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ABSTRACT

CHEMILUMINESCENCE: A MECHANISTIC PROBE OF

ELECTRON-TRANSFER REACTIONS

by
Robert Dorsey Mussell

The chemiluminescent reactivity of MGXBYGZ- (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
M0601143' with a series of WgXgY¥¢™ ions has been determined
from overall electrogenerated chemiluminescence (ecl)
quantum yields and chemiluminescence spectra. The
electrochemical excitation energy is partitioned to produce

and wsxaysz‘* 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 MgXg¥g —>
M6x8Y62'* and M6X8Y63'—————+> MGXBYGZ'* by simple electron
exchange are equal. The free-energy dependence of the

M6X8Y62' ecl 1in 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 M0601143'
with electroactive organic acceptors and the reaction of
MogCl,,~ 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 ' Pegs

on
the driving force of the annihilation reaction is similar

for the four series in both solvents. is immeasurable

$es
(<10'5) for reactions with free energies positive of a
threshold value. Over a narrow free energy range Jjust
negative of threshold, ¢eg rapidly increases. And with
increasing exergonicity of the electron-transfer reaction,
¢eg asymptotically approaches a limiting value 1less 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, photocatalysisz'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. 1In biological systems,
oxidation-reduction transformations at inorganic reaction
centers control several essential biological processes.6'7
Some of these include electron transfer between the heme
centers of cytochromes and reduction of 05 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.
Oowing 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 2Hpg.
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electron transfer reaction, which is defined in many-
coordinate space, (N-1, 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 = 2 exp [AG*/kpT) (1)
classical expression shown in eq 1, where 2Z 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* = w_ + (AG° + )2 / 4x (2)



reorganizational energy which contains inner-sphere, Aj, and
outer-sphere, 1i,, contributions and W 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,

Ao = 8e? (1/2a; + 1/2a, - 1/r) (1/Dgyp = 1/Dg) (3)

where a, and a, 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; + a,), and
Dop and Dg 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 f; = 2f,f,/(f, + f;) is a reduced force

A{ = 1/2 T £ (dy°-d;°) ;2 (4)
1

constant for the ith inner-sphere vibration and (d,°-d;3°);

is the corresponding difference in equilibrium bond

distances of the reactants and products. The summation is
over all the intramolecular vibrations. The work term, We,
is approximated by a Debye-Huckel formalism where z
z,2, e?
W, = (5)

D,r(l + Bpy T V)
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ﬂm{ = (6)
1000 DskBT

and z, are the usual charges of the two reactants and 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 Tn

Ket = Brgl, exp [AG*/kgT] (7)

and «xg, 1:'espectively.14'17

Because nuclear tunneling will
increase the reaction rate, with respect to the activated
electron transfer, I, takes on values > 1. At room
temperature tunneling does not typically contribute to the
overall rate (T, ¢ 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 yeax:'s.la'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
xg in eq 7 is related to kg’ by xg = 1-exp(-xg’) and Hpp® is
the electronic coupling matrix element between reactant and

product surfaces,17 calculated usually by the Landau-Zener

'CE' = (8)
kgT AkgT
treatment of avoided crossings. This is represented in

Figure 1 by the splitting at the intersection which is equal
to 2 Hpp®. For adiabatic reactions, Hpp® is large and «xp =
1; reactions with xp < 1 are said to be nonadiabatic. The
semi-classical electron-transfer expression, eq 7 reduces to
the classical formalism when xg and I, 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°® > - 1) the rate will
increase with increasing negative free energy, maximize when
the activation barrier is zero (AG° = - 1) and then decrease
for driving forces more exergonic than - A (i.e. AG® < = 1)
(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® > =x; (b) AG® = =); (c) AG® < =i,



2 ainbi4

\->9v X-=20V \-< 9V
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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 such as cyctochrome c and
myoglobin.a'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 2Zn modified protein is structurally
similar to the native protein and hence can be complexed
with its biologically relevant electron-transfer counterpart
(i.e. cytc-Zncytc 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 1linking
organic acceptor and donor sites via rigid space::'s.ze'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 Weller34,42 and modified Dby
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others,43'44 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  ajthough 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 k4, 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.5° (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.®3 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. Truncation 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

Kk k
- - d - - t - - - -
M +N3 e Mooo-N3 %MZ e oo N2__;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., kgt <
kq) . However, equilibrium is not achieved for the fastest
reaction (i.e., ket 2 kgq) and longer distance electron
transfer (r > o) 1is 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,

k3aifgr and the activated, k rates,

act’

1/kKopbsd = 1/kaiff * 1/Kact (92)

Under steady-state conditions kgijfee and Kk can be

act
approximated by eqs 10 and 11%4756 yhere k(r) is the
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4xND © -

kaiff = [ ge(r) r ¢ dar (10)
1000 / o
4RN @ 2

Kact = [ gel(r) k(r) r® ar (11)
1000 o

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, o 1is the
distance of closet approach, and gg(r) is the equilibrium
pair distribution function given in eq 12 where U(r)
represents the intermolecular potential between the

reactants.

ge(r) = exp [-U(r)/kgT] (12)

Typically, U(r) is described by the Debye-Huckel relation
given by egqs 5 and 6. For nonadiabatic electron transfer,

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

2Hp g2 3 |1/2 (A + aG°*)2
k(r) = exp _— (13)
h AkgT 4\kgT
HABZ = (HA3°)2 exp(-B(r-o) ] (14)

The distance dependence of the bimolecular electron transfer
rate can be assessed by substituting the previously

described nonadiabatic electron transfer rate expression



17

into egs 10 and 11. Eq 14 accounts for the distance
dependence of Hpp, where g 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.>’

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) 1is 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’°.g4 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, ¢o5, is related to the ratio of
the two competing pathways for excited state and ground

state production (defined by keg and k respectively) .

gs’

tes = Keg / (Keg + kgs) (15)
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Figure 4. Potential energy curve description of
chemiluminescence. 4G°.,g 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. kg

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, $c1r is
simply the product of ¢.,5 and the steady-state emission
quantum yield ¢4.

¢cl = ¢e¢es (16)

Since ¢o is an intrinsic property of the luminescent excited
state, it is ¢, 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 ¢4.; 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 1light energy conversion process, several
applications of cl chemistry to the design of chemical based
laser systems,sg'60 light emitting devices,sz'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
Msstsz' (M = Mo, 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. r, = 180 usec, ¢o = 0.20 for M06C1142- in CH5;CN
at 23°C] and also can be oxidized and reduced by one-
electron in nonaqueous solution.®42 The magnitude of these
oxidation and reduction potentials, coupled with the 1low
energy of the emissive excited state of these clusters
permits the 1luminescent excited state to be populated
directly upon the exchange of an electron between M6x8Y6'
and M6x8Y63'. If the reactant precursors are generated
electrochemically, the overall process is called
electrogenerated chemiluminescence (ecl). The ecl chemistry
of the M6X8Y62' 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: @ = Mo(II),

W(II); X,Y = Cl1, Br, I.



Figure 5
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2-%

1.9 eV

53— "1.56 V ) +1.53 V _
MogCl,,° & MogCl, 4 > MogCl,,

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

- 2=~
+ MogCly, (17)

MogCl,,~ + MogCl,,> ™——> MogCl,,?

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 MGXBYGZ’ system. A fundamental issue in ecl
chemistry that heretofore has not been addressed is how the
electrochemical excitation enerqgy 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 ecl 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 1I

II. EXPERIMENTAL



A. synthetic Methods
1. Preparation of Hexanuclear Molybdenum 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 (H;0),MogCl,, formed
in the beaker. The crystals were collected, heated to 150°C
for 2 h in vacuo to remove any excess HCl and H50, and
subsequent heating to 210 °C decomposed (H3O)2M06C114 to
MogCl,,. The 150 °C preheating step improved the quality of
the final MogCl,, product. The tetrabutylammonium salt was
prepared by the addition of NBu,Cl (Southwestern Analytical)
to a 6 M HCl solution containing MogCl, 5. The yellow
precipitate was collected and washed several times with
water and ethanol. The (NBu,),MogCl,, was multiply
recrystallized by slow evaporation of CH,Cl, previously
dried over MgsSoO,.

Disubstituted clusters, MogCl,,X,%” (X = Br, I, SCN),
were prepared by addition of X~ to an ethanolic solution of
MogCl, 5. For the case of M06C112(SCN)22‘, the complex
slowly precipitated out of solution upon simple addition of
NBu,SCN (made by the metathesis of NaSCN and NBu,Cl in
ethanol) to MogCl,, solution. For the halide clusters, a
small amount of the appropriate hydrohalic acid was

initially added to the ethanolic solution of MogCl,,.

Subsequent addition of excess NBu,Br or NBu,I, 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 MogClgXg2~™ (X = Br, Cl, I)
clusters were prepared by dissolving MogCl, 5 in ethanol and
then adding enough HBr or HI to yield a 1:1 volume ratio of
ethanol:hydrohalic acid.%® 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 NBuyI or NBu,Br to hot solutions promptly afforded a
yellow precipitate of (NBu,),MogClgBrg or (NBu,),MogClgIg,
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 MogClgClg_, Y, (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 MogCl,, with the
appropriate number of equivalents of silver ion. For
example, (NBu,),MogCl,,(SCN), was obtained with the addition

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

a methanol solution of MogCl, 5. 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 NBu,SCN 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 CH,Cl,.

The preparation of NBu4M060113 was accomplished by the
addition of slightly more than one equivalent of silver p-
toluenesulfonate to an acetonitrile solution of
(NBu,) ;MogCl, 4. 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 Ag,MoCl,,. The AgCl precipitate was
removed by filtration and the filtrate was evaporated to
dryness in vacuo to yield NBu,MogCl, 3. The crude product
was dissolved in CH,Cl, and filtered to remove any insoluble
MogCl,, that had formed during reaction. The filtered
solution was dried over Mgso,, and the CH,Cl, 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 1ligand (tetra-
butylammonium salts of the anion donor 1ligand) to an
acetonitrile solution of MogCl,;3™. The solvent was then

removed under vacuum and the resulting solid was washed with
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methanol to remove any excess 1ligand. All the
monosubstituted clusters were recrystallized from CH,Cl,.

The preparation of Mog bromide clusters was facilitated
by the fact that molybdenum dibromide could be purchased
from Cerac Inc. The commercial MoBr, 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 MogBr,,-
(HOCH,CH3) 5. MogBr,, could be isolated by heating the
ethanol complex under vacuum for several hours.

The tetrabutylammonium salt of M068r142' was prepared
by addition of NBuy,Br to a ethanolic/HBr solution of
MogBr,,. The dark yellow precipitate was washed with water
and ethanol, and recrystallized several times from CH,Cl1,
which had been dried over MgSoO, . The tetrabutylammonium
salts of the substituted molybdenum bromide clusters
MogBrgBrg_, ¥, (n = Cl, I) were prepared and purified by the
analogous procedure described for that of the corresponding
substituted MogClgClg_ Y, clusters. %7

2. e o uc s

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 AlCl; 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 h. The
tube was allowed to cool to room temperature. The contents
were collected by wrapping the tube ih 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 (H,;0),WgCl,, formed.
The crystals were collected and heated in a furnace at 350
°C for 2 h under a dynamic vacuum to form WeClqso. The
tetrabutylammonium salt of W601142" was prepared by addition
of NBu,Cl to an ethanolic/HCl solution of WgCl,,. The
precipitate was collected, washed with water and ethanol,
and recrystallized several times from CH,Cl,.

Tungsten dibromide was prepared in a similar manner as
tungsten dichloride. To the quartz reaction tube 15 g of
WBrg, 0.72 g of Al metal, 7.50 g of NaBr, and 13.0 g of
AlBr, were added in the drybox. The reaction conditions

were identical to those used for the preparation of W¢Cl,,.
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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
WgBr, 5, (HOCH,CH4) 5.  The tetrabutylammonium salt of WGBr142'
was prepared by addition of NBu,Br to an ethanol:HBr
solution of WgBr, 5 (HOCH,CHy) 5 . (NBu, ) ;WgBrq, 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 K,WgCly,, 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 WgI,,
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 NBu,I to an

ethanol solution of WgI,,. The dark yellow powder was
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_collected, washed several times with ethanol, and
recrystallized several times from dry CH4,CN to yield pure
(NBuy) ;WeIg,.

Mixed tungsten halide clusters, WGXBYGZ' (X, ¥ = ¢C1,

Br, I) were prepared by dissolving (WgXg)X, in ethanol and
6 M hydrohalic acid HY where 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 WgIgY¥e (Y = C1, 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 NBu,Y to the ethanol/HY
solution. The mixed halide tungsten clusters (NBu,),WegXg¥g
were recrystallized several times from either dry CH3CN or

CH,Cl,

3. Organic Donors and Acceptors
Nitroaromatics and aromatic amines, with the
exception of tris(p-tolyl)amine which was synthesized
following published procedures7°, 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. Supporting Electrolvtes
Tetrabutylammonium hexafluorophosphate and

perchlorate (Southwestern Analytical Chemicals) and

tetrabutylammonium tetrafluoroborate (Aldrich) were
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dissolved in ethyl acetate, dried over MgSO,, 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 °cC. Potassium hexafluoroarsenate (Ozark-Mahoning) and
trifluoromethane sulfonic acid were converted into their
corresponding tetrabutylammonium salts by dissolving them in
water and adding excess NBu,Br. 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 HC1l to remove isonitrile and after the
extraction, was sequentially dried over Mgso, and CaH,, and
finally fractionally distilled from P,0g. 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 Tungsten
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, 1low 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.’l



36

2. Electrochemical Measurements

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

standard.72

Potentials were related to the SCE reference
scale by using a ferrocenium-ferrocene couple of 0.31 V yvs.
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. e i asurements

Electron-transfer quenching rate constants for the
reaction of M06C1142'* with nitroaromatics, aromatic amines,
and pyridinium compounds in CH4CN and CH,C1,
([(NBu4)2M06C114] = 3 mM, p = 0.1 M NBu4C104) were
determined from Stern-Volmer plots of the M06C1142'*
luminescence intensity. The quenching rate constants of
-k

M06C1142 by 4,4’-dimethoxydiphenylamine and 3,5-dichloro-

p-benzoquinone in CH4CN, acetone and propionitrile
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[ (NBu,),MogCly, = 1 mM] were determined from Stern-Volmer

-%

plots of MogCl,,2™* lifetimes. Additionally, the Stern-

Volmer lifetime method was used to study the energy-transfer

quenching of M06C1142'*

and WGXBYGZ-* by WGXBYGZ- or
H06c1142', respectively, in cnzc12. Stern-Volmer
experiments were performed over a quencher concentration
range of 5 x 10™% to 1 x 10”1 M and Stern-Volmer constants

were calculated by using ro(M0601142'*

) = 180 pu sec in
CH4CN, = 160 p sec in CH,Cl,, = 170 p sec in acetone, = 148
s sec in propionitrile, ro(W61142'*) = 19 p sec in CH,Cl,
and ro(WGIeBrGZ'*) = 16 u sec in CH,Cl, at 23 °C.

Quenching experiments were performed in a specially
constructed high-vacuum cell, consisting of a 1-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 (Agyo = 436 nm) were measured on a
high resolution emission spectrometer and emission lifetimes
(Aexc = 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.’3

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 cm2) 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 um
diamond paste and 0.05 m 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 10 to 5
x 1076 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 CH4CN and 35 pA/sz in CH,Cl, were measured at potential
limits of -2.0 V and +2.0 V.

The quantum yield for ecl is defined by the following
expression where I is the total ecl intensity

(einsteins/sec)

bec1 = J 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 $ec]1 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, Q, or cathodic, Q,, charge passed
into solution during an ecl experiment. Qa and Q. 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 EG & 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 EG & G. Appropriate
corrections were made for the radiometric filter attachment
which allowed only 14 percent of the 1light 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 M0601142' 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.’4 The reflectance of the
polished Pt disk electrode was taken to be 0.67 at the
wavelength of M0601142' emission. The double layer charging
components q, and qo 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 1limits,
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dp’s and go’s were measured in 200 mV increments by setting
the anodic and cathodic limiting potential 200 mV negative
and positive, respectively. Plots of g, and g, ¥s. 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+ (4 = 0.1 M NBu,ClO,,
[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 = 0.004. This value is in good
agreement with the previously reported efficiency of 0.05 in
CH,CN at 23°C.”?

Quantum yield measurements of all ecl systems followed
procedures similar to those described above. For M06C1142'
/acceptor and donor systens 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

¢°ec1 is the ecl efficiency of

QO
Q

I
$ec1 = $°ecl N (19)
Is

MogCly,42™ (s = 0.1 M NBu,Clo, in CH;CN or CH,Cl, at 23°C),
Q° and Q are the charges passed into solution, and I° 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 rﬁns of ten measurements; error
limits of $¢ecl+ Measured by this method, were = 15% in CH3CN
and = 10% in CH,Cl,.

Ecl quantum yields for the M0601142'/W6x8Y62' systems
and all systems described in Chapter V were calculated
relative to ¢, of M06c1142' for the former and to ¢,.; of

Ru(bpy)32+ for the latter.

(ii)_Spectra
Ecl spectra of M06C1142"/acceptor and donor
systems were recorded between 350 and 1100 nm, and between
550 nm and 1050 nm for M06C1142’/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 ecl yield of
a solution containing only M°6C1142- was determined from the
average of a minimum of ten pulses. Donor or acceptor was
then introduced to the solution and bec]l 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 Mo6c1142‘/donor
and acceptor ¢,,; Vvalues, determined from three experimental
runs composed of ten ecl intensity measurements, were = 12%
in CH4CN and + 10% in CH,Cl,.

Accurate determination of ¢ec] 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. 1In 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 ecl yield for the MogCl,,2”
/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 ecl quantum yield

of Mo6C1142'/acceptor and donor syspem, $¢ec1r ©can be



44

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'/WGX8Y62' 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 M°6C1142-/w6x8Y62- 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 MgXgY, 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.

2-* 2-
- 3-
M&'\’Byti + M6X8Y6

2 2-%
MgXgY" + MgXg¥e

(20b)
Thus, partitioning of the electrochemical excitation energy
between reactants in ecl reactions has important electron
transfer implications and will shed 1light 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 ecl products
could be tuned with the polypyridyl 1ligation 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),biq®* (21a)
Ru(DTB-bpy) 33+ + Ru(bpy),biq"

Ru(DTB=bpy)32* + Ru(bpy),biq*" (21b)

Ru(bpy)32** + Ru(bpy),DMCHZ*  (22a)

3+

Ru(bpy) 3~ + Ru(bpy),DMCH*

Ru(bpy)32* + Ru(bpy),DMCHZ**  (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-
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bpy) 32*

and thus reaction pathway 2la is energetically
unfavorable; (2) the oxidation potentials of Ru(bpy)32+ and
Ru(bpy)ZDMCH2+ 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. MXgY, +
M6X8Y53'————4> M&gﬁgz' or MGXBYGZ'*). 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 Mg cores. Of equal significance, the poor
overlap between the absorption and emitting states of
substituted Mg cores means that energy transfer is
inefficient. Thus, the measured ecl emission of MX,Y,~ 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

MGXBYGZ- ions.

B. Results and Discussion

Electrochemical and photophysical properties of the
molybdenum and tungsten halide cluster systems in CH,Cl, 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 i,/i, ratios varying between 0.95 to 1.05 and linear
plots of anodic and cathodic peak currents vs. (scan
rate)l/z. 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 Mg 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 M060112L22' (L SCN, I) and MogCl,, are
shown in Figure 6. In panel a, scanning a Pt electrode
immersed in a CH4CN solution containing MogCl,,, anodically
produces two quasireversible waves at +1.73 V and +1.92 V
potentials. These two waves are preserved in the cyclic

voltammograms of M060112(SCN)22‘ and M06C112122 (Figure 6b
and 6c). The preceding irreversible wave at +1.43 and +1.61
in the cyclic voltammograms of Mo60112122' and
H06C112(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 MogCl,, precludes the appearance of this
preceding irreversible oxidation wave. The similarity of
the oxidation profiles of MogzCl,, and M06C112L22' suggest
facile dissociation of the heterodonor 1ligand from the
cluster core to give MogCl,,.

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 [MogClg]Xg2™ and [MogClg]XsL™ (X = halide, L = donor
ligand) ions, which possess reversible or more typically
quasi-reversible one-electron reduction couples. All other

Mog clusters possess irreversible reduction waves. For the
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Figure 6. Cyclic voltammograms of (0.1 NBu,PF¢ at

23°C) (a) MogCly, (3 mM in CH3CN): (b) MogCly,Ip%" (3

mM in CH,Cl,); (c) MogCly,(SCN),2~ (3 mM in CH,Cl,).
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case of the tungsten clusters, the reduction waves are in
the background of CH,Cl, thereby implying reduction at
potentials < -2.2 V.

Except for the thiocyanate and phosphine clusters, ecl
is observed for the Mog 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 (dec1 < 10'5) 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 ‘ngpgl 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 h%xggz 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 Mggpg/}
potential must be at least 100 mV negative of the MGXBYG'/Z'

potential and the MGXBYGZ'/3' potential must be 100 mV
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positive of the M6XsY62'/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 Wg 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 M06018C1nx6_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
MogCl,y,3~.

Because the WGXSYG-/Z- redox couples are negative of
the M06C114'/2' redox couple and the W6x8Y62—/3- redox
couples are more negative than the reduction of M0601142',
the following electron-transfer reaction can cleanly be

2-%

+ WgXg¥g?™  (23a)
2- 2-%
MogCl, 2™ + WgXg¥e (23b)
3- -
MogCl, ,3” + WgXg¥g

2= 2=
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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 1M0601142'. 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
where the quenching of w6x8Y62'* and M0601142'* by M06c1142'
and staYsz-' respectively, was measured. Quenching rate
constants in CH,Cl, for the following reactions,

-k

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/7,
+ be~t/72 by using the general nonlinear curve-fitting
program Kinfit’72 where a and b represent the fractions of
total emission decay described by the excited-state
lifetimes r, and r,, respectively. Convergence of the fit,

monitored by the sum of the squares of the residuals, yields
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values for a, b, r, and r,. 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 1lifetime. For instance for the
case of the M06C1142'/W61142' system reaction 24a is

endergonic and therefore the M06C1142 lifetime does not

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

(-0.15 eV) results in a quenching of the w61142 lifetime
with increasing concentration of M06c1142'. The
experimental manifestation of these energetics is that the
M°6C1142- is the quencher and its lifetime is constant while
W61142' is the 1lumophore and its 1lifetime 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 MGXBYGZ' ions is
sterically shielded by the halide coordination sphere.77b
Thus, because the observed energy transfer rates are well

below the diffusion controlled 1limit 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
CH,Cl, solutions containing M06C1142' and stsYsz- is
observed when the applied potential of a Pt electrode is
stepped into the oxidation wave of staYsz- and the
reduction wave of Mb6C1142'. Overall ecl quantum yields
were determined by dividing the number of einsteins
emanating from the electrode surface by the number of
equivalents of M0601143' or WgXg¥¢™ produced.

The partitioning ratios for reactions 23a and 23b for
the M0601142'/W6Il42', W6IsBr62', and W6C188r62' systems can
be directly determined from ecl spectra. An exemplary mixed
cluster ecl spectrum of the M°6C1142-/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 ecl spectra, as compared to the
steady-state luminescence specﬁra, 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 w61142‘*, calculated by summing the 0-O0 energy of the
emitting excited state with the ground state reaction free

energy (AGgg = AGgs + Eg_o) as determined from standard
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Figure 7. Electrogenerated chemiluminescence spectrum
of MogCl,,37/WeI;,” in CH;CN (s = 0.1 M NBu,PFg at

23°C).
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reduction potentials, is energetically downhill for both
reaction pathways. Figure 8a shows the ecl spectrum of
M0601142'/W61142' 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 M06c1142' 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 M06C1142' and W61142-
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 (eMoc and ewc) to the overall
ecl spectrum with the cluster emission quantum yields (¢Mo6
and ¢W,)' where Mog and Wg represent the M06c1142' and

W6X8Y62' cluster ions, respectively.

e ¢
Mo W
e

W, $Mo,

For the M06C1142“/w61142‘, W6188r62' and w6C183r62' 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
2- - 2- e e 000 4 2-
/W61142- ec1, ——— (b) MO6C1142_/W6I142- ec1, —

: . 2- 2-
fit from the sum of a ratio of MogCl, 4 and WgIq,
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,

Pec1 = ¢es1 ¢Mos + ¢es2 ¢we (26)

where &.,.,7 is the overall ecl quantum yield of the mixed
cluster ecl reaction and 4.5 and 4.4 are the excited state
1 2

production efficiencies for M06C1142'*

and WgXg¥e2 ™",
respectively, in the mixed ecl reaction. For example, the
small steady-state emission quantum yield of W6C1142' (¢e
(W6C1142‘) = 0.015 Vs. ¢g (M06C1142') = 0.18) requires that
W601142'* would have to be produced at least two times more

-k

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 ®g.; = 0.05. One explanation is that the
W6C1142' is not populated upon annihilation. In this case
W601142'is simply acting as an electron acceptor. However
this is unlikely because M06C1143'/A+ (A* = organic electron
acceptor) annihilation (discussed in Chapter 1IV) reactions
of similar potentials to that of the M06c1142-/W6C1142-
system exhibit ¢,,; = 0.10 (CH,Cl,, p = 0.1 M NBu,PFg at
23°). Alternatively, the ¢,,;’s of the M06C1143'/A+ (dec1 =
0.10) and MogCly,37/WeCly,~ (dgop = 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
dec1 = ¢esl ¢Mo, because ¢esz ¢W, (= 4 x 1073) is small
compared to ¢es1 ¢M°e ( = 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 M0601142'/W6C1142'
system is experimentally supported by the results of the
M0601142'/W6C183r62' systemn. As discussed above, the
partitioning ratio directly calculated from the ecl spectrum
of this system is 0.50:0.50. Oowing to the similarity of
W6C1142' and W6C183r62' our assumption of a 0.50:0.50
partitioning ratio for M06C1142'/W601142' ecl system seems
reasonable. For the case of the M06C1142'/W6Br142' system,
the emission bands are too close in energy [AEg (M0601142',
w68r142') = 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
M0601142' 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
“°6C1143- with aromatic amines. In these systems the
WGXBYG- 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
*

MogCl,42~* for the MogCl,,37/WeXg¥c~™ and MogCl,,3 /At
(aromatic amine radical cations) systems vs. free energy is
shown in Figure 9. The free energy dependence for
MosClMZ""r 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 ecl 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 w6X8Y62' 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
;lectron-transfer theories. Annihilation of M06C1143' and
WgXg¥g~ 1s described in Scheme 3 where ky is the diffusional
rate constant, kesl and k,g are the rate constants to

2
produce the excited state of M06C1142' and Weanez_

Kes1 .o .
e MosChd ™ 4 WeXeYe

2- 2.+
MogCli4 4 WeXaYe

ky
MogCh4 + WeXeYe -—T MogCly4 =+ WeXeYa
-d - -
9% MogCls? + WeXeYe?
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 ¢.g of M06C1142' in the mixed
cluster ecl reaction (@) and in the reaction of
MogCly,37/A% (0) vs. 4G, in CH,Cl, at 23°C (4 = 0.1 M

NBu,PF¢) .
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ground state and excited state products, as discussed in
detail in Chapter IV, show that kgs is slow compared to kesl
and kes,' Therefore, the ground state electron-transfer
pathway does not mediate the partitioning ratios.
Furthermore, a kinetic analysis of the rate of appearance of

2-%

and WGXSYGZ'* shows the production of
2-* L3 2-* (] *
W

(MogCl,, ] relative to [WgXg¥Yg ] is just kesl/kesz' and
is not controlled by the rate of diffusion. Thus an
understanding of partitioning ratios follows directly from

lect -t f lysi f k d k .

electron-transfer analysis o es, and Keg,
The excited state product rates k,g and k,g are given

1 2

by eq 27 where the variables have previously been described

2 (Hpp) 2 = /2 (A + aG°)2

Kes. = exp - | —— (27)
. h AKgT 4AKgT

*

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

WGXBYGZ'* in the mixed cluster ecl reaction implies that

kesl = kesz' The values of kesl' and hence partitioning of
the excited state energy, depends on the electronic coupling
element, Hpp, the reorganizational energy, 1), 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, A\, is relatively constant for all mixed
cluster ecl reactions (changes in 1, are < 0.05 eV in the
cluster series). More importantly, in a given mixed cluster
ecl reaction, A, is independent of which reactant, M0601143'
or wssts', is converted to the excited state. Therefore
the ratio of kesl and ke82 is independent of AG® and i, and
energy partitioning depends solely on the Hpp and ;.

The contributions of A; and Hpp to partitioning in the
ecl chemistry of the Msstsz" 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 Huckel’® and scF-
Xa-SW’? calculations predict the HOMO and LUMO to be
primarily metal in character and to possess molecular
symmetries eg and axgr respectively. These results are
consistent with spectroscopic studies, which suggest that
the luminescence of the M@XBYGZ' ions originates from an
excited state localized on the metal core.8° Additionally,
magnetic measurements establish a diamagnetic ground state
for M6x8Y62' ion and the oxidized MGXSYGZ' 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.®? on the basis of these

g
spectroscopic and theoretical results the ecl chemistry of
the M06C1142'/W6X8Y62' is described by the molecular orbital

representation depicted in Figure 11. The two excited state
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Figure 10. Molecular orbital diagram for M6X8Y62'

ions.
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Figure 11. Molecular orbital description for electron

transfer between WgXgY¥~ and Mo601143 with the excited
state being produced from (a) the staYs- ion and (b)

the M06C1143' ion.
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pathways of M6X8Y62' ecl are electronically distinct: (1)
production of electronically excited M0601142'* from
M05C1143' involves the transfer of an electron from an eg

orbital of M06c1143' to the eg orbital on the WgXg¥e¢™ ion;
and conversely (ii) transfer of an electron from the azg
orbital of M06C1143' to the azg orbital on the WgXgYs™ ion
produces electronically excited WGXBYGZ'*. Because kgg
depends only on Hpp and x; and if, as observed, kesl = ke52
then A; and Hpp must be either equal or fortuitously counter
balance each other for the reaction pathways described by
23a and 23b.

Obviously, Hpp will be different for the two excited
state reaction pathways (i.e. MgXg¥g —> M6X8Y62'* vs.
M6x8Y63'-———€> M6X8Y62'*) if the respective orbital overlap
of the arg 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 asg (LUMO) molecular
orbitals are constructed from linear combinations of dxy
orbitals of adjacent metal atoms; these molecular orbitals
are shown in Figure 12. Oowing to the similar radical
distributions of these metal-based orbitals, the electronic
factors of the conversion of M06C1143' or w6x8Y6' to the
excited state should be closely related.81

The assumption of comparable Hpp’s for the two ecl
reaction pathways implies that ); 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 ayrg metal based

g
cluster orbitals.
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Figure 12
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exchange involving either the azg Or the e, orbitals. The

g
Aj{ energies associated with electron exchange reactions
involving the arg and ey orbitals can independently be
measured by electron-transfer quenching studies of the

* with a series of organic electron donors and

2-
MgXg¥e
acceptors. The quenching studies are schematically
represented below. In this reaction scheme electronically

(] 2-
excited MGXBYG

2-%
MXgY¥e
A
D A
M XY 3™ M XY o2~ M X Y~
6Xs¥e 6Xs¥e 6X8Ye
Scheme 4

donates an electron from azg orbital to acceptor molecule A
to produce the reduced radical A~ and the oxidized cluster
MgXgYe™ . 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 14
value measured for the conversion of M6x8Y62'* to M6x8Y63'
in electron transfer studies is related directly to the
conversion of M6x8Y63' to MGXBYGZ'* in the mixed cluster ecl
reaction. Conversely, the cluster’s contribution to the

measured inner sphere reorganizational energy of MGXBYGZ'*/A
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electron transfer is equivalent to A; for the conversion of
MgXg¥e™ 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 CH,CN at 23°C

2-% - -
A = BQ, NA
2-% 3- +
MgXgYe + D > MgXg¥e®~ + D (28b)
D = AA
are shown in Tables 7 and 8, respectively. Rates were

determined from Stern-Volmer analysis of the 1lifetime of

MGXBYGZ'* by the procedure described previously. From these

data, Aj; can be evaluated with eq 29

2HAB “3 l/ 2
kgT 1n kq = =1/2AG° + |=-)/4 + kgT 1n |— (29)
h kgT

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 1linear
dependence of the rate constant on AG® and slopes of -0.49

- 2-*%
and 0.51 for M6X8Y6

/A and M6X8Y62'*/D systens,
respectively, agree well with theory. By assuming adiabatic
electron transfer (Hpp = .022 eV), overall reorganizational
energies A(=A5 + 1j) of 1.11 eV and 1.01 eV are calculated
from the intercepts of Figures 13a and 13b, respectively.
By accounting for Ao = 0.86 eV (eq 3), iy values of 0.25 eV
and 0.15 eV are obtained fof 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 MGXBYGZ'* / MgXg¥¢™ and A / A” conversions.
Similarly, the MgXg¥¢?™™ / M¢XgY¥¢3~ and D / D' conversions
compose the 1; for reaction 28a. Calculations by using
self-exchange rate constants measured by EPR line broadening
techniques have shown that 1;’s associated with the electron
transfer reactions of aromatic amines and nitroaromatics are
< 0.05 eV. Therefore the calculated values of ij directly
reflect the inner-sphere reorganizational energy of
MGXSYGZ'*/Mssts' and M6x8Y62'*/ M6x8Y63' conversions,
respectively. The above calculations are predicated on

adiabatic electron transfer. The calculated values of 0.15
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Figure 13. Plot of kgTlnk, vs. AG® in CH4CN at 23°C

q

(numbering as in Tables 7 and 8) for (a) M06C1142'*

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

by organic donors.
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Table 9

Electron-Transfer Parameters Used in Calculating
A; Values for Quenching Reactions

Electron Transfer

Parameter MgXgYg2~*/A MgXgYg2~*/D
r/A2 9.5 9.5
wp/evb .00 0.00
wp/evP .04 -0.11
Ao/eve .86 0.86
Hpp/evd .022 0.022
Int/eve .49 -0.51
xi/eV .25 0.15

2 r is the separation between reactants during
electron transfer assumed to be the sum of the

reactants' radii.

P wy and wp calculated from equations

5 and 6.

A, calculated from equation 3.

d Typical value of Hpg for an adiabatic reaction.

€ Intercept obtained from Figures 13a and 13b.
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eV and 0.25 eV represent upper limits of 1;, which decreases
with increasing nonadiabaticity. Thus the observation of
small and equal Aj’s (0 < Ay < 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 asg and eq 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 MGXBYG-
/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 MgXg¥g?™™
from either MgXg¥,™ or M6x8Y63' coupled with the evaluation
of the important electron transfer parameters such as
electronic coupling and reorganizational energies of the
MgXg¥g /McXg¥e?™™ and MgXg¥e3™/MgXgYg2™ conversions, the
ecl reactions of the MgXg¥¢™ and M6x8Y63' ions can now be
independently investigated. An issue of particular
importance is the dependence of production of M6x8Y62'* from
MgXgYg~ or M6x8Y63' on the free energy of the electron-

transfer reaction.



CHAPTER IV

IV. THE EFFECTS8 OF DRIVING FORCE AND LONG-DISTANCE

ELECTRON TRANSFER ON CHEMILUMINESCENCE 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 ecl 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" + DY ——> A% + D

S8cheme 5

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

A" + DV ——3 %A% + D

SA*  +  SAx —> 1A%

8cheme 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 1luminescent 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
pe]:'cern:.saa'go"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’-
bipyridine)93'95 and related species,96"'98 Re(I) diimine

complexes,99

bonds , 100,101

binuclear complexes possessing metal-metal

phthalocyanines,lo2

square planar complexes of
Pd(II)103 ana pt(11)8!, and Ir(III)(2-phenylpyridine),,
Tb(III) thenoyltriflouroacetonate, Pt(II) (8-quinolinolate),,
(Cu(I)pyridine(I)], complexeslo4 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,los'lo6 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~ for the Ptz(H2P205)44' ion197 can most
certainly be attributed to the relatively short lifetime of
Ptz(Hzpzos)ss' 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 M06c1142‘ ecl permit the energy
dependence of ecl chemistry to be defined. The magnitudes
of the M06C114'/2' and M06C1142‘/3' reduction couples
[EI/Z(M06C114_/2") = +1.53 V vs. sce, El/z(M06C1142_/3-) = -
1.56 V vs. sce in CH;CN] and the relatively low energy of
the MogCl,,2” excited state [Eop(MogCl,,2”*) = 1.9 V] have
allowed us to observe ecl from the annihilation of MogCl,,~
and M0601143' 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 ecl 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 MGXBYsz' ecl system.
The results of the dependence of ecl quantum yields on the
exergonicity of the electron-transfer reactions of MogCl,,~
with a series of nitroaromatic radical anions (NA7),
pyridinium radicals (P), and bipyridinium cations (BP*) and
the reaction of M06C1143‘ with aromatic amine cations (A+)
in acetonitrile and dichloromethane are presented. Analysis
of these yields in the context of current electron transfer
theories 1is 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 CH4CN and CH,Cl,
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 CH5CN and CH,Cl,. Values of the
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ratio of anodic and cathodic current maxima i_/i, varied
from 0.95 to 1.05 and plots of anodic and cathodic peak
currents vs. (scan rate)l/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 AEp from the theoretical
value of 59 mV are due primarily to uncompensated cell
resistance. Rate constants for the quenching of M06C1142-
luminescence in CH3CN and CH,Cl, (p = 0.1 M NBu,Clo, or
NBu,PFe 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 To

2-% *

(MogCly,2™*) = 180 us in CH4CN and r,(MogCly,%™") = 160 us
in CH,Cl, (s = 0.1 M NBu,Cl0, or NBu,PF¢ at 23 °C).

Because BP2+/+, P*/0 and NA9/~ reduction potentials are
positive of the M0601142'/3' couple and A*/0 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 M06C1142'/donor



107

NA
- 2-% +
A MogCly 427" + [ P* ) (30a)
MogCl,,” + PO BP3Y,

MogCly,2~ + ([ P |(30b)

(
:

-
; \ MogCl,,2™* + a (31a)

2-
MogCl,,%” + A (31b)

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 1list the free energy changes and the ecl
quantum yields, ¢,,3, for reactions 30 and 31 in CH;CN and
CH,C1,. owing to the formation of (BP)MogCl,, salts,
bipyridinium systems were studied only in CH4CN. 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 Mo601142' luminescence and
therefore the measured ecl intensities are not attenuated by
the presence of acceptor or donor. Of course quenching of
M0601142' 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 M0601142" in CH4CN
or CH,Cl,. 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, is the parameter which

bes
best describes the efficiency of the ecl reaction. Plots of
the ¢og5 vs. the free energy driving force of the excited
state reactions (AG’.g = 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 3la) was

Calculated from AG'gs = AG°gg - AGgg Where AGpg is the free
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Figure 14. Plot of 1log ¢og VS. 4G for the

es
electron-transfer annihilation reactions of the
MogCl,y,37/a% (0), MogCl,, /P (a), and MogCl,, /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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1.0

-AGgg

Figure 14
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Figure 15. Plot of 1log 4og VS. A4Ggg for the
electron-transfer annihilation reaction of the
MogCl, ,37/A% (o), MogCl,, /P (a), and MogCl,, /NA~ (O)
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 H°6C1142- excited state over the
ground state and AG'gs is the standard free-energy change of
the ground-state reaction pathway. AGgg can be estimated
from the energy of 0-0 transition (Ejz_o = 1.9 eV) with
corrections for entropic contributions (TaS = 0.1 V) L1113
The excited state yields were calculated with ¢, = 0.19 for
MogCly,2~ in CH,CN and ¢, = 0.18 for MogCl,,2~ in CH,Cl, at
23 °cC.

C. DISCUSSION

Electronically excited Mo6c1142' ion is produced by the
simple electron-transfer reactions of the electronically
generated M06C114' and M06C1143' 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 M0601142' can be
accomodated in terms of the hexanuclear clusters electronic
structure. The ecl chemistry of the M06C114'<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>