/W6x8Y62' ecl spectra was

performed by a band shape analysis in which varying ratios

of the steady state emission spectra of the discrete cluster

systems were added until their sum identically matched that

of the measured ecl spectrum. Energy partitioning values

were obtained by normalizing the calculated ratio with the

emission quantum yields of the two cluster systems. Errors

in the partitioning ratio were determined by three

measurements of the M06C1142'/W6XBY62' ecl spectrum and

multiple deconvolutions of each spectrum.



CHAPTER III

III. ELECTROCHEMICAL EXCITATION ENERGY PARTITIONING

IN MIXED CLUSTER ELECTRON TRANSFER REACTIONS



A. Background

A fundamental issue of chemiluminescence reactivity,

which heretofore has not been resolved, involves the

parentage of the luminescent excited molecule produced in

the electron transfer reaction between electrogenerated

oxidized and reduced reactants. For instance, in the

M6X8Y62' system, the energy released in the annihilation

reaction is sufficient to leave only one cluster anion in

its excited state. The important question here is whether

the electronically excited ion is generated from M6X8Y6' ion

or the M6X8Y63- ion. The energy partitioning between these

two parentages is ultimately related to differences in the

activation barrier heights and electronic variations of the

two discrete electron transfer pathways shown below.

2n 2-
-M6X8Y6 + M6X8Y6 (20a)

- 3..

M6X8Y6 + M6X8Y6

2- 2—*
M6X8Y6 + M6X8Y6 (20b)

Thus, partitioning of the electrochemical excitation energy

between reactants in ecl reactions has important electron

transfer implications and will shed light on factors that

limit the overall efficiency of ecl reactions.

For all ecl systems to date, the partitioning issue has

not been successfully addressed because there has been no

simple way of labelling the oxidized or reduced reactant and

therefore identifying the parent of the excited state. One

45
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approach is to employ structurally similar reactants which

possess energetically distinct luminescent excited states,

thereby allowing the parentage of the excited state species

to be identified spectroscopically. An attempt to identify

the precursor of the excited state in an ecl system was

undertaken in a recent study of ruthenium polypyridine

complexes where the electrochemical properties of ruthenium

reactants and spectroscopic properties of the eel products

could be tuned with the polypyridyl ligation coordination

sphere.76 Relevant photophysical and electrochemical

properties of these systems are shown in Table 1. The

investigated reactions are shown in eq 21 and 22 where the

distinct emission energies give rise to different ecl

Ru(DTB-bpy)32+* + Ru(bpy)2biq2+ (21a)

Ru(DTB-bpy)33+ + Ru(bpy)2biq+

Ru(DTB-bpy)32+ + Ru(bpy)2b1q2+* (21b)

Ru(bpy)32+* + Ru(bpy)2DMC1-l2+ (22a)

Ru(bpy)33+ + Ru(bpy)2DMCH+

Ru(bpy)32+ + Ru(bpy)2DMCH2+* (22b)

spectra for the two pathways. However, several problems

were encountered with those ruthenium polypyridyl systems.

These problems included: (1) the free energy of reaction 21

is not large enough to produce the excited state of Ru(DTB-



(6.0013094

T
a
b
l
e

1

E
x
c
i
t
e
d

S
t
a
t
e

E
n
e
r
g
i
e
s

a
n
d

E
l
e
c
t
r
o
c
h
e
m
i
c
a
l

P
r
o
p
e
r
t
i
e
s

o
f

R
u
-
P
o
l
y
p
y
r
i
d
y
l

C
o
m
p
l
e
x
e
s

i
n
A
c
e
t
o
n
i
t
r
i
l
e

E
1
/
2
(
2
+
/
+
)
e

E
1
/
2
(
3
+
/
2
+
)
f

E
o
—
o
/
e
v
d

v
s
.

S
C
E
/
V

R
u
(
D
T
B
-
b
p
y
)
3
2
+

a
2
.
1
6

-
1
.
4
4

R
u
(
b
p
y
)
2
(
b
1
q
)
2
+

b
1
.
7
0

-
o
.
9
1

R
u
(
b
p
y
)
3
2
+

2
.
1
3

-
1
.
3
5

R
u
(
b
p
y
)
2
(
D
M
C
H
)
2
+

C
1
.
7
2

-
1
.
0
0

D
T
B
-
b
p
y

=
d
i
t
e
r
t
b
u
t
y
l
b
i
p
y
r
i
d
i
n
e

b
p
y

=
b
i
p
y
r
i
d
i
n
e

a
n
d

b
i
q

=
2
,
2
'
-
b
i
q
u
i
n
o
l
i
n
e

D
M
C
H

=
6
,
7
-
d
i
h
y
d
r
o
-
5
,
8
-
d
i
m
e
t
h
y
l
b
e
n
z
o
[
b
,
j
]
[
1
,
1
0
]
p
h
e
n
a
n
t
h
r
o
l
i
n
e

O
-
O

e
n
e
r
g
y

o
f

t
h
e

r
u
t
h
e
n
i
u
m

c
o
m
p
l
e
x
e
s

e
m
i
t
t
i
n
g

e
x
c
i
t
e
d

s
t
a
t
e

A
s

r
e
d
u
c
t
i
o
n

p
o
t
e
n
t
i
a
l
s

f
o
r

t
h
e

R
u
2
+
/
+

c
o
u
p
l
e

v
s
.

S
C
E

A
s

r
e
d
u
c
t
i
o
n

p
o
t
e
n
t
i
a
l
s

f
o
r

t
h
e

R
u
3
+
/
2
+

c
o
u
p
l
e

v
s
.

S
C
E

+
1
.
1
1

+
1
.
3
3

+
1
.
2
6

+
1
.
2
5

47



48

b91032+ and thus reaction pathway 21a is energetically

unfavorable: (2) the oxidation potentials of Ru(bpy)32+ and

Ru(bpy)2DMCH2+ are similar and hence do not permit selective

production of Ru(bpy)33+ and therefore the annihilation

cannot cleanly be established: and finally ( 3) favorable

energy-transfer reactions between. the ruthenium. products

permitted the excited state energy to be redistributed

between both products thereby vitiating meaningful energy

partitioning ratios to be determined from measured ecl

intensities. For these reasons, the authors correctly

concluded that reactions 21 and 22 were not useful in

gathering quantitative energy partitioning data.

Many of the problems inherent to the ruthenium

polypyridyl complexes are circumvented by the M6X8Y62' ions.

Similar to the ruthenium complexes, the luminescent excited

state and electrochemical properties of M6X8Y62' ions can

also be varied with the ligating coordination sphere: and

therefore, the approach established by reactions 20a and 20b

can be pursued with mixed cluster systems (e.g. M6X8Y6' +

M6X8Y63'—-> M6X8Y62J or M6X8Y62'*). However, unlike the

complicating problem of the system described by reaction 21,

the relatively large oxidizing and reducing potentials of

M6X8Y62' ions compared with the relatively low excited state

energies allows for the possibility of either product to be

left in its electronic excited state in the annihilation

reaction. Furthermore, the problem associated with reaction

22 is avoided owing to significantly different redox couples
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of substituted M6 cores. Of equal significance, the poor

overlap between the absorption and emitting states of

substituted M6 cores means that energy transfer is

inefficient. Thus, the measured ecl emission of.My§93' and

M6x8Y62' should accurately reflect the original partitioning

of the electrochemical excitation energy in the annihilation

reaction. The results presented in this chapter

successfully' address for' the first. time, the. effect of

energy partitioning in an ecl annihilation event as well as

shed. light on important electron 'transfer’ properties of

M6X8Y62- ions.

B. Results and Discussion

Electrochemical and photophysical properties of the

molybdenum and tungsten halide cluster systems in CH2C12 at

room temperature are shown in Tables 2 and 3. Most of the

cluster systems exhibit reversible one-electron oxidation

processes. The criteria used to establish reversibility

were ia/ic ratios varying between 0.95 to 1.05 and linear

plots of anodic and cathodic peak currents vs. (scan

1/2.
rate) Anodic to cathodic peak separations of the

reversible cluster systems were comparable to that measured

for ferrocene (125 mV), thereby establishing that deviations

of AEp from the theoretical value of 59 mV are due primarily

to uncompensated cell resistance. The remaining M6 clusters

either possess an irreversible oxidation couple or multiple

oxidation waves with the first being chemically
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irreversible. In general, clusters exhibiting multiple

oxidation waves contain ligands that are weakly bonded (e.g.

I' or SCN') in the axial positions. For example, the cyclic

voltammograms of Mo6C112L22' (L = SCN, I) and Mo6C112 are

shown in Figure 6. In panel a, scanning a Pt electrode

immersed in a CH3CN solution containing Mo6C112, anodically

produces two quasireversible waves at +1.73 V and +1.92 V

potentials. These two waves are preserved in the cyclic

voltammograms of M06C112(SCN)22 and Mo6C112I22 (Figure 6b

and 6c). The preceding irreversible wave at +1.43 and +1.61

in the cyclic voltammograms of Mo6C112122' and

M05C112(SCN)22' respectively, is due to oxidation of

dissociated I” and SCN'. That the potentials for this

oxidation do not correspond to those of free ligand suggests

dissociation subsequent to cluster oxidation. Of course the

absence of L in M06C112 precludes the appearance of this

preceding irreversible oxidation wave. The similarity of

the oxidation profiles of M06C112 and Mo6C112L22' suggest

facile dissociation of the heterodonor ligand from the

cluster core to give MoGCllz.

Whereas oxidation of the clusters is generally

reversible, the reduction of the clusters are for the most

part irreversible processes. This is not the case, however,

for [M06C181X62 and [Mo6C181X5L' (X = halide, L = donor

ligand) ions, which possess reversible or more typically

quasi-reversible one-electron reduction couples. All other

M06 clusters possess irreversible reduction waves. For the
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Figure 6. Cyclic voltammograms of (0.1 NBu4PF6 at

23°C) (a) M06C112 (3 mM in CH3CN): (b) M66c112123' (3

mM in CH2C12): (c) M66c112(SCN)22' (3 mM in cuzc12).
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case of the tungsten clusters, the reduction waves are in

the background of CH2C12 thereby implying reduction at

potentials < -2.2 V.

Except for the thiocyanate and phosphine clusters, ecl

is observed for the M06 clusters shown in Table 2 at a

platinum electrode according to the simple annihilation

reaction shown in eq 17 (the properties of these ecl

reactions will be discussed in Chapter V). Conversely, the

tungsten halide clusters of Table 3 produce weak or no ecl

at a platinum electrode surface (feel 3 10's) in THF

presumably due to the fact that the reduced cluster anion

W6X8Y63' cannot cleanly be electrogenerated. However, the

issue of interest here is not ecl reactions of reactants

electrogenerated from the same parent molecule, but ecl

systems which permit the partitioning of the electrochemical

energy to be distinguished (i.e. reaction 20). The choice

of the appropriate cluster systems for such studies relies

on M6X8Y62’ and M6X8Y62" possessing sufficiently different

emission energies such that the electrochemically produced

excited state can be spectroscopically distinguished.

Experimentally a difference of 50 nm in the emission spectra

of M6X8Y62' and M6X8Y62' can easily be resolved. Moreover,

appropriate reduction potentials are critical to the

selective production of only one oxidized and one reduced

reactant in the annihilation reaction. The M6X8Y6‘/2‘

potential must be at least 100 mV negative of the M6X8Y6'/2—

potential and the M6X8Y62'/3' potential must be 100 mV
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positive of the M6X8Y62’/3' potential for reaction 20 to be

established.

The choice of’ mixed cluster systems for ecl

annihilation studies can now be made with facility upon

inspection of the data in Table 2 and 3. Because the

tungsten halide clusters possess reversible oxidation

couples, but irreversible reduction couples, the W6 clusters

can only be used as monoanions in the annihilation reaction

of mixed cluster ecl systems. The choice for a trianion in

the mixed cluster ecl systems is limited to clusters with

the formula of M06C18Clnx6-n2' (n = 0—6) (X = Br, I) because

only these clusters possess reversible reduction potentials.

Owing to mechanistic problems (which will be discussed in

Chapter V) with the ecl reaction of clusters with Br or I

occupying axial coordination positions, the only reasonable

choice for the trianion in the mixed cluster ecl reaction is

M06C1143’.

Because the W6X8Y6'/2' redox couples are negative of

the M06C114"/2' redox couple and the W6X8Y62'/3' redox

couples are more negative than the reduction of M06C1142',

the following electron-transfer reaction can cleanly be

-* -

+ w6x8262 (23a)2
Mo6C114

2- 2-*
M06C114 + wéxgy6 (23b)

3 -

2- 2-
M06C114 + W6X8Y6 (23c)
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established by standard electrochemical techniques.

Inspection of Tables 2 and 3 reveals that the W6X8Y62"

excited state energies are significantly different than that

of M05C1142'. These features permit the calculation of

partitioning ratios directly from ecl spectra of the

M06C1142'/W6X8Y62' systems if one assumes that subsequent

energy transfer between the products in reactions 23a and

23b is unimportant. In order to determine whether this

assumption is valid, energy transfer studies were undertaken

2-7:
where the quenching of W6X8Y6 and Mo6C1142'* by M06C1142

and W6X8Y62’, respectively, was measured. Quenching rate

constants in CH2C12 for the following reactions,

2-* 2- 2- 2-*

2- 2-* 2-* 2—

were deduced from classical Stern-Volmer analysis of the

cluster lifetimes and the results of these studies are

displayed in Table 4. Because both cluster ions emit, the

individual lifetimes were determined from a multiexponential

fit of the luminescence decay with the equation y = ae't/'1

+ be't/’2 by using the general nonlinear curve-fitting

program Kinfit77a where a and b represent the fractions of

total emission decay described by the excited-state

lifetimes 71 and 72, respectively. Convergence of the fit,

monitored by the sum of the squares of the residuals, yields
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values for a, b, r1 and 72. For an individual reaction

pair, obviously only one energy transfer reaction, 24a and

24b, will be energetically downhill. Because endergonic

energy transfer is a relatively inefficient process,77b only

the exothermic energy transfer reaction will result in an

attenuation of cluster’s lifetime. For instance for the

case of the Mo601142-/W6I142' system reaction 24a is

endergonic and therefore the Mo6C1142' lifetime does not

change. On the other hand, the exergonicity of reaction 24b

(-0.15 eV) results in a quenching of the W6I142 lifetime

with increasing concentration of Mo6C1142”. The

experimental manifestation of these energetics is that the

Mo6Cll42' is the quencher and its lifetime is constant while

W6I142' is the lumophore and its lifetime follows a

classical Stern-Volmer dependence. The largest quenching

rates are only 107 despite significant driving forces for

some reactions. In the context of a Forster energy transfer

mechanism, the poor spectral overlap of the absorbing and

emitting states precludes efficient energy-transfer

quenching.77b In a Dexter energy transfer treatment, the

good orbital overlap of reactants required for efficient

energy transfer is precluded by the fact that the metal

localized emissive excited state of M6X8Y62' ions is

sterically shielded by the halide coordination sphere.77b

Thus, because the observed energy transfer rates are well

below the diffusion controlled limit of ~109, energy

transfer is unimportant in energy partitioning studies and
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measured excited state production yields should accurately

reflect the partitioning of the electrochemical excitation

energy.

In Table 5 are shown the photophysical properties and

overall ecl quantum yields of the mixed cluster ecl systems

employed for partitioning studies. Chemiluminescence from

CH2C12 solutions containing M05C1142' and W6X8Y62' is

observed when the applied potential of a Pt electrode is

stepped into the oxidation wave of W6X8Y62' and the

reduction wave of M05C1142-. Overall ecl quantum yields

were determined by dividing the number of einsteins

emanating from the electrode surface by the number of

equivalents of Mo6C1143' or W6X8Y6' produced.

The partitioning ratios for reactions 23a and 23b for

the M06C1142'/W61142‘, W6I83r62', and W6C18Br62' systems can

be directly determined from ecl spectra. An exemplary mixed

cluster ecl spectrum of the Mo6C1142-/W61142' system is

illustrated in Figure 7. The broad featureless band is

characteristic of M6X8Y62' cluster emission. The larger

signal-to-noise ratio of the eel spectra, as compared to the

steady-state luminescence spectra, is due to mechanical

agitation of the solution over the duration of the

relatively' long' pulse sequence typically’ needed for’ ecl

experiments. The driving force to produce either M06C1142'*

or W6I142'*, calculated by summing the O-O energy of the

emitting excited state with the ground state reaction free

energy (AGes = AGgs + EO-O) as determined from standard
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Figure 7. Electrogenerated chemiluminescence spectrum

of Mo6c11437w5114" in CH3CN (p = 0.1 M NBu4PF6 at

23°C).
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reduction potentials, is energetically downhill for both

reaction pathways. Figure 8a shows the ecl spectrum of

M06C1142'/W6I142' superimposed on the steady-state emission

spectra of the individual cluster ions. It is clearly

evident from Figure 8a, that the ecl spectrum is composed of

the emission spectra of Mo6C1142' and W61142'. The

partitioning between reactions 23a and 23b is obtained, as

shown in Figure 8b, by adding together varying amounts of

the steady-state emission spectra of Mo6C1142’ and W31142'

until the sum is identical to the measured ecl spectrum.

The partitioning value, PR for reactions 23a and 23b is

obtained by normalizing the ratio of the measured

contribution of the individual (6M06 and awe) to the overall

ecl spectrum with the cluster emission quantum yields (om)6

and 4V“), where M06 and W6 represent the M06C1142' and

W6X8Y62' cluster ions, respectively.

9 ¢
PR e M°o "6 <25)  

For the Mo6C1142'/W6I142', W6183r62- and W6C18Br62' ecl

systems the above analysis provides partitioning ratios, and

these ratios are shown in Table 6. In each case, both

excited states are produced with essentially equal

probability (to within a factor of three) upon annihilation

of electrogenerated M06C1143' and W6X8Y6'.
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Figure 8. Steady-state emission and ecl spectrum in

CH3CN for (a) w61142", —; Mo6c1142“ Mo601142'

/W61142- eCl, -"-"'; (b) M06C1142-/W6I142- eel, —;

. . 2- 2..

fit from the sum of a ratio of M06C114 and W6114

emission spectra, Peak maxima are normalized

to an arbritrary value.
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Other mixed cluster systems support this observation

(such as those shown in Table 5) but their partitioning

ratios can only indirectly be determined from the following

equation,

‘I’ecl = fes, ‘f’Moe + 4’e52 ¢w8 (26)

where °ec1 is the overall ecl quantum yield of the mixed

cluster ecl reaction and ¢es and ¢es are the excited state

1 2

a: 2-4:

production efficiencies for M06C1142- and W6X8Y6 ,

respectively, in the mixed ecl reaction. For example, the

small steady-state emission quantum yield of W6C1142' (4+e

(w5c1142‘) = 0.015 vs. 66 (Mo6c1142') = 0.18) requires that

W5C1142'* would have to be produced at least two times more

often than M05C1142'* to be reflected in the mixed-cluster

ecl spectrum. The ecl spectrum of M06C1142'/W6C1142'

identically matches the steady-state emission spectrum of

M06C1142- and ‘I’ecl = 0.05. One explanation is that the

W6C1142' is not populated upon annihilation. In this case

W6C1142-is simply acting as an electron acceptor. However

this is unlikely because M06C1143’/A+ (A+ = organic electron

acceptor) annihilation (discussed in Chapter IV) reactions

of similar potentials to that of the M06C1142'7W6C1142’

system exhibit ‘I’ecl = 0.10 (CH2C12, p = 0.1 M NBu4PF6 at

23‘). Alternatively, the ¢ec1’s of the M66c1143‘/A+ (6ec1 =

0.10) and Mo6c1143'/w6c114' (3801 = 0.05) suggest that half

of the electrochemical energy is being distributed to the
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W6C1142' excited state. For this case, eq 26 reduces to

°ecl = ¢es, fMo, because dies: 4’W. (= 4 x 10'3) is small

compared to fes, moo ( = 5 x 10-2), and hence the

calculated yield from eq 26 is consistent with the

experimentally measured ecl yield of 0.05. Our assumption

of a 0.50:0.50 partitioning ratio for the Mo5C1142'/W6C1142'

system is experimentally supported by the results of the

M06C1142'/W6C18Br62' system. As discussed above, the

partitioning ratio directly calculated from the ecl spectrum

of this system is 0.50:0.50. Owing to the similarity of

W6C1142' and W6C18Br62' our assumption of a 0.50:0.50

partitioning ratio for M06Cli42'/W6C1142' ecl system seems

reasonable. For the case of the M06C1142'/W68r142' system,

the emission bands are too close in energy [AEB (M06C1142',

W6Br142') = 15 nm] to be discerned in ecl spectra. Analysis

of this system’s ecl quantum yields with eq 26 is also

consistent with equal partitioning of the electrochemical

excitation energy.

There is one very satisfying aspect of the results of

partitioning experiments, the free energy dependence of the

M06C1142" excited state production is independent of the

type of electron transfer acceptor. Chapter IV describes

the free energy dependence of the ecl quantum yield of the

M06C1143’ with aromatic amines. In these systems the

W6X8Y6' has been replaced by an acceptor in which the

excited state is energetically inaccessible. A plot of the

experimentally determined ecl quantum yields (calculated by
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dividing the integrated M06C1142’ ecl intensity by the

number of equivalents of electrons transferred) of

M0501142'* for the M06C1143'7W6X8Y6' and M06C1143'/A+

(aromatic amine radical cations) systems vs. free energy is

shown in Figure 9. The free energy dependence for

M06C1142'* production in mixed ecl experiments is nearly

identical to that observed for the ecl reaction of M06C1143'

with aromatic amine acceptors. These results demonstrate

that the eel pathway is independent of whether the

electrochemical excitation energy is distributed to one or

between two excited states in the annihilation reaction.

Thus, the ecl studies on the W6X8Y52' systems clearly

establishes that the electrochemical excitation energy is

essentially equally distributed to both cluster reactants.

This equal partitioning can be rationalized by using current

electron-transfer theories. Annihilation of M05C1143' and

W5X8Y6' is described in Scheme 3 where kd is the diffusional

rate constant, kes, and kes are the rate constants to

2

produce the excited state of M06C1142- and W6X8Y62'

k0 1 .. -

’ M050|142 + W6X3Y52

2- 2--

M060.“ + W6X0Y6

kd

M060I143’+ wsxavg —— Moschf-‘m waxava

k‘d kg: 2- 2-

Nkhch4 +-“%X€Qs

Scheme 3

respectively, and kgs is the rate to produce both ground

state molecules. Calculation of electron transfer rate to
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Figure 9. Plot of log fee of M06C1142' in the mixed

cluster ecl reaction (0) and in the reaction of

- +
o

O

Mo6C1143 /A (0) vs. Aces 1n CH2c12 at 23 c (p = 0.1 M

NBu4PF6).
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ground state and excited state products, as discussed in

detail in Chapter IV, show that kgs is slow compared to ke81

and Res; Therefore, the ground state electron-transfer

pathway does not mediate the partitioning ratios.

Furthermore, a kinetic analysis of the rate of appearance of

2—*

Mo6C114 and W6X8Y62'* shows the production of

2-* . 2-* . .
M C l tiv t W t k. k and[ O6 114 ] re a e o [ 6x8Y6 ] is jus e951/ eszt

is not controlled by the rate of diffusion. Thus an

understanding of partitioning ratios follOws directly from

electron-transfer nal si f k nd k .a y s 0 es, a es:

The excited state product rates kes and ke82 are given

- 1

by eq 27 where the variables have previously been described

2(HAB)2 «3 1/2 (A + AG°)2

k = -—-- exp - (27)

98' h AkBT 4AkBT

 

 

(Chapter 1). The almost equal production of M06C1142'* and

W5X8Y62'* in the mixed cluster ecl reaction implies that

kes s kes . The values of keslt and hence partitioning of

1 2

the excited state energy, depends on the electronic coupling

element, HA3, the reorganizational energy, A, and the

driving force, AG°, of reaction 23a and 23b. From Table 6,

we see that if pathways 23a and 23b are sufficiently

energetic, then both excited states are produced with

probabilities independent of AG° (AG° < -0.05). Moreover,

the tungsten and molybdenum cluster compounds are almost

identical in size (11 to 12.5 A) and structure, and
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therefore from eq 3, A0 is relatively constant for all mixed

cluster ecl reactions (changes in A0 are 5 0.05 eV in the

cluster series). More importantly, in a given mixed cluster

ecl reaction, A0 is independent of which reactant, Mo6C1143'

or W6X8Y6', is converted to the excited state. Therefore

the ratio of kesl and ke82 is independent of AG° and A0 and

energy partitioning depends solely on the HA3 and A1.

The contributions of A1 and HAS to partitioning in the

eel chemistry of the M6x8Y62- clusters can be understood in

terms of the hexanuclear cluster's frontier molecular

orbitals. Figure 10 summarizes the results of theoretical

studies in recent years aimed at describing the electronic

structure of the M6X8Y62' ions. Extended Huckel78 and SCF-

Xh-SW79 calculations predict the HOMO and LUMO to be

primarily metal in character and to possess molecular

symmetries eg and 32g! respectively. These results are

consistent with spectroscopic studies, which suggest that

the luminescence of the M6X8Y62' ions originates from an

excited state localized on the metal core.80 Additionally,

magnetic measurements establish a diamagnetic ground state

for M6X8Y62' ion and the oxidized M6X8Y62' cluster ions

display an axial EPR signal, which can be attributed to

tetragonally distorted metal core resulting from the single-

electron occupancy of the e level.64 On the basis of these

9

spectroscopic and theoretical results the eel chemistry of

the Mo6C1142'/W6X8Y62' is described by the molecular orbital

representation depicted in Figure 11. The two excited state



78

Figure 10. Molecular orbital diagram for M6X8Y62"

ions.
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unoccupied 0mi-

bonding metal-

bosed orbitals

—029

 



80

Figure 11. Molecular orbital description for electron

transfer between W6X8Y6' and M°6C1143 with the excited

state being produced from (a) the W6X8Y6' ion and (b)

the M06C1143' ion.
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pathways of M6X8Y62' ecl are electronically distinct: (1)

production of electronically excited Mo6Cll42'* from

M05C1143' involves the transfer of an electron from an eg

orbital of M06C1143" to the eg orbital on the W6X8Y6' ion:

and conversely (ii) transfer of an electron from the azg

orbital of M06C1143' to the 329 orbital on the W6X8Y6' ion

produces electronically excited W6X8Y62'*. Because kes

depends only on HAB and Ai and if, as observed, kesl = kesz

then Ai and HAB must be either equal or fortuitously counter

balance each other for the reaction pathways described by

23a and 23b.

Obviously, HAB will be different for the two excited

state reaction pathways (i.e. M6X8Y6-—-> M5X8Y62'* vs.

M6X8Y63'———) M6X8Y62'*) if the respective orbital overlap

of the a2g orbitals is different then that of the eg

orbitals. This does not appear to be the case for the mixed

cluster ecl system. The eg (HOMO) and azg (LUMO) molecular

orbitals are constructed from linear combinations of dxy

orbitals of adjacent metal atoms: these molecular orbitals

are shown in Figure 12. Owing to the similar radical

distributions of these metal-based orbitals, the electronic

factors of the conversion of M06Cll43' or W6X8Y6- to the

excited state should be closely related.81

The assumption of comparable HAB'S for the two ecl

reaction pathways implies that Ai should be similar for

reaction 23a and 23b. More specifically, this implies

similar nuclear reorganizational energies for electron
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Figure 12. Depiction of the e and aZg metal based

9

cluster orbitals.
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exchange involving either the azg or the e orbitals. The
9

A1 energies associated with electron exchange reactions

involving the azg and eg orbitals can independently be

measured by electron-transfer quenching studies of the

2-11:

M6x8Y6
with a series of organic electron donors and

acceptors. The quenching studies are schematically

represented below. In this reaction scheme electronically

excited M6X8Y62'

 

2-*
M6X§Y5

“io A

M x Y 3' M x Y 2' M x Y '
6 8 6 6 8 6 6 8 6

Scheme 4

donates an electron from azg orbital to acceptor molecule A

to produce the reduced radical A" and the oxidized cluster

M6X8Y6'. Alternatively, in the presence of donor molecules

D, an electron is transferred to the cluster's eg orbital

to produce oxidized D+ and reduced cluster M6X8Y63'. The A1

value measured for the conversion of M6X8Y62'* to M5X8Y63'

in electron transfer studies is related directly to the

conversion of M6X8Y63 to M6X8Y62'* in the mixed cluster ecl

reaction. Conversely, the cluster's contribution to the

measured inner sphere reorganizational energy of M6X8Y62'*/A
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electron transfer is equivalent to A1 for the conversion of

M6X8Y6‘ to M6x8Y62-* in the mixed cluster ecl reaction. The

quenching rate constants for the reaction of M6X8Y62'* ions

with benzoquinone (BQ) and nitroaromatic (NA) acceptors

(reaction 28a), and aromatic amine (AA) donors (reaction

28b) in CH3CN at 23°C

 

 

2-* \ — -

A = BQ, NA

2-* r 3- +
M6X8Y6 + o —> M6X8Y6 + 0 (28b)

D = AA

are shown in Tables 7 and 8, respectively. Rates were

determined from Stern-Volmer analysis of the lifetime of

M6X8Y62'* by the procedure described previously. From these

data, Ai can be evaluated with eq 29

ZHAB K3 1/2

kBT 1n kq = -l/2AG° + —A/4 + kBT 1n

h kBT

 

 

(29)

which is obtained by rearranging the electron transfer rate

expression of eq 27. The quadratic term of eq 27 has not

been included in this rearranged rate expression owing to

its small contribution to the overall observed quenching

rate at low driving forces. Consequently, eq 29 predicts a
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linear plot of kBTlnkq vs. AG° with slope of -0.5 and an

intercept equal to the bracketed term.38'82

Plots for the rates of acceptor and donor quenching

pathways are shown in Figures 13a and 13b. The linear

dependence of the rate constant on AG° and slopes of -0.49

2.4;

and -0.51. for' M6X8Y6 /A. and. 2M6X8Y62'*/D systems,

respectively, agree well with theory. By assuming adiabatic

electron transfer (HAB = .022 eV), overall reorganizational

energies A(=Ao + Ai) of 1.11 eV and 1.01 eV are calculated

from the intercepts of Figures 13a and 13b, respectively.

By accounting for A0 = 0.86 eV (eq 3), Ai values of 0.25 eV

and 0.15 eV are obtained for quenching reactions 28a and

28b, respectively. The relevant parameters for these

electron transfer calculations are summarized in Table 9.

The inner sphere reorganizational energy for the

M6X8Y62'/A system is composed of the nuclear reorganization

associated with M6X8Y62'* / M6X8Y6' and A / A' conversions.

Similarly, the M6X8Y62'* / M6X8Y63' and D / 0+ conversions

compose the A1 for reaction 28a. Calculations by using

self-exchange rate constants measured by EPR line broadening

techniques have shown that Ai's associated with the electron

transfer reactions of aromatic amines and nitroaromatics are

< 0.05 eV. Therefore the calculated values of A1 directly

reflect the inner-sphere reorganizational energy of

M6X8Y62'*/M6X8Y6- and M5X8Y62'*/ M6x8Y63' conversions,

respectivelyu The above calculations are predicated on

adiabatic electron transfer. The calculated values of 0.15



90

Figure 13. Plot of kBTlnk vs. AG° in CH3CN at 23°C
q

(numbering as in Tables 7 and 8) for (a) M°6C1142-*

quenched by organic acceptors: (b) M06C1142'* quenched

by organic donors.
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Table 9

Electron-Transfer Parameters Used in Calculating

‘1 Values

Electron Transfer

Parameter

r/Aa

wr/eVb

wp/eVb

Ao/eVc

HAB/eVd

Int/eVe

Ai/eV

for Quenching Reactions

'6X8Y62’*/A '6X8Y62-*/D

9.5 9.5

0.00 0.00

+0.04 -O.11

0.86 0.86

0.022 0.022

~0.49 -0.51

0.25 0.15

a r is the separation between reactants during

electron transfer assumed to be the sum of the

reactants' radii.

b wr and w calculated from equations

5 and 6.

40 calculated from equation 3.

9 Typical value of HAB for an adiabatic reaction.

e Intercept obtained from Figures 13a and 13b.
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eV and 0.25 eV represent upper limits of A1, which decreases

with increasing nonadiabaticity. Thus the observation of

small and equal Ai's (0 < A1 < 0.20 eV) for reactions 28a

and 28b is preserved even if the original assumption of

adiabatic electron transfer is inaccurate. These small

inner-sphere reorganizational energies most probably result

from the fact the azg and eg orbitals are delocalized over

the metal core and any reorganization is dissociated over

the 6 metal atoms of the octahedron.

Energy partitioning studies unequivocally demonstrate

that electrochemical excitation energy in the M6X8Y6’

/M6X8Y63' annihilation reaction is channelled to either

.reactant with equal probability. Electronic structural

similarities of the HOMO and LUMO orbitals are manifested in

similar electronic coupling and inner-sphere

reorganizational energies for the two excited state

production pathways: and hence similar electron transfer

rates. With the demonstrated ability to produce M6X8Y62'*

from either M6X8Y6' or M6X8Y63’ coupled with the evaluation

of the important electron transfer parameters such as

electronic coupling and reorganizational energies of the

M6x8Y6'/M6x8Y62‘* and M6X8Y63'/M6X8Y62'* conversions, the

ecl reactions of the M6X8Y6' and M6X8Y63' ions can now be

independently investigated. An issue of particular

importance is the dependence of production of M6X8Y62'* from

M6X8Y6' or M6X8Y63" on the free energy of the electron-

transfer reaction.
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IV. THE EFFECTS OF DRIVING FORCE AND LONG-DISTANCE

ELECTRON TRANSFER ON CHEHILUNINESCENCE EFFICIENCIES
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A. Background

One of the principal themes that has emerged from

mechanistic considerations of ecl and cl reactions is that

the efficiency of excited-state production is related

intimately' to 'the energetics of electron 'transfer.

Extensive investigations of col and cl reactivity have

established two pathways for excited-state production.83"89

The first pathway is shown in Scheme 5 where the driving

force for the electron transfer reaction between A" and D+

A' + D+'—)A* + o

Schemeis

is larger than the energy required to populate the emitting

excited state of A or D. This process of directly forming

the emitting excited state upon electron transfer is called

an energy-sufficient route or S-route mechanism.

Alternatively, as shown in Scheme 6 the driving force of the

electron-transfer reaction is not sufficient to populate the

emitting excited state. The production of the emitting

excited state involves population of a nonluminescent

4' + D+-———)3A* + D

311* + 3A*——)‘A*

Scheme 6
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intermediate triplet excited state and consequent

annihilation of two of these lower energy excited states to

produce one emitting state. This two step energy deficient

mechanism is widely referred to as the T-route.

For typical organic ecl or cl systems, the high energy

of the luminescent excited state (usually a singlet)

precludes S-route reactivity and electron transfer produces

a non-emissive triplet intermediate which undergoes

annihilation to yield the emitting singlet state. Because

triplet-triplet annihilation processes are inherently

inefficient,7b the excited-state production yields of

organic systems are generally limited to a few

percent.88a'9°-92 In contrast, luminescence from transition

metal complexes usually originates from the lowest energy

electronic excited state and therefore S-route reactivity

for inorganic species is governed by modest energies. In

recent years, ecl and cl from a variety of inorganic

compounds including M(bpy)32+ (M = Ru, Os, Cr: bpy = 2,2’-

)93,95
bipyridine and related species,95"98 Re(I) diimine

complexes,99

100,101

binuclear complexes possessing metal-metal

bonds, 102phthalocyanines, square planar complexes of

pd(11)1°3 and Pt(II)81, and Ir(III)(z-phenylpyridine)3,

Tb(III) thenoyltriflouroacetonate, Pt(II)(8-quinolinolate)2,

[Cu(I)pyridine(I)]4 complexes104 have been reported. For

all of these systems, the energy released from the electron-

transfer reaction between oxidized and reduced forms of the

parent molecule (i.e., commonly called the annihilation
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reaction) is sufficiently energetic to directly populate the

luminescent excited state. Nevertheless, despite this

predicted and in some cases experimentally verified S-route

behavior,1°5'106 measured efficiencies for excited-state

production are well below unity.75 The reasons for the low

yields of some of these systems are known. For example, an

ecl yield of <10“5 for the Pt2(H2P205)44' ion1°7 can most

certainly be attributed to the relatively short lifetime of

Pt2(H2P205)55' in aqueous solution.108 And low excited-

state yields of RuL32+* (L = polypyridyl) produced in the

reaction of RuL33+ with CoL3+ have been shown to result from

an electron-transfer pathway competitive to cl in which a

non-luminescent excited state of CoL32+ is populated.109

For the most part, however, a general understanding of the

low ecl and cl yields of inorganic systems has not been

achieved.

The energetics of the Mo6C1142' ecl permit the energy

dependence of ecl chemistry to be defined. The magnitudes

of the M06C114‘/2' and M06C1142'/3' reduction couples

[El/2(M06Cll4-/2") = +1.53 V vs. sce, E1/2(M06C1142'/3’) = -

1.56 V vs. sce in CH3CN] and the relatively low energy of

the Mo6C1142" excited state [Eem(M06C1142'*) = 1.9 V] have

allowed us to observe ecl from the annihilation of Mo6C114’

and M06C1143' with a variety of electroactive donors (e.g.,

nitroaromatic radical anions) and acceptors (e.g., aromatic

amine radical cations), respectively. By varying the

reduction potential of the electroactive donor or acceptor,
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the eel dynamics of M06C1142' ion can systematically be

investigated over a wide potential energy range.

This chapter describes our efforts to elucidate the

factors which control the efficiency of M6X8Y62' ecl system.

The results of the dependence of ecl quantum yields on the

exergonicity of the electron-transfer reactions of M06C114'

with a series of nitroaromatic radical anions (NA'),

pyridinium radicals (P), and bipyridinium cations (BP+) and

the reaction of Mo5C1143' with aromatic amine cations (A+)

in acetonitrile and dichloromethane are presented. Analysis

of these yields in the context of current electron transfer

theories is discussed. ‘This analysis suggests that

efficient ecl is circumvented by long-distance electron-

transfer which can explain the low excited state yields for

chemiluminescent reactions of other inorganic complexes.

B. Results

Electrochemical and quenching data in CH3CN and CH2C12

are displayed in Tables 10 and 11 for aromatic amines, in

Tables 12 and 13 for the nitroaromaticsllo, in Tables 14 and

15 for pyridinium ions, and in Table 16 for bipyridinium

ions employed as electroactive. reagents in ecl studies.

These acceptors and donors meet two important criteria for

ecl free energy dependence studies in that their reduction

potentials, determined by cyclic voltammetry, span a wide

potential energy range and all compounds exhibit reversible

one-electron processes in CH3CN and CHZClz. values of the
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ratio of anodic and cathodic current maxima ic/ia varied

from 0.95 to 1.05 and plots of anodic and cathodic peak

currents vs. (scan rate)1/2 were linear with a zero

intercept. Anodic to cathodic peak separations (AEP) were

almost identical to ferrocene in both solvents, thereby

establishing that any deviations of AE from the theoretical
P

value of 59 mV are due primarily to uncompensated cell

resistance. Rate constants for the quenching of M06C1142'

luminescence in CH3CN and CHZClZ (p = 0.1 M NBu4C104 or

NBu4PF6 at 23 °C) were deduced from classical Stern-Volmer

analysis of the emission intensity. All Stern-Volmer plots

were linear over a quencher concentration range of 1-100 mM

and kq's were calculated from Stern-Volmer constants with r0

* *

(M06C1142' ) = 180 ps in cn3cu and 70(M06C1142- ) = 160 us

in CHZClz (p = 0.1 M NBu4ClO4 or NBu4PF6 at 23 °C).

Because BP2+/+, P+/° and NA°/' reduction potentials are

positive of the M06C1142'/3' couple and A+/° reduction

potentials are positive of the M06C114'/2' couple, the

electron-transfer reactions in equations 30 and 31 can be

clearly established by standard electrochemical

techniques.111 Chemiluminescence from the M0601142'/donor
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NA

-* +
NA 140601142 + P (30a)

M06C114' + BP2+

NA

M06C1142' + P+ (30b)

BP2+

-*

M06C1142 + A (31a)

 

3- +

M06C1142 + A (315)

and acceptor systems is observed only when the potential

applied to the working Pt electrode is stepped into the

oxidation-reduction waves of the electroactive species.

Tables 10-16 list the free energy changes and the ecl

quantum yields, ¢ecl' for reactions 30 and 31 in CH3CN and

CHZClz. Owing to the formation of (BP)Mo6C114 salts,

bipyridinium systems were studied only in CH3CN. Even in

this relatively high dielectric solvent, ion pairing was

observed and hence ecl measurements are suspect. For this

reason the ensuing discussion does not include the M06C1142'

/BP2+ systems. Ecl quantum efficiencies were determined by

dividing the number of einsteins emanating from the

electrode surface by the number of equivalents of electrons

used to generate the oxidant or reductant (i.e. the

integrated anodic or cathodic charge passed into solution).

As evidenced by the relatively small quenching rate
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constants listed in Tables 10-15, acceptors and donors are

inefficient quenchers of M0601142' luminescence and

therefore the measured ecl intensities are not attenuated by

the presence of acceptor or donor. Of course quenching of

M06C1142' luminescence by the oxidized or reduced donors is

downhill and should be extremely efficient. However, the

concentration profiles of electrogenerated intermediates do

not significantly overlap in an ecl step experiment and

hence Mo6Cll42'* should not be quenched by the

electrogenerated cluster or electroactive organic reactants.

Even when the production of the electroactive organic

reactant was doubled, significant quenching of the ecl was

not observed. FOr systems exhibiting ecl, the spectrum is

identical with the emission spectrum of M06C1142' in CH3CN

or CHZClz. The absence of acceptor or donor luminescence is

consistent with spectroscopic data, which reveals that

population of the lowest energy electronic excited state of

these compounds collected in Tables 10-15 is an

energetically unfavorable process.112

As described in Chapter I, ¢es is the parameter which

best describes the efficiency of the ecl reaction. Plots of

the 4’es vs. the free energy driving force of the excited

state reactions (AG°eS = AG°gs + 2.0 V) for acceptors and

donors listed in Tables 10-15 are shown in Figure 14 and 15.

The standard free energy, AG of the excited-state
ES’

electron-transfer pathway (reactions 30a and 31a) was

cFillculated from AG°gs = AG°eS - AGES where AGES is the free
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Figure 14. Plot of log ¢es vs. AG for the
es

electron-transfer annihilation reactions of the

M06c1143'/A+ (0), M06C114-/P (A), and M06c114‘/NA" (a)

systems in acetonitrile. The numbering scheme is

defined in Tables 10, 12 and 14. The standard free

energy change for the excited-state reaction pathways

was evaluated as described in the text.
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Figure 15. Plot of log ¢es vs. AG for the
es

electron-transfer annihilation reaction of the

M06C1143-/A+ (a), M06Cll4'/P (A), and M660114'/NA‘ (0)

systems in dichloromethane. The numbering scheme is

defined in Tables 11, 13, and 15. The standard free

energy change for the excited-state reaction pathway

was evaluated as described in the text.
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energy' content of’ the M06C1142‘ excited state. over the

ground state andAG"gs is the standard free-energy change of

the ground-state reaction pathway. AGES can be estimated

from the energy of 0-0 transition (ED-o = 1.9 eV) with

corrections for entropic contributions (TAS = 0.1 V) .113

The excited state yields were calculated with ¢e = 0.19 for

M06C1142' in CH3CN and ¢e = 0.18 for M0601142' in CHZClz at

23 °C.

C. DISCUSSION

Electronically excited M06C1142' ion is produced by the

simple electron-transfer reactions of the electronically

generated Mo6C114' and M05C1143’ ions with electroactive

donors and acceptors, respectively. This observation is

consistent with energy partitioning studies of Chapter III

which clearly demonstrated that the excited state can be

produced by either oxidized or reduced cluster. As

discussed in Chapter III the chemiluminescent reactivity of

the oxidized and reduced forms of Mo6C1142' can be

accomodated in terms of the hexanuclear clusters electronic

structure. The ecl chemistry of the M06C114' and Mo6C1143'

ions with donors and acceptors, respectively, can be

described by the molecular oribtal representation depicted

in Figure 16. For the M06C1143'/A+ series, the azg orbital

is occupied prior to annihilation and therefore, transfer of

an electron from the e orbital to the appropriate acceptor
9

level will yield electronically excited cluster. Directly
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Figure 16. Molecular orbital description for

competitive electron transfer to give either ground- or

excited-state Mo6Cll43' by the reaction of (a)

M06C1142' with oxidized aromatic amines (A+) and (b)

M06C114' with reduced nitroaromatics (NA') or

pyridinium ions (P). Production of electronically-

excited acceptors and donors is an energetically

unfavorable proces.
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opposing this excited-state pathway is removal of the

electron from the azg orbital to afford ground-state cluster

ion. In the case of the ‘M06C114'/NA' and P systems,

transfer of an electron from the donor level to the

cluster’s “29 orbital directly yields electronically excited

ion whereas exchange to the eg orbital brings the cluster

ion to its ground state.

It is evident from Figure 16 that cl is directly

competitive with the ground-state reaction. Specifically,

the yield for excited-state production, given by eq 15 in

Chapter I, is more conveniently expressed as,

k /k
¢es = es gs (32)

(Res/kgs) + l

 

where Res and kgs are the rate constants for electron

transfer to produce excited-state and ground-state products,

respectively. The functional dependence of ¢es on the

driving force of the electron-transfer reaction is similar

for the different donors and acceptors in CH2C12 and CH3CN

(See Figures 14 and 15). Namely, the M05C1142’/acceptor and

donor systems show no ecl at low driving forces. Ecl is

observed at a threshold energy and at free energies negative

of this threshold, ¢esv rapidly increases. Finally, with

increasing exergonicity, the ¢es approaches a limiting value

well below unity.

The energy dependence of 4’es for ecl measurements in

CH2C12 and CH3CN is almost equivalent. However, ensuing
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electron transfer analysis will focus on CH3CN because (i)

more organic acceptors and donors are soluble in CH3CN, (ii)

the effects of work terms are minimized in CH3CN, and (iii)

electron transfer models are most accurate for reactions in

high dielectric mediums.

Substitution of the asymptotically limiting values of

the excited-state yields for the Mb6C1143’/A+, Mo6Cll4T/P,

and M06C114'/NA' systems into eq 32 gives ices/kgs ratios of

0.15, 0.083, and 0.013, respectively. These values clearly

establish that the excited-state reaction pathway is

kinetically competitive with the ground-state reaction, even

though the latter is favored thermodynamically by 2.0 V.

This kinetic enhancement of the excited—state pathway may be

understood within the context of an electron-transfer model

for cl, first proposed by Marcus,58 in which electron

transfer to produce ground-state products is so exergonic

that it lies in the inverted region and therefore is

inhibited. In contrast, the modest exergonicity of the

exchange reaction to produce excited-state products occurs

ix: the normal region. and. consequently electron ‘transfer

proceeds at relatively rapid rates. More quantitatively,

the ratio of the excited-state and ground-state rates is

given by12a
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ks 1 l

 

2‘3RT 10g i = — (“gs-fies) + - (AGgSO-AGGSO) +

k 4 2
gs

o 2 o 2

1 (AG ) (AG )

" ——gs - es (33)

4 *gs Aes

where Aes and "gs are the reorganizational energies for

excited-state and ground-state reactions. This rate

expression assumes that electron transfer is adiabatic and

occurs at a reaction distance of closest contact (i.e., rij

= ai + aj where ai and aj are the radii of the two reactants

and rij is the distance between their centers).

The reorganizational energy for electron transfer

comprises inner- and outer-sphere contributions (1 = "i +

10). The outer sphere reorganizational parameter is given

by eq 3 in Chapter I. The structural similarities of the

acceptors and donors listed in Tables 10-15 are manifested

in a nearly constant value of *0 = 0.86 x 0.05 eV for

reactions 30 and 31. The values for ai in eq 3 were

calculated with radii equivalent to the sphere of equal

volume, using the relation. a. = 1/2(d1d2d3)1/3 where di

represents the van der Waals diameter along the three

molecular axes. The inner-sphere reorganizational parameter

depends on differences in equilibrium bond lengths and

angles between reactants and products and thus is composed

of the inner-sphere contributions of the acceptor or donor

and cluster reactants. The contribution to the inner-sphere
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reorganizational energy by acceptors and donors can be

determined with measured self-exchange rate constants by

using the Marcus self-exchange relation, k = Z exp(-A/4RT)

where Z = 1011 s'1 and k is the measured self exchange rate

constant. Ai's associated with the electron-transfer

reactions of these compounds are <0.05 eV.114 For cluster

reactants, the mixed cluster ecl and electron-transfer

quenching studies described in Chapter III, establish the

value of Xi for the conversion of either Mo6Cll4’ or

‘* is 0.2 eV.M06C1143' to the excited state ion, M06C1142

These results suggest that the addition and removal of an

electron from the azg orbital 'requires almost. the same

reorganization of the nuclei as the addition and removal of

an electron from an eg orbital. Therefore ii for reactions

30 and 31 is ~0.2 eV and values of 1 (=11 + 10) for the

excited-state pathway or ground-state pathway of the

Mo6C1143'/A+, M06C114'/NA' or M06Cll4'/P electron transfer

reactions should be nearly equal and on the order of

magnitude of 1.10 s 0.10 eV at a reaction distance of

closest contact.

With the appropriate values of Aes and *gsr kes/kgs can

now be evaluated for reactions 30 and 31. For purposes of

comparison between the three series, we focus on the

electron-transfer reactions of Mo6C1143'/tris(4-

bromophenyl)amine+ (EPA; Aces. = -0.54 V, AG = -2.54 V),
gs

McGCl14'/p-nitrobenzaldehyde' (NBA; AGes° = -0.48 V, AG
gs

-2.48 V), and Mo6Cl14”/4-cyano-N-methylpyridinium (CMP:
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A698“ = -0.30 V, AGgs° = -2.30 V) because these systems

exhibit asymptotically limiting values of 4’es for their

respective series. Using eq 33, we calculate values of

Rafi/kgs = 5.6 x 105, 2.5 x103, and 8.3 x 105 for the

Mo601143‘/BPA+, M06C114'/CMP and M66c114’/NBA' systems,

respectively. These values are 105 - 108 greater than those

determined from the measured excited-state yields listed in

Tables 10 , 12 , l4 [keg/kgs (14106c1143"/BPA+) = 0 . 15 :

0.0072]. This striking discrepancy between the

theoretically predicted and experimentally measured rates of

the ground- and excited-state electron transfer is not

specific to M05C1142' ecl but, as mentioned above, is

typical of many inorganic transition metal complexes

displaying chemiluminescent reactivity75. Deviations from

inverted-region behavior have been attributed to a variety

of reasons including decomposition of the reactants before

annihilation and to a failure of the Marcus model in the

inverted region owing to the presence of competitive

reaction pathways such as H-atom transfer or the formation

of non-emissive excited-state products.85a'88a None of

these reasons, however, satisfactorily explain the results

of M06C1142' ecl. For example, invoking a competitive

electron-transfer pathway to rationalize the low yields of

systems in this study is not reasonable because acceptors

and donors were judiciously chosen such that population of

their excited states is an energetically unfavorable
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process. In addition, we can explicitly rule out deviations

from theoretical predictions resulting from the chemical

instability of the reactants on the basis of the

electrochemical reversibility of the cluster and

electroactive organic reactants. Thus differences in

calculated and observed rates of the M06C1142'/acceptor and

donor systems bear directly, by design, on the mechanistic

features of electron transfer at high exergonicities.

A crucial mechanistic feature of reactions 30 and 31

not explicitly accounted for by the simple Marcus

expressions used to derive eq 33 is that cl results from

bimolecular electron transfer which can occur over a range

115
of distances. A more general expression is given by eqs

9-14. From these expressions, the distance dependence of

the observed bimolecular rate constants of the excited-state

and ground-state electron transfer annihilation reactions of

the M06C1142'/acceptor and donor systems, is explicity

defined with a knowledge of *i HABo' and the driving force.

The distance dependence of the excited-state and ground-

state pathways is most easily illustrated by differentially

solving the integrals in eqs 10 and 11 between r and r + dr

for reaction separation distances from an arbitrarily large

value of 22 A to a closest contact distance of 9.5 A. For

this calculation the integrand in eq 11 can best be

approximated by kact = (4x N/1000)ge(r) k(r) rzsr (-1 8-1)

where 6r = 0.8 A.116 We initially focus on the results of

the M06C1142'/pyridinium series because calculations for the
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electron-transfer annihilation reactions of this system are

simplified by the fact that ge(r) = 1. Figure 17 shows a

plot of the excited-state and ground-state differential rate

constants (Res,difn and kgs,difn' respectively) as a

function of r for the electron-transfer reactions of

M06Cll4' with CMP,

2- +
11060114 * + Nc-@N -CH3 (34)

14060114" + NC-@N-CH3

2- +
Mo6C114 + NC-@i -CH3 (35)

Equations 10 and 11 were evaluated by using an encounter

distance, a, of 9.5 A, a diffusion coefficient of 5x10"6 cm2

s' , RAB. = 200 cal and fl = 1.2 A’1 which are typical values

for electronic coupling terms of transition metals in

homogeneous solution. 18 The large value of kes,difn (=

kgs,difn x 105) at r = a clearly establishes that formation

of electronically excited M05C1142' is preferred for

electron transfer occurring at a separation distance of

closest approach. In this regard, the results of eq 10 and

11 at r = a are consistent with those obtained using eq 33.

With increasing distance, however, kes,difn and kgs,difn

exhibit striking differences in their functional dependences

on r. This contrasting behavior of kes,difn and kgs,difn is

derived from opposing contributions of *0 to the edectron-

transfer rate in the normal and inverted region._ As

described in Chapter I, the electron-transfer rate is
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Figure 17. Distance dependence of the differential

bimolecular rate constant for the excited-state (es)

and ground state (gs) electron-transfer channels for

the reaction between M06C114' and one-electron reduced

4-cyano-N-methylpyridinium (CMP), calculated by solving

eqs 3, 9-14 between r and r + ar using 8 = 1.2 A"1 and

HA3. = 200 C31.
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related to the separation distance via the electronic

coupling element and outer-sphere reorganizational energy

(11 is independent of r). From eqs 3 and 14, an increase in

r causes 10 to increase and HA3 to decrease in magnitude.

For reactions in the normal region (i.e., -AG° < A), as is

reaction 34, an increase in lo raises the activation barrier

to electron transfer and the rate becomes attenuated.

Couple this effect with an abatement in rate due to

decreasing HAB and, as observed in Figure 17, an increase in

r is accompanied by a steady diminution in kes,difn°

Conversely, although an exponential decrease of HAB with r

contributes to a decrease of the electron-transfer rate in

the inverted region (i.e., -AG° > A), it follows directly

from eq 13 that the increase of *0 causes an enhancement of

the electron transfer rate in the inverted region. These

opposing effects of HAB and 10 on the electron- transfer

rate is reflected in a maximum of k at r = 13 A. The
gs,difn

disparate behavior of differential excited-state and ground-

state rates with separation distance has interesting

implications for the chemiluminescent reactivity of the

M06C1142'/CMP+ system. As Figure 17 clearly illustrates,

the contribution of the ground-state pathway to the overall

rate comes from r > a, while most of the contribution for

excited-state production comes from r ~ 0. Thus the

appreciable 'values of kgs,difn. at r :> 0' suggests that

electron transfer to yield ground state products is

competitive with excited-state production.
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The integral (or overall) excited-state (k and
es)

ground-state (kgs) rates are explicitly related to the

experimentally measured chemiluminescence yields by eq 32.

Accordingly, the reaction distance for electron transfer can

be determined by integrating eqs. 10 and 11 from r = m to a

value of r that yields a keg/k ratio commensurate with
gs

that calculated from the observed chemiluminescence yields.

For the M06C114'/CMP annihilation reaction, an observed

kes/kgs ratio of 0.033 yields an electron-transfer reaction

distance of 18 A. This result clearly implies that approach

of the electrogenerated reactants to a distance of closest

approach (a = 9.5 A) is impeded.“ Recent studies of outer

sphere electron transfer reactions of inorganic metal

complexes in nonaqueous solution have demonstrated that ion

pairing decreases electron transfer rates by increasing the

electron transfer distance (discussed in Chapter V).

Considering the relatively high ionic strengths used in our

ecl experiments, ion association between the supporting

electrolyte and charged reactants is likely, and in this

case, reaction at short distances will be inhibited.

Indeed, we have observed a marked dependence of the ecl

intensity on the concentration of supporting electrolyte

(More detailed investigations aimed at assessing the

influence of solvent and ion association on ecl will be

reported in Chapter V). Thus our calculations indicate that

electron transfer between M06C114' and CMP occurs at
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reasonably rapid rates over large separation distances to

produce Mo6C1142' ion.

The above analysis not only accounts for ¢es values of

less than unity, but it also qualitatively explains the

general dependence of ¢es on AG° for the acceptor and donor

systems depicted in Figure 14. Differential ground- and

excited-state rates obtained by numerically solving eqs. 10

and 11 for the remaining pyridinium systems are summarized

in Figure 18. We have also included in Figure 18

calculations performed for hypothetical pyridinium systems

with exergonicities below and near the ecl threshold free

energy; these results are indicated by dashed lines.

(Electron-transfer annihilation reactions between M06C114'

and pyridinium radicals with driving forces less than the

eel threshold free energy, inferred from extrapolation of

the data shown in Figure 14, were not investigated owing to

our inability to find pyridinium reagents meeting the

necessary criteria required of electroactive reagents for

ecl studies.) Annihilation reactions possessing driving

forces below the eel threshold energy exhibit comparable

excited— and ground-state differential rate constants at

distances near close contact. Consequently, the ground-

state electron transfer pathway is dominant over all r and,

therefore, kgs >> kes and ¢es << 1. As the driving force of

the annihilation reaction increases, electron transfer to

yield excited-state products becomes competitive with the

ground-state reaction pathway as evidenced by the
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Figure 18. Distance dependence of the differential

bimolecular rate constant for the excited-state (es)

and ground-state (gs) electron transfer channels for

the reaction of Mo6C114' with: (a) a hypothetical one-

electron reduced pyridinium species with AG = -2.05
gs

V, AGes° = -0.05 eV; (b) a hypothetical one-electron

reduced pyridinium species with AG = -2.15 V; Aces.
gs

= -0.15 V: 4-cyano-N-benzylpyridinium: (d) 4—cyano-N-

methylpyridinium: (e) 4-carboethoxy-N-benzylpyridinium3

and (f) 4-carboethoxy-N-methylpyridinium. The standard

fee energy driving forces for (c)-(f) are given in

Table 14.



129

 10

'
0
9

k
i

 

(a)

(...

GS

 l 1 l n I L l
 

9.5 12.0 14.5 17.0 19.5 22.0

r / A

Figure 18



130

 10

l
o
g

k
)

 l n l

(b)

 
 

9.5 12.0 14.5 17.0

r/A

Figure 18

19.5 22.0



131

 10

l
o
g

k
)

   
12.0 14.5 17.0 19.5

r /A

Figure 18

22.0



132

 

10

(d)
l
o
g

k
)

  o 1 l 1 l L l A l

9.5 12.0 14.5 17.0 19.5 22.0

 

r/A

Figure 18



133

 

1O

(9)
'
0
9

k
i

   
9.5 12.0 14.5 17.0 19.5 22.0

r / A

Figure 18



134

 10

(i)
l
o
g

k
i

   
9.5 12.0 14.5 17.0 19.5 22.0

r/A

Figure 18



135

attenuation of kgs,difn and concomitant increase in kes,difn

over all r. At large exergonicities, electron exchange to

produce electronically excited cluster ion will predominate

and 4’es should be unity. That ¢es appears to approach an

asymptotically limiting value of less than unity (Figure 14)

suggests that the ground-state reaction rate is not

attenuated to the extent predicted by eq 13. We believe

part of this anomalous behavior is nested in the fact that

eq 13 is a classical expression and does not include nuclear

tunneling effects which can significantly enhance the rate

of electron transfer for reactions with large

exergonicitiesll7.

The effects of nuclear tunneling can be evaluated with

a semi-classical treatment of electron transfer. The

nuclear tunneling factor is defined as118

K

r = A (36)

(KB)Q

 

nA is the nuclear transmission coefficient given by

AG° 1 hu (AG°)2 hu 1/2

NA = exp -— -— coth -— - —— + csch2 —

22kBT hu 2kBT l 231'

AG° AG° by

+ — sinh- — sinh (37) 
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In the classical limit (i.e. hu << kBT), eq 37 reduces to,

eq 38,

(A+AG°)2

(NA)°° = exp - —— (33)

4lkBT

where hu is the intramolecular tunneling frequency. By

assuming that the symmetrical metal-metal vibration, "a2g

(M06) = 120 cm'l, is the important vibrational frequency, a

nuclear tunneling factor of 1.4 x 102 is calculated for a

ground state reaction with a driving force of -3.0 V. This

is manifested in a direct enhancement of the ground state

rate by two orders of magnitude while the excited state rate

remains unaffected. However, this nuclear factor drops off

to 3.0 at a driving force of -2.2 V. These results show

that although nuclear tunneling does contribute to an

increased contribution of the ground state pathway to

annihilation at large driving forces, it is not large enough

to fully account for a leveling of the excited state quantum

yields at high driving forces. Parallel to this semi-

classical approach, a complete quantum mechanic treatment of

the ground state electron transfer reaction also increases

electron transfer rates in the inverted region, however,

this increase is relatively small owing to the low energy

vibrations of cluster ions. Therefore, not even a quantum

mechanical treatment can fully explain the leveling of ¢es

at large driving forces.
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Calculations of the integral rates Res and kgs for the

M06C1142'/A and NA systems are similar to those of the

Mo6C1142'/P+ system, however, the equilibrium pair

distribution function must be evaluated for the former

series. Parallel to the results described above, although

formation of excited-state M06C1142' is favored for electron

exchange between proximate reactants, the long-distance

electron transfer channel yielding ground-state products

contributes significantly to M06C1143'/A+ and Mo6C114'/NA'

annihilation. Solving eqs 10 and 11 with the experimentally

measured yields of the Mo6C1143'/A+ and M06C114'/NA' systems

listed in Tables 10 and 12 gives reaction separation

distances ranging from 18 A to 20 A.

Evaluation of eqs 10 and 11 for the M06C11427/acceptor

and donor systems necessarily relies on estimates of RAB.

and. 5. It is satisfying that the general conclusions

derived from Figures 17 and 18 do not significantly depend

on these estimates. Specifically, the relative dependence

of the ground- and excited-state rates vary only marginally

over the rather large interval 0.8 A"1 < 3 < 1.8 A"1 which

includes any reasonable value of p for the reactions of the

type described in our ecl studies. Furthermore, HA8. is a

constant and therefore the excited- and ground-state

electron-transfer pathways exhibit a parallel dependence on

the electronic coupling element. This result is predicated

on our tacit assumption that “AB. is similar for the ground-

and excited-state pathways. As discussed in Chapter III the
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annihilation involves electrons residing in the metal-based

eg and 32g orbitals of the cluster core. Owing to the

similar radial distributions of these metal based orbitals,

the electronic factors of the excited- and ground-state

electron transfer pathways are more closely related than

those of any cl or ecl system studied to date.

Nevertheless, our assumption of similar values of HA3. for

the two reaction pathways, at best, is tenuous.

The electron-transfer chemistry of M06C114- and

M06C1143' ions can be described in terms of two competing

reaction channels: a highly exergonic electron-transfer

pathway yields ground-state preducts and less exergonic

exchange leads to the formation of electronically excited

Mo6C1142- ion. The ratio of the electron-transfer rates for

these two channels, deduced from measurements of ecl yields,

is a powerful experimental quantity which has provided us

with the opportunity to address fundamental aspects of

electron transfer in highly exergonic regions .

Specifically, the observation of ecl from M06C1142'/acceptor

and donor systems is evidence of the Marcus inverted region.

Moreover, the cl electron transfer chemistry, interpreted

within the context of the theoretical prediction of Marcus

and Siderslg'53 and of Brunschwig, Ehrenson, and Sutin115

that the electron transfer rate in the inverted region will

accelerate with increasing distance owing to an increase in

the solvent reorganizational parameter, suggests that
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excited state production yields of less than unity result

from facile electron transfer over long distances.



CHAPTER V
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A. Background

The electron transfer formalism developed in Chapter IV

provides a framework in which to elucidate intrinsic

mechanistic details of cl or ecl reactions. The role of

distance of the electron-transfer annihilation reaction

bears directly on partitioning between the normal and

inverted regions and hence the ecl efficiency. Therefore

the influence of solvent and supporting electrolyte in

mediating distance will be important to the development of

efficient cl or ecl systems. For the case of M6X8Y62' ecl,

these influences will be augmented by the fact that the

electrogenerated reactants carry second coordination spheres

composed of supporting electrolyte and a tight solvent shell

owing to the high charges of the reactants.

The role of solvent in electron-transfer reactions has

recently come into question because of the inability of

current electron-transfer theories to rationalize the

absence of the inverted region and other anomalous behavior

of bimolecular electron-transfer events.118'122 Breakdown

of a dielectric continuum treatment of the solvent during

electron ‘transfer’ has come ‘under’ intense scrutiny.

Experimentally, this issue has been addressed by considering

the role of solvent and ionic strength for the following

reaction123

Fe(Cp)2 + Co(dm9)3(BF)2+——> Fe(Cp)2+ + Co(dmg)3(BF)2 (39)

(dmg = dimethylglyoxine, Cp = cyclopentadiene)

140
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An observed decrease in rate of the electron transfer with

increasing ionic strength was attributed to increased ion-

pairing of the charged reactant. Moreover, for a given

ionic strength, plots of the log of the rate vs. (1/Dop"

1/Ds) , which is directly proportional to the outer-sphere

reorganizational energy, showed no obvious correlation.

These results suggested that the solvent and ionic strength

might affect the transition state structure (localized

structure about reactants different than the bulk solution)

or increase the distance of electron transfer.

The idea of a discrete solvent structure (i.e.,

nondielectric continuum model) about the transition state

during electron transfer has been treated by Ulstrup and co-

workers by using a nonlocal electrostatic theory.124 In

this approach, a nonlocal dielectric constant, which arises

from solvent not being subjected to full dielectric

polarization by an ionic field at molecular distances, is

used instead of the bulk dielectric constant of the solvent.

The nonlocal dielectric constant emphasizes the contribution

of electrostatic potentials in determining reaction

distances, and is calculated from eq 40 where

Deff(r) = 05/ [1 + ((Ds/Di)- 1) exp (-r/A)] (40>

Di is a "short-range" dielectric constant corresponding to

electronic and molecular' polarization and. A is a
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"correlation length" . The dependence of the electron-

transfer rate of cobalt polypyridyl complexes in different

solvent mediums of varying ionic strength has been shown to

correlate, not with a continuum dielectric constant, but

with the effective dielectric constant described by eq 40.

A more radical deviation from conventional dielectric

solvent models has been proposed by Truong who considers

every reactant to possess a specific interaction with its

solvent shell . 125 At equilibrium conditions, the solvent

shell is treated as a charge transfer ligand which acquires

the partial charge of the reactant. Electron exchange to or

from the reactant must occur through the solvent shell,

which is now formulated as a hard sphere imbedded in a

dielectric continuum. Effectively, inclusion of the

immediate solvent shell as part of the overall charge-

transfer complex increases the reaction distance by at least

the diameter of two solvent molecules, and its

redistribution upon electron transfer contributes

significantly to the inner-sphere reorganizational energy.

A striking prediction of the theory is that *i is a linear

function of AG° (=El/2°x - El/Zred). The variation of

electron-transfer rate is predominated by *i and, therefore

log kobs will vary linearly over all driving forces at a

given pH and ionic strength. Although these predictions are

substantiated by data for several electron-transfer studies,

the theory is still under examination, and has yet gained

wide acceptance. Nevertheless, this work clearly
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demonstrates that specific solvent and supporting

electrolyte structures about the transition state will

mediate simple electron exchange predictions.

Experimental parameters other than solvent or solute

interactions may also bear directly on ecl efficiencies.

Variations in the nature of the face-bridging and axial

ligands may alter electronic coupling and hence from eq 13

the partitioning between normal and ground-state electron

transfer pathways.24'126 Temperature can play an important

role in electron-transfer reactions127 and hence, ecl

chemistry by changing the population distribution between

the transition state of the normal and inverted regions.

Alternatively, the effects of ligand substitution and

temperature may not be so subtle. The stability of the

electrogenerated reactants in M6X8Y62' ecl may be enhanced

at low temperatures or preferred for clusters with specific

ligand coordination spheres. In these cases, ecl efficiency

will simply' be related. to temperature and ligand

substitution inasmuch as they affect the stability of the

electrogenerated reactant. This chapter describes efforts

to define the effect of solvent, solute, ligation sphere,

temperature and other experimental variables such as the eel

potential pulse sequence on the efficiency of M6X8Y62- ecl.

B. Solvent

The excellent solubility of (NBu4)2M6X8Y6 clusters in

many different solvents permits the investigation of
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M6X8Y62' ecl under a variety of solvent conditions. The

electrochemical properties of the M06C1142' ion in several

nonaqueous solvents is shown in Table 17. The reversibility

of the M06C114'/2' redox couple is maintained throughout the

solvent series. However, as the coordinating ability of the

solvent decreases the Mo6C1142'/3" couple becomes quasi-

reversible as evidenced by the anodic and cathodic waves

becoming broader and more separated. The wide range of

dielectric constants of the solvents, shown in Table 18

allows the dependence of the ecl efficiency on solvent to be

ascertained by analysis of the solvent reorganizational

energy. These solvents, which possess longitudinal

relaxation-times too fast for dynamical electron transfer

effects, have been shown to behave ideally in electron-

transfer studies.128'135

The excited state production quantum yields of the

annihilation reaction between M06C114- with Mo6C1143' or

neutral pyridinium radicals (reactions 17 and 30) in

different nonaqueous solvents are summarized in Table 19.

From straightforward electron-transfer analysis, a decrease

in A will be accompanied by a decreased activation barrier

in the normal region and increased barrier in the inverted

region. Consequently from eq 15, the ecl yield should

increase with decreasing .\ and hence (l/Dop- 1/Ds) .

Although the production yields depend significantly on

solvent, a plot of ¢es vs. (l/Dop- 1/Ds), which is directly

proportional to the outer sphere reorganizational energy,
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Table 17

Electrochemical Properties of I06C1142‘ in

Various Nonaqueous Solvents

Solvent

Acetonitrile

Propionitrile

Butrylonitrile

Acetone

Benzonitrile

Dichloromethane

1,2-dichloroethane

E1/2(-/2-)a

+1.53

+1.49

+1.45

+1.46

+1.48

+1.38

+1.36

vs SCE V

reduction potential for the M05C114’/2‘ couple

SCE at 23°C.

reduction potential for the Mo6C1142‘/3‘ couple

SCE at 23°C.

c Reduction couples are quasi-reversible.

21,2(2-I3-)b

.56

.60

.64c

.73

.61

.70c

.73c
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shows no obvious relation between dielectric and ecl

efficiency (Figure 19). The similarity of the plots for

reactions 17 and 30 demonstrates that a correlation between

¢es and (1/Dop- 1/Ds) is not obscured by work term

contributions. These observations are consistent with

similar plots of several other inorganic bimolecular

electron transfer reactions in nonaqueous solutions.123

The data in Figure 19 clearly establish that electron

transfer is not occurring between reactants at a distance of

closest contact in a dielectric continuum. Alternatively,

the data suggests that the solvent is directly mediating the

electron-transfer distance. Inspection of Table 19 reveals

that efficiency of the eel reaction is loosely correlated

with the solvents’ dipole moment (Table 18). A tight second

solvent shell coordination sphere will inhibit the reactants

from approaching closest contact distance. As discussed in

Chapter IV, distances greater than closest contact cause the

contribution of the ground state electron-transfer pathway

to become more competitive with, and in some cases surpass

that of, the. excited state jpathway. Electron transfer

distances for the electron-transfer reaction in these

solvent systems can be ascertained from ¢es by the analysis

described in Chapter IV. As previously discussed,

calculations of the reaction distance are facilitated by the

absence of work terms. The parameters of the integrand in

eqs 10 and 11 and the reaction distances for the M06Cll4'/4-

cyano—N-methylpyridinium in various solvents are shown in



149

Figure 19. Plot of log ¢es vs. (1/Dop" l/Ds) for:

(a) M06C114"/Mo6Cl]_43 ; and (b) M06C1147/P in various

nonaqueous solvents, numbering as in Table 19.
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Table 20. In each solvent the calculated r value is much

larger than the closest contact of 9.5 A. That the

difference between the observed reaction distance and

distance of closest contact, (Ar) listed in Table 21, in

each solvent varies despite the same supporting electrolyte,

implies ‘that the observed. reaction. distance is directly

related to the solvent. We see, with inspection of the

kinetic diameters of each solvent (Table 21), that ‘Ar is

approximately equal to the diameter of two solvent

molecules. Thus, these data suggest that electron transfer

occurs between reactants separated by two solvent molecules.

Our prediction that two solvent molecules mediate the

electron transfer distance of M6X8Y62‘ ecl is supported by a

qualitative comparison of the eel quantum yields of

reactions 17 and 30 in various solvents. Substitution of

the neutral pyridinium for M06C1143' is accompanied by an

increase in the ecl efficiency in all coordinating solvents.

The :more highly charged trianion should possess a ‘much

larger solvation shell than the neutral pyridinium donor and

hence electron transfer of the former system should occur

over longer distances.

The solvation studies show that solvent plays a

critical role in M6X8Y62' ecl. The origins of solvent

effects are not directly related to the solvents dielectric

but from the more subtle contributions of the solvent in

mediating the electron transfer distance. For the case of

M6X8Y62-/4-cyano-N-methylpyridinium ecl chemistry, the
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Table 21

Solvent Diameters and.1Ar values for I06C114-l

4-cyano-N-methylpyridinium Ecl Reactions

A r/A“ lid/Ab

Acetonitrile 7.5 4.0

Propionitrile 9 4.7

Butyronitrile 12.5 5.7

Acetone 11.5 5.5

Benzonitrile - 8.0

“ Is the difference between the observed reaction distance

and closest contact.

b Kinetic diameter of the solvent calculated from a sphere

of equal volume using the relation kd = (d1d2d3)1/3

where di is the diameter along the three molecular axes.
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proposed model consisting of two reactants separated by a

distance of approximately two solvent molecules, is

concordant with Truong’s approach in which the reactants

solvent shell is preserved in the transition state. A

localized solvent microstructure, which is typically not

addressed in electron transfer studies, most likely is

important not only in ecl reactions, but bimolecular

electron transfer reactions in general.

c. Ionic Strength Effects

Supporting electrolyte can play a role in determining

ecl efficiencies. For the M06Cll4'/Mo6C1143' ecl reaction,

in CHZClz the concentration of supporting electrolyte

dramatically alters ¢es' (Figure 20). The effect of

supporting electrolyte concentration on ecl efficiency is

attenuated in CH3CN. This trend is consistent with a

decrease in work terms associated with M06C114'/M06C1143'

electron transfer as the medium's dielectric is increased.

Similar arguments have been used to previously interpret

ionic strength effects observed for other ecl systems in

which both reactants are charged.136'137

From simple charge considerations the anion of the

supporting electrolyte should not perturb the Mo6C1142' ecl

efficiency. This expectation is confirmed by the data shown

in Table 22, changing the anion from BF4', C104”, AsFG',

PFG’, and CFBSOB', while keeping the cation constant

(NBu4+), has little effect on the overall excited state
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Figure 20. Plot of log ¢es vs ionic strength, p,

for the electron transfer of M06Cll4'/Mo6C1143' in

CH2C12 (a) and CHBCN (I) at 23°C.
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Supporting

Electrolyte

NBU4PF6

NBu4C104

NBU4BF4

NBu4AsF6

NBU4CF3SO3

NBU4PF6

NBU4PF6

NBu4PF6

Supporting Electrolyte Studies

for the M06C1142‘ Ecl Reaction

conc./M 433(C82C12)“

0.10 0.50

0.10 0.33

0.10 0.50

0.10 0.33

0.10 0.47

0.30 1.00

0.02 0.55

0.04 0.28

“ Excited state quantum

of M060114‘/M6601143-

b Excited state quantum

of M06C114'/M06C1143‘

158

Table 22

¢ e8(CH3CN)b

0.065

0.025

0.074

0.060

yield for the annihilation reaction

in CH2C12 at 23°C.

yield for the annihilation reaction

in CH3CN at 23°C.



159

yield. The decreased durability of M06C1142' ecl and

varying day to day ecl yields were observed when C104- was

the supporting electrolyte anion. These observations are

explained by the more nucleophilic behavior of C104" and its

tendency to promote interfering, but ill-defined side

reactions.137b'138

Much larger perturbations of the ecl yield by the

supporting electrolyte should be observed with changes of

the cation. If ion-pairing is important in determining

reaction distance, then variation of the cation’ 5 size

should significantly affect the rate of excited state

123,126
production. A dramatic decrease in ¢es in CH3CN is

observed along the series NBu4+ > NEt4+ B NMe4+ (Table 23).

These data conflict with ion-pairing considerations which

predict an increase in ‘i’es with decreasing size of the

cation. Indeed, the behavior of the eel yield with the

supporting electrolyte appears to be much simpler in origin.

The decrease in ¢es is related to the decreased solubility

of Mo6Cll42' in CH3CN containing NEt4+ and NMe4+. We expect

the trianion to be even less soluble than the dianion.

Indeed, after scanning the reduction wave of M06C1142' in

CH3CN solution containing NMe4+ or NEt4+ large anodic peaks

due to cluster absorbed on the electrode are observed.

Moreover, decreased ecl yields are not observed for

annihilation reactions between M06C114' and reduced

pyridinium (Table 23) . These results clearly suggest that

the decrease in ecl efficiencies is not due to larger



160

Table 23

Dependence of Ecl Efficiencies on

Supporting Electrolyte Cation

Supporting

Electrolyte cone/M ¢es5a 0936b

NBu4PF6 0.10 0.065 0.10

NEt4PF6 0.10 0.006 0.16

NMe4PF6 0.10 0.008 0.22

“ Excited state quantum yield for the annihilation

reaction of M06C114‘/Mo6C1143‘ in CH3CN at 23°C.

b Excited state quantum yield for the annihilation

reaction of M06C114'/4-amido-N-methylpyridinium

in CH3CN at 23°C.
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reaction distances owing to ion-pairing, but to depleted

concentration of the trianion resulting from the formation

of insoluble NMe4+ and NEt4+ salts in the diffusion layer.

D. Ligand Coordination Sphere Effects

Study of the effect of various ligands on the

production efficiency of the excited state in the M06X8Y6'

/M06X8Y63' annihilation reaction is facilitated by the

ability to synthesize virtually any axially or face-bridging

substituted cluster complex. The electrochemical properties

of various M06X8Y62' clusters in CH2C12 was presented

previously in Chapter III. The excited state production

efficiency of the ecl reactions of these clusters is shown

in Table 24. Inspection of Table 24 shows the eel

efficiency of these M06C18ClnX6_n (X = Br,I; n = 0-6)

efficiency depends dramatically on the axial substitutent:

¢es is greatly diminished when bromide or iodide is

substituted in the axial positions (Figure 21) . For the

M06C112I22- and Mo6C18I62' ions, the extremely low values of

¢es are most likely attributed to degradation of cluster

oxidation as evidenced by the multiple oxidation waves in

the cyclic voltammogram. However, this explanation is not

valid for the bromide substituted Mo6C1142'

(M06C18C1n8r6_n2') cluster owing to its chemically and

electrochemical reversibility. If the bromide-substituted

trianion is removed from the annihilation reaction and
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Table 24

Excited State Production Efficiencies for

M06C13Clnxg-n in CR2C12

Cluster e881“ ‘eszb

M06C1142’ 0.50 0.50

M06C113Br2‘ 0.005 -

M06C112Br22‘ 0.003 0.18

M06C111Br32‘ 0.002 -

M06C13Br62' 0.001 0.027

M060112122- - -

M06C18I62- - -

“ Excited state quantum yield for the annihilation reaction

of M06C18ClnX5-n'/M06C18ClnX6_n3' in CH2C12 at 23°C.

b Excited state quantum yield for the annihilation reaction

of M06C18ClnX6-n/4-carboethoxy-N-methylpyridinium in

CH2C12 at 23°C.
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Figure 21. Plot of log gses vs. no. of bromides

substituted in the axial position for the

M06C18ClnBr6_n2' ecl reaction in CHZClZ at 23'C (p =

0.10 M NBu4PF6).
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replaced by a neutral pyridinium radical (reaction 41) the

ecl efficiency increases

2-* +

substantially (Table 24). These data clearly show that the

diminished ecl yield is associated with the MoGClSClnBr6_n3'

ion. Addition of bromide to the solutions of

M06C18ClnBr6_n2' significantly improved the reversibility of

the M06C18ClnBr6_n2'/3' couple (Figure 22). These results

strongly suggest that the low ¢es yields of M06C18ClnBr6_n2'

ecl chemistry is due to bromide dissociation from the

cluster core upon its one-electron reduction. The decrease

cannot be ascribed to low ecl yields of a coordinatively

unsaturated intermediate because the Mo6C113' was prepared

and the efficiency for production of the excited state in

the eel reaction (eq 42) is almost equal to that of

Mo6c1142' (445(M06c113‘) = 0.40).

2- —* -

This result demonstrates that the Br" directly interferes

with the cluster's ecl chemistry. A mechanism consistent

with these observations is shown in Figure 23. Reduction of
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Figure 22. Cyclic voltammogram (CH2C12 solution at

23°C, 0.1 M NBu4PF6) for M06C188r62- (3 mM) ----: Mo6Cl

8Br62- (3 mM) and NBu4Br ( 1 mM) ————.
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Figure 23. Mechanism for Br' interference of

Mo6C18ClnBr6_n'/M06Cl8ClnBr6_n3' annihilation reaction.
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M06C18ClnBr6-n2- causes prompt dissociation of bromide from

the cluster core to produce unsaturated reduced cluster,

M06C18ClmBr5_m2' (m = 0-5) and free bromide. Ensuing

oxidation of the bromide by M06C18ClnBr6_n' yields the

dianion and radical halide, which in turn can react with the

unsaturated reduced cluster to produce Br' and

Mo6C18ClmBr5_m'. Subsequent addition of Br" to the

coordinative unsaturated cluster yields starting dianion.

Thus, the ecl mechanism (i.e. ' M06C18ClnBr6_n'

/M06C18C1nBr6_n3' annihilation) is efficiently circumvented.

The crucial step of this mechanism, namely oxidation of

bromide by the one-electron 'oxidized cluster has been

independently verified. Figure 24 shows the decrease of the

M06C18ClnBr6_n2' luminescence during bulk electrolysis to

produce Mo6C18ClnBr6_n'. Addition of Br' to freshly

oxidized solutions leads to virtually complete recovery of

the luminescence intensity. This mechanism does not appear

to be important for all chloride clusters because the ¢es

values of M06C114'/M06C1143 and. M06C1147/P annihilation

reactions of equal driving forces are nearly identical.

E. Temperature Effects

The effect of temperature on M06C1142 ecl in

dichloromethane and acetone is shown in Figure 25. The ecl

efficiency increases substantially' as the ‘temperature is

lowered. Similar observations of other ecl systems have

been. attributed. to increased. stability' of 'the
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Figure 24. Decrease in M°6C183r62- luminescence

during bulk electrolysis (————): Increase in

luminescence after adding Br" (----).
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Figure 25. Plot of log ¢es vs. temperature for the

annihilation of Mo6C114'/M06C1143' in dichloromethane

(————): Mo6Cl14'/4-carboethoxy-N-methylpyridinium 1J1

dichloromethane ("°'); M06Cll4'/Mo6Cll43’ (----) in

acetone at p = 0.10 NBu4PF6.
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electrogenerated reactants at low temperatures.75'139 This

may be the case here, but our experience is that with the

appropriately chosen pulse sequence (vida infra) the

electrogenerated reactants are stable on the time scale of

the ecl experiment.

A more intriguing explanation for the temperature

dependence lies in the analysis of the ecl energetics. The

driving force for the excited state pathway (AGes = 1.1 eV)

is equal in magnitude to the total reorganizational energy

of the electron transfer reaction. From eq 2, the excited

state pathway is activationless (ignoring work terms) and

therefore the population of the activated complex should be

temperature independent. However, this is not the case for

the inverted pathway. Reaction to ground state must

surmount a non-zero activation barrier and hence the rate

will diminish with decreasing temperature. Thus, the

chemiluminescence electron-transfer pathway will

increasingly dominate as the temperature is lowered.

Further support of this hypothesis comes from the attenuated

temperature dependencies of M06C1142-/A. and M06C1142'/P+

ecl. For these reactions, the activation barrier to excited

states is non-zero. The temperature dependence of normal

and inverted pathways in these systems will be more similar

and therefore the eel efficiency will, as observed, exhibit

a smaller temperature effect. This work provides support of

Faulkner and Kim’s earlier contention that temperature

effects in ecl could be explained by differences in
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activation barriers between normal and inverted region

pathways.137a

F. Potential Step Program Effects

The ecl efficiency of the M06C114'/M06C1143' system

depends on the potential step sequence. .An. anodic to

cathodic potential pulse sequence (initial production of

M06Cll4-) produces ecl 6 times the intensity of a cathodic

to anodic pulse program (initial production of M06C1143').

This observation supports the fact that Mo6C1143' is

chemically unstable over long periods of time. For the

latter pulse sequence M06Cll43' is diffusing away from the

electrode during the cathodic pulse and then diffuses back

to the electrode during the anodic pulse. The longest

residency time of the Mo6C1143' generated for a 100 msec

pulse sequence in the diffusion layer is approximately 200

msec. 0n the other hand, the residency time of Mo6C1143'

during' the former' pulse sequence is less than. 10 msec

(diffusion away from the electrode). That the eel yields of

experiments possessing pulse sequences, which result in long

M06C1143' residency times, are low clearly demonstrates that

the trianion undergoes decomposition reactions. We

approximate the decay reaction to occur with a half life on

the order of 100 ms.

Two empirical observations relating ecl efficiencies

with potential step sequences are shown in Figures 26 and

27. A plot of pulse frequency vs. log ¢es (Figure 26) shows
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Figure 26. Plot of log 4’es vs. pulse frequency in

CH3CN for the Mo60114'/Mo601143’ (o) and Mo6c11474-

amido-N-methylpyridinium (e) at 23°C (p = 0.1 M

NBu4PF6).
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Figure 27. Plot of the log ¢es vs. no. of pulses in

CH3CN for Mo6Cll4'/Mo601143 (e) and Mo6Cll4'/4-amido-

N-methyl pyridinium (0) at 23°C (p = 0.1 NBu4PF6).
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that ecl efficiency is fairly constant at long pulse

frequencies, but as the pulse frequency decreases the ecl

efficiency diminishes. This effect is attenuated for the

M06C1142'/pyridinium ecl reaction. Figure 27 shows the

dependence of the eel efficiency on the number of

consecutive pulses. For M06C114'/Mo6C1143' ecl, the

efficiency steadily diminishes as the number of pulses

increases to a value ten times less than the maximum. Once

again, the effect is attenuated for the M06C1142'/pyridinium

ecl system. Both studies suggest side decomposition

reactions of Mo6C1143' over long times. Substitution of the

reduced pyridinium for Mo6C1143' eliminates this problem,

and the eel efficiency is restored.



CHAPTER VI

VI. FINAL REMARKS



Most electron-transfer reactions only allow the study

of rates in either the normal or inverted region.

Chemiluminescence is unique because normal and inverted

region electron-transfer pathways are competitive and

changes in reaction conditions are directly reflected in

differences in ground and excited-state rates. The M6X8Y62-

systems have provided insight into the parameters which

control ground (inverted region) and excited state (normal

region) reaction pathways and hence, the efficiency of the

ecl process. An important result of the work described

herein is that the efficiency of ecl is circumvented by

long-distance electron transfer. This observation implies

that the most efficient cl or ecl systems will be those

possessing annihilation reactions between redox centers

chemically linked over short separation distances. An

obvious avenue of future exploration is to construct

electrode microstructures in which the cluster and its redox

partner are covalently or electrostatically bound at fixed

distances. The versatile substitution chemistry of M6X8Y62'

clusters permits straightforward covalent attachment of a

variety of redox active groups (e.g. pyridinium) in the

cluster’s axial positions. In these systems, ecl can be

established between the reduced substituent in the axial

position and the oxidized metal core. Of course, the

success of this electron-transfer chemistry assumes that the

hole and electron are localized on the respective cluster

core and axial substituent (i.e. weakly coupled system).

182
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Spectroscopic properties of M06X8Y5L clusters indicate that

the excited state and oxidation-reduction properties are not

strongly coupled with ligands in axial positions. Thus the

assumption of localized state appears to be valid and col

experiments between an axial substituent and cluster core

appear to be feasible. Alternatively, bridging ligands such

as pyrazine can be used to form dicluster units immobilized

to metalloxide or activated graphite electrode surfaces by

using well established methods.“’0 Because the cluster is

charged, the ions can be incorporated into polyelectrolyte

electrode films by simple ion-exchange methods.1‘"°'1‘1'2'143

For’ instance, .M6X8Y62' clusters bound. in Ibipyridium. and

pyridinium films have recently been prepared. The

observation of an oxidation wave of the cluster and

reduction wave of the polymer has resulted in the

observation of weak chemiluminescence from annihilation

reactions analogous to those found in homogeneous solution.

This inherently low ecl efficiency is caused by negligible

exergonic excited state driving forces, and thus different

polymer environments providing driving forces well above the

ecl threshold are currently being sought. The results from

these linked ecl systems will allow the electron-transfer

distances in col reactions to be precisely defined and

mediating factors such as solvent and solute interactions to

be quantitatively investigated.

The criteria of high electrical efficiencies over long

lifetimes has deterred successful development of col
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59-63
systems. A renewed interest in developing practical

applications of ecl systems, has been rekindled with many of

the discoveries presented in this thesis. Not only will the

construction of electrode ‘microstructures improve

efficiencies by maximizing the fundamental factors crucial

to efficient excited state production, but attachment of the

cluster ions to the electrode surface should improve

luminosity and durability of cluster based ecl devices while

structures will also minimize the adverse solvent and solute

effects. In this regard, these systems potentially

constitute the fundamental building blocks of solid state

electroluminescent devices.

The research described herein establishes the utility,

at a quantitative level, of chemiluminescence in determining

electron transfer mechanism. The importance of electron

transfer distance and factors mediating this distance (e.g.

solvent, solute) in governing the electron—transfer pathway

are results which are not only prerequisite for

chemiluminescence reactions but pertain to all bimolecular

electron-transfer reactions as well. The existence of

numerous redox active, luminescent molecules coupled with

the dynamic interplay between electron-transfer theory and

experiment ensures that chemiluminescence will continue to

provide ‘valuable insight into the :mechanism. of electron

transfer reactions.
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