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ABSTRACT

A TIME-RESOLVED STUDY OF ELECTRON TRANSFER
MECHANISMS: BEYOND OUTER-SPHERE ELECTRON TRANSFER

By

Claudia Turr6

One of the primary objectives of our research has been to understand
some of the fundamental mechanistic issues underlying electron transfer
reactions. We have designed molecular systems to provide information on
several aspects of charge transfer reactions, including the role of protons in
long-distance electron transfer, bimolecular donor/acceptor pair reactivity at
high driving forces, and excited state multielectron transformations. In our
systems a photon can initiate the reaction by placing the molecules in an
excited electronic state, which permits the reactant and product
concentrations to be monitored as a function of time. These dynamic
measurements are conducted by exciting the molecules a with short light
pulse, and following the progress of the reaction by optical methods, such as
transient absorption spectroscopy and emission lifetime.

Electron transfer reactions through a proton interface have been
conducted by the design of hydrogen-bonded donor/acceptor pairs, where
the donor, a carboxylic acid derivative of a Zn-substituted porphyrin,
transfers an electron to several aromatic acceptors from its excited state.
The charge separation and subsequent charge recombination rates have been

determined utilizing picosecond transient absorption spectroscopy, for



protiated and deuterated donors and acceptors. A slight attenuation in the
rates is observed, as compared to through-bond electron transfer.

The transient absorption technique has also been utilized to
characterize the excited states that lead to two-electron reactivity in
quadruply-bonded inorganic complexes of the type M,Cly(L),, where M =
molybdenum or tungsten and L = monodentate (n = 4) or bidentate (n = 2)
phosphine ligands. It was observed that the reactions do not proceed
directly from an excited electronic state, but from a conformationally-
distorted intermediate formed following light excitation. The distorted
intermediate is believed to possess favorable characteristics that permit the
observed two-electron oxidative-addition reactions.

The driving force dependence of the bimolecular electron transfer
rates between Rul! complexes and cytochrome ¢ has been determined. A
decrease in charge separation rate at high driving forces, the inverted region,
was observed for this donor/acceptor series, which is unusual in bimolecular
reactions. The factors that govern bimolecular inverted region behavior

have been considered.
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INTRODUCTION

The mechanisms of electron transfer reactions have been in question
since the earliest studies of ions in solution. The seminal work of Taube in
the 1950s led to the distinction between inner- and outer-sphere electron
transfer pathways.!3 Inner sphere refers to those inorganic reactions where
an atom is shared between the reagents in the precursor complex prior to
electron transfer, and in most instances the bridging ligand is transferred
from the electron acceptor to the donor. In outer-sphere electron transfer the
reactants diffuse together and an electron is transferred without net bond
changes. Parallel reactions are observed in organic chemistry, although the
distinction between the two mechanisms is not as evident and has only
recently been emphasized.*

The transfer of one electron is commonly observed throughout organic
and inorganic chemistry. In addition to the discrete transfer of an electron
from a donor to an acceptor and the formation of charge transfer complexes,
many other reactions fall into this category. These include organic radical
reactions, group transfers, and heterolytic bond cleavage. In inorganic
chemistry, one-electron reactions are those in which the valence of the metal
changes by one, as observed in the common addition or elimination of
charged ligands. These may be exemplified by halides, cyanide,

carboxylates, or alkyl oxides.



Another class of electron transfer is the movement of more than one
electron during the course of a reaction. Many inorganic reactions proceed
with a net two-electron change, such as oxidative-addition and reductive-
elimination of X, (X = halide), H,, and HX, among others.® Similar
behavior is observed in organic reactions, with the transfer of hydride,
oxygen atom, or halonum ion (X*). Moreover, typical organic mechanisms
propose the movement of many electrons, often in pairs. To distinguish
between a concerted transfer of more than one electron and a path composed
of several consecutive one-electron steps one must directly observe the
intermediates, unless the one-electron reaction is sufficiently slow to afford
the observation of products from radical traps. A benchmark example,
where a once-thought concerted two-electron transfer was shown to proceed
via two consecutive one-electron steps is the Pt%/Pt!Y reaction.’

The dynamic detection of the one-electron intermediates is difficult in
fast reactions. The methods available in the past to determine the rates of
formation of intermediates and their identity have included stopped flow,
jump methods, electrochemical techniques, and low-temperature
spectroscopy. However, with the advent of pulsed lasers and fast electronics
it has been possible in the last twenty years to directly measure reaction rates
faster than 10'9s-!, Some of these methods along with their corresponding
range of detection times are shown in Scheme 1.2 The techniques listed in
Scheme I have been previously described in detail and will, therefore, not be
discussed here.

It is apparent from Scheme I that optical techniques have surpassed
the others in accessing very fast reactions. These advances have rested

primarily on the duration of laser pulses, which have become increasingly
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shorter, now reaching a few femtoseconds. Since only reaction times longer
than the duration of the excitation pulse can be measured, the laser pulse
width is a critical parameter. A laser pulse can be utilized to initiate a
reaction, and detection techniques, including electronic absorption, Raman,
time-resolved emission, or infrared absorption can be used to follow the
decay and determine the identity of the intermediates.

These techniques permit measurement of the fastest rates; thus the
upper limit of the rates of photoinduced reactions is higher than those found
in other methods. Donor/acceptor studies which feature the transfer of one
electron from an electronically excited state have taken advantage of these
fast techniques. However, these systems usually involve simple one-
electron transfer, and are often within the confines of outer-sphere electron
transfer.” A detailed description of the work in this area is presented in the
Background section of Chapter I. Many atom-ransfer reactions in organic
systems have also been probed in this manner, although they are generally
one-electron in nature.!?

Fast laser techniques, however, can be utilized to elucidate the
fundamental mechanistic questions of more diverse reactivity, in addition to
simple one-electron outer-sphere electron transfer, if such reactions are
photochemically designed. This is the emphasis of the work described
herein. Three different electron transfer reaction mechanisms have been
elucidated in this thesis. These included 1) the role of hydrogen bonds in the
electron transfer pathway on the picosecond time scale (Chapter I); 2) the
nature of excited intermediates formed upon light absorption in bimetallic
complexes, that are known to lead to two-electron oxidative addition

reactions in the presence of substrates (Chapter II); and 3) the photoinitiated

bimolecular electron transfer rates at very high driving forces (Chapter III).



Photoinduced electron transfer is predicated on the production of an
electronic excited state upon light absorption which is either strongly
oxidizing or reducing in nature, and it can therefore undergo facile electron
transfer with donors and acceptors. Hydrogen bonds are believed to play an
important role in the mediation of long-range electron transfer in biological
systems.!112 The effect of hydrogen bonds on the electron transfer pathway
has been determined in model systems by monitoring the rates of charge
separation and charge recombination in protiated and deuterated systems. In
these particular systems an electron is transferred from a Zn-substituted
porphyrin, placed in its !n* excited state by excitation with a laser pulse, to
several acceptors. In these systems the donor and acceptor are hydrogen-
bonded by a carboxylic acid interface. The results of this study are
presented in Chapter I.

The photoexcitation of the reactants is particularly interesting in
systems which are known to undergo two-electron oxidative addition when
excited with light, such as the Mo and W quadruply-bonded dimers.!? It is
of interest to follow the mechanism of such transformations, since radical
reactions are not observed outside the solvent cage. A concerted two-
electron process in this system would implicate a three-atom transition state,
whereas two sequential one-electron transformations would afford a two-
atom transition state with the concomitant formation of radicals. The initial
studies of these systems are presented in Chapter II, where the excited states
and reactive intermediates observed in inert solvents are discussed.

The photoinitiated electron transfer rates for the bimolecular reactions
between Ru complexes and oxidized or reduced cytochrome ¢ have been

determined from emission lifetime quenching measurements. An

Investigation of the driving force dependence of the electron transfer rate



was conducted, and a decrease of the rates in the highly exergonic systems

was observed. These results, discussed in Chapter III, are particularly

interesting, since inverted region electron transfer has only rarely been

observed for bimolecular donor/acceptor pairs.
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CHAPTERI

ELECTRON TRANSFER THROUGH HYDROGEN
BONDED INTERFACES

A .. BACKGROUND

Proton associated electron transfer reactions are crucial in vital
bi o1 ogical processes, especially those involving energy storage and
con wersion.!2 Protons play both active and passive roles in electron transfer
evemnts. The most recognized form of coupling between electrons and
Protons is an active one, where a substrate is protonated or deprotonated
UP O n its reduction or oxidation. This behavior leads in some instances to the
Ve cC torial movement of protons across a membrane, which is typically
COncomitant with the movement of electrons in the opposite direction.!2
AN O ther manner in which protons are moved across a membrane is by the
ACtion of proton pumps, which are often encountered in biological
tram s membrane assemblies, such as ATP synthase, Na*/K* ATPases, Ca?*
ATP ases, and bacteriorhodopsin.?> The pumpinz mode of action is believed
o i N wolve changes in nrotonation of residues of the helical protein structures
thae comprise the enzyme, resulting in some backbene distortions. This

r . L . ~
P OTein motion is in turn governed by the redox state of the active centers or



—

the conformation of a chromophore.*-! The passive role of protons in
modulating electron transfer rates has only recently been investigated in
detail. This type of modulation is believed to take place by the transfer of an
electron through one or several hydrogen bonds in long-range electron
transfer in proteins. The experimental and theoretical investigations have
been limited to small proteins such as cytochrome c, cytochrome bjs,
plastocyanin, and azurin, where it is believed that hydrogen bonds within the
protein provide better coupling for electron transfer than longer covalently-
bound pathways.!1-13

The movement of protons coupled to electron transfer can take the
form of directed but opposite motion of protons and electrons across a
membrane. This establishes an electrochemical proton gradient, which is
tramn sformed into chemical energy by the production of high energy
Mo 1ecules such as ATP (adenosine triphosphate) from ADP (adenosine
di phosphate) and inorganic phosphate by the enzyme ATP synthase, and
N AL IDPH from the reduction of NADP* (nicotinamide adenine dinucleotide
Pho sphate) by protonation of the nicotinamide ring. The energy stored in
the se molecules is then utilized to perform life-sustaining functions in the
€11 such as the reduction CO, to carbohydrates in the dark reactions of
photosynthesis and the breakdown of carbohydrates, fats, and sugars
fo 11 owing respiration.

Active proton/electron coupling is evident in many systems such as in
OXidases and in the photosynthetic cycles. Protonation is concomitant with
1€ curon transfer within xanthine oxidase, an enzyme which catalyzes the
*Aanthine hydroxylation to uric acid and dioxygen reduction to peroxide or
SUPberoxide.!¥ Another example of proton movemtne coupled to electron

txr . ] . . . .
An sfer events is found in sarcosine oxidase, where the oxidative



.
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demethylation of sarcosine is accompanied by the reduction of O, to
hydrogen peroxide.!> Yet, the most intensively investigated example of
proton movement coupled to electron transfer is that of the photosynthetic
reaction center and cytochrome c oxidase.

Photosystems I and II (PSI and PSII, respectively), lie across the
thylakoid membrane and effect a transverse flux of electrons and
protons.!¢17 Their action is predicated on the absorption of photons by light
Iharvesters, which through energy transfer populate the Ing* excited state of

a chlorophyll dimer, the special pair (SP). Electron transfer from the excited
< hromophore to a nearby acceptor is followed by subsequent transfers to
acceptors located at increasingly longer distances from the oxidized SP, thus
awoiding electron/hole charge recombination.!6!7 Figure 1 depicts the
S P> atial arrangement of the molecules in PSII, as determined from the crystal
stxwucture of the reaction centers of Rhodopseudomonas viridis and
R 72 odobacter sphaeroides (the RC’s in these photosynthetic bacteria are
be1lieved to be very similar to PSII in green plants). 81
The photophysics of PSII have been extensively investigated, and the
rates for the primary electron transfer events are summarized in Figure 1.
Fo1llowing these primary electron transfer events from the SP to pheophytin
(P ), the two quinones, Q, and Qg, are reduced in series.2®25 The SP cation
Tadical returns to its neutral state by the oxidation of water to O, via the
AcC tion of the oxygen-evolving center (OEC), after four sequential electron
tramnsfer events. It has been proposed that the oxidation of water at the OEC
PTOceeds by a series of proton-coupled electron transfer reactions of an oxo-

26-28 On the reduction side of the scheme,

bridged cluster of manganese.
abSOt‘ption of two consecutive photons leads to the two-electron reduction of

Qg concomitant with the proton uptake from nearby ionizable residues to
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produce QgH,.2°-32 The proton sources are believed to be glutamic and
aspartic acids of the L subunit which are located near Qg, although a serine
residue may also play an important role in the protonation.?%-32 It has also
been shown that hydrogen bonding to the carbonyl functionalities of both Q4
and Qg facilitates the electron transfer events to the quinones.>*> Once
protonated, QgH, exchanges with a quinone from the quinone pool; this
process ultimately leads to the translocation of protons across the membrane
thus creating a proton gradient.
The reduction of O, to water during respiration can be thought of as
the reverse of the photosynthetic oxidation of water by the OEC in
Photosynthesis. As is the case in the OEC, proton movement is coupled to
e 1ectron transfer in the enzyme cytochrome ¢ oxidase. Reduction of the
< nzyme by four electrons is accomplished by the sequential electrostatic
bi nding of the reduced protein, ferrocytochrome c, which is the last carrier in
th e electron transport chain.34-38 A schematic representation of cytochrome
< o©xidase is shown in Figure 2a, depicting its four redox-active metal
Centers: heme a, heme a,, Cu,, and Cug.3*38 The primary electron acceptor
Wi thin the enzyme is either heme a or Cu,,>>*® which are located in the
C y toplasmic side of the inner mitochondrial membrane, closest to the
C Yy tochrome ¢ binding site (Figure 2a). It is believed that the sequence of
€ lectron transfer events is initially cytochrome ¢ — Cu, followed by Cu, —
heme g and heme a — heme a;/Cug.*1#° Whereas no pH dependence of the
< lectron transfer rates is observed in the absence of O,, in its presence some
OFf the rate constants are affected by the medium’s proton concentration,
indicating the role of oxygen reduction on the proton pump activity of
€Y tochrome c oxidase.*>#6 The reduction of O, takes place at the heme

23 /Cuyy, site, where it binds and becomes successively protonated as its
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Figure 2. Pictorial representation of (a) cytochrome c
oxidase in the inner mitochondrial membrane and (b) the
reduction of oxygen at the bimetallic center.
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stepwise multielectron reduction is effected.*° The mechanism of oxygen
reduction proposed by Wikstrom is shown in Figure 2b, where the interplay
between electron transfer and proton uptake can readily be observed.*647 As
shown in Figure 2b, a 2H*/e"~ stoichiometry is necessary to effect the
transitions from peroxy (P) to ferryl (F) intermediates and from F to the fully
oxidized (O) heme a;/Cug center, where the latter is free of bound O,. The
protons involved in O, reduction are taken up from the matrix side of the
inner mitochondrial membrane, thus producing a proton gradient. The
number of protons translocated per electron transfer, however, is twice that
=enerated from oxygen reduction alone.3*-38 The remaining protons are
believed to be translocated through the action of a transmembrane proton
Pump, as described above, although the exact mechanism of action is not yet
Fua 1ly understood. 4243
Unlike the long standing recognition of proton transfer in protein
< 1 ectron transfer events, the passive role of protons has only recently been
recognized. A limited amount of experimental evidence'>!? is now
A wvailable to support the semi-empirical calculations performed on small
Proteins,!! which predict that the magnitude of the electronic coupling is
dli ctated by the type of pathway between the donor and acceptor in addition
tO their separation.!3 The most striking evidence was obtained for Ru-
I odified cytochrome c¢, where the excited state electron donor
R u(bpy),(im)(HisX)>* (bpy = 2,2°-bipyridine, im = imidazole, HisX =
haistidine at position X) is coordinated to several different histidines of the
Protein.!? The electron transfer rates from the excited state covalently-
Bbound Ru complex to the protein’s heme can be determined, and they can
then be correlated to the distance between the modified histidine and the

heme and to possible electron tunneling pathways. . The different pathways
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include those which are completely covalently bound and those which
contain hydrogen bonds or through-space jumps in conjunction with
covalent bonds. Although the electron can take any pathway to reach the
heme, only the most favorable ones are expected to contribute significantly
to the rate. It was found that pathways containing hydrogen bonds are
favored over much longer ones containing only covalent bonds.!
Calculations were performed which predict that one hydrogen bond
corresponds to three covalent linkages, whereas one through-space jump can
be correlated to ten covalently bonded atoms.!3
The passive role of protons on the modulation of electron transfer
rates has not been subjected to the rigorous experimental and theoretical
treatment that has advanced the knowledge of fixed distance electron
txansfer in inorganic and organic compounds,’®6? proteins,83-7% and
< mazymes.?® Of the active and passive proton involvement in electron
txansfer rates, we have begun model studies on the latter because it is
S Y7 nthetically more tractable. One approach to assessing the passive role of
Protons in electron transfer rates is to combine the strategy of photoinduced
£1 xed-distance electron transfer*!-5! with that of photoinduced proton
txransfer.”!’? The strategy chosen here is to channel the electron as it travels
from the photoexcited donor (*D) to an acceptor (A) through a proton

imterface, as is schematically depicted below

kcs

H]



5
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where kcs and kg are the rate constants for charge separation and charge
recombination, respectively. Careful design of the donor/acceptor system
should preclude the electron from travelling through pathways other than the
hydrogen-bonded interface.

The propensity of carboxylic acids to dimerize in non-hydrogen
bonding solvents of low polarity’4-7® allows us to prepare donor/acceptor

systems such as

v here the photoexcitable donor is a Zn-substituted porphyrin in the protiated
(ZnPCOOH) or deuterated form (ZnPCOOD). The ZnPCOOH !nr* excited
s tate (Egp = 2.1 eV) is a powerful reducing agent, with E(ZnP*/*)=-1.3V
Vv s NHE (since E;,(ZnP*/%) = 0.80 V vs NHE),”” such that it can reduce a
Vv ariety of acceptors including several substituted nitrobenzenes and
d initrobenzenes. The structures of the acceptors utilized in this study are
Shown in Table I, in addition to their respective redcution potentials.

The reduction potentials of the acceptors presented in Table I are
those of their decarboxylated forms. The addition of the -COOH group to
the 2-position of 9,10-anthraquinone is known to make the reduction
P Otential more positive by 0.06 V,’® whereas the reduction potential of 3,4-
d initrobenzoic acid only differs by 0.02 V from that of 3,4-dinitrobenzene.”
"These potential changes, however, were determined by different methods,
Amngd therefore may not be comparable. The addition of a methyl group at the

<4 ~position in methyl-3,5-dinitrobenzoate, to form the methyl ester of 3,5-
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dinitro-p-toluic acid, increases the value of the reduction potential by 0.1

V.80 Therefore, we chose the reduction potential of 3,5-dinitrotoluic acid to
be 0.1 V larger than that of 3,5-dinitrobenzoic acid. Although the reduction
potentials of the acids have been measured, the values obtained by different
methods are not in good agreement. We have therefore chosen to utilize the

wvalues of the decarboxylated compounds, since the reported values are in

better agreement.3!

Table I. Structures and Reduction Potentials (vs NHE) of the Acceptors
1 - 3 in their Protiated and Deuterated Forms.

D/A Systems Structure E,,(A-/%/ VS
O,N 0
1-H and 1-D i 0'2H -0.6
O,N
O o)
O'2H
2-H and 2-D -0.6
(0]
O,N
H.C O
3-H and 3-D 3 012H -0.8
o O,N

“Values from Ref. 81.
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The rates of charge separation (k) and charge recombination (kcg)
have been measured in these hydrogen-bonded donor/acceptor pairs using
picosecond transient absorption spectroscopy. The effect on the electron
transfer rate of deuterium substitution of the carboxy groups of each reactant

has been determined by comparison to the protiated analogs.

I3 . EXPERIMENTAL METHODS

All the acid acceptors, 3,4-dinitrobenzoic acid, 3,5-dinitrobenzoic
&accid, p-nitrobenzoic acid, 2,6-dinitro-p-toluic acid, and 9,10-anthraquinone-
2 ~carboxylic acid, as well as their methyl or ethyl esters were purchased
Trom Aldrich. The porphyrin carboxylic acid was obtained from Professor
€. K. Chang of the MSU Chemistry Department in the methyl ester form,?
=and was subsequently treated with 18 M hydrochloric acid (~ 1 ml) in 88%
T omic acid (~10 ml) to obtain the protonated product. Following the
X'emoval of solvent with a rotovap, the product was refluxed in
dimet.hylformamide (DMF) with excess ZnCl, to yield the metallated
P> orphyrin, ZnPCOOH. Deuteration of the porphyrin was performed just
I xior to metallation; it was accomplished by raising the pD of a D,0O solution
T ~13 with NaOMe to remove the carboxy proton, followed by addition of
b3P0.4 until a pD of ~4 was reached. Deuteration of all the acceptors was
Q10 performed in this manner, followed by filtration of the solid. The IR
S pectra of all deuterated products exhibited a new feature at ~2600 cm™!
< arresponding to the O-D stretch, and lacked the v(OH) peak in the 3580

<! rezion.
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The samples to be used in transient absorption experiments were
prepared by placing the desired amounts of donor and acceptor solids,
typically 0.5 to 9 mg, in a 2 mm pathlength quartz cell equipped with an
adjacent bulb. This apparatus has two high vacuum stopcocks, one on the

bulb side to seal it from the atmosphere and another between the bulb and
the cell. Following evacuation of the cell containing the solid to pressures
below 3x 107 torr, dichloromethane, previously dried over 4 A sieves, was
cxansferred from a storage container to the bulb under vacuum and was
sua bsequently freeze-pump-thawed at least three times. The solvent was
P> <oured from the bulb to the cell to attain the desired concentration.
The binding constant studies were performed with a Nicolet-145 FTIR
s prectrometer, and typically 50 averages at 1 cm™! resolution were collected
FoOr each acquisition. The samples utilized in these studies were placed in the
-2 1mm pathlength, CaF, IR cell in a dry box. The solids were either dried or
S wablimed under vacuum (~ 5 x 1070 torr) prior to their introduction into the
<Axy box. The solvent, CH,Cl,, was purchased from Burdick and Jackson
Saxad was placed over 4 A sieves that had been previously been dried by
heating under vacuum (~ 2 x 1079 torr).

The NMR studies were performed in a Varian Gemini 300 MHz

S Pectrometer.  The samples were prepared with 0.5 ml ampules of d,-
<A1 chloromethane, which were opened just prior to placement of the solvent
Am aclosed NMR tube and subsequent data collection.

The transient absorption signals in the picosecond time regime were
btained using the pump-probe technique. A schematic diagram of the laser
|and detection systems utilized to date is shown in Figure 3, where transients
"W jth lifetimes ranging from ~ 20 ps to ~3 ns can be monitored. The master
Lagerin the setup is a Coherent Antares 76-s mode-locked Nd:YAG, whose
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1064 nm output (FWHM = 70 ps, rep. rate = 76 MHz, Ep = 400 nJ/pulse) is
frequency doubled with a heated KTP crystal (Ay, = 532 nm, Ep = 40
nJ/pulse) and tripled (Ao, = 354.7 nm, Ep = 13 nJ/pulse) with a Coherent
7950 THG assembly. The pulse width of the mode-locked IR output is

continuously monitored with an Antel Optronics photodiode whose output is
wviewed on a Tektronix 7904A oscilloscope equipped with sampling and
s ampling sweep units (Tektronix models 7S11 and 7T11A, respectively).
"X he doubled and tripled outputs provide the excitation for two
s wynchronously-pumped cavity dumped dye lasers (Coherent 702 with model
~7 950 cavity dumpers) containing Rhodamine 590 (A, = 570 — 620 nm, Ep =
26 nl/pulse at 7.6 MHz) and Coumarin 435 (A, = 420 — 470 nm, Ep = 13
xaJ/pulse at 7.6 MHz) as their lasing media, respectively. The 5 ps (FWHM)
Pulse widths of the two synchronously-pumped dye lasers are monitored
“Wwith two Inrad Model 5-14 autocorrelators, whose doubled output is viewed
©Om two Tektronix 2225 oscilloscopes.
The low pulse energy output of the synchronously-pumped red dye
L =xser is amplified by a four-stage pulsed dye amplifier (Lambda-Physik
X=1.2003 PDA), pumped by a Lamba-Physik (model EMG 102 MSC) XeCl
< xcimer laser (A, = 308 nm, FWHM = 10 ns). The output energies with
MR hodamine 590 are ~200 - 400 ml/pulse at repetition rates of 50 Hz.
<Aumplification of blue pulses is performed with a home-built four-stage
DA, whose output energies are comparable to those in the red when
Pumped by the XeCl excimer. The excimer laser is externally triggered by
An electronic device (Lamba-Physik FL2013) that converts the cavity-
<dumper’s high repetition rate output to trigger pulses at 1 to 100 Hz
Tepetition rates. The FL 2013 utilizes the attenuated SYNC OUT of the

<Tavity dumper as its input, and its circuitry has been slightly modified in-
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house.®> The temporal drift of the excimer’s thyratron firing with respect to
the FL2013 trigger pulses is stabilized by the Lambda-Physik EMG97,
which compares the time difference between the trigger pulse and the time
the light pulse arrives at a photodiode placed in the 308 nm beam; its
electronics collect this information for several shots and attempt to
compensate for the drift by introducing a <mall time delay. When the
excimer pump pulses and those from the synchronously-pumped dye laser
arxe overlapped in space and time amplification takes place, since the
< xnission of those dye molecules placed in the excited state by the pump are
< timulated by the seed pulses.
Following collimation by a telescope (T), the amplified pulses are
s plit ~ 50/50 by a cube beamsplitter (BS1) to produce pump and probe
©eams, as shown in Figure 3. The probe beam passes through a digital delay
Lline (Klinger CC1.1), whose motor has step sizes corresponding to a 67 fs
T e delay and a total travel of ~ 6 ns. These pulses are then focused by a 1
Am /10 lens (L1) into a saturated aqueous solution of ZnCl,, contained in a
L Q cm pathlength cell with quartz windows. This medium is a good source
¥ white light continuum radiation, resulting from the nonlinear refractive
X wa dex effects caused by the large electric fields of the amplified short light
P>ualses.® The continuum is collected and collimated by a 2 in lens (L2), and
Thae seed pulse is separated from either red or blue light by introducing
<A electric filters in the beam (not shown), which respectively transmit only
A bove 600 nm and below 560 nm. The white light is then split by a second
<uabe beamsplitter (BS2), and each of these probe beams is focused onto
“Vertically displaced volumes of a sample cell (S) by two 1 in f/7 achromatic
Lenses (L3). The two white light beams are then focused by two 1 in f/4
Lenses (L4) onto two fiber optics (FO), which are attached to the ISA HR320
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single monochromator (300 gr/mm; Ay, = 500 nm) by a Princeton
Instruments fiber optic attachment. The inputs from the fiber optics remain
spatially separated within the monochromator, and each is focused onto one
of the two sets of 512 pixels which compose the dual diode array (Princeton
Instruments DDA-512).
The pump beam is manipulated by means of several mirrors to match
the distance traveled by the probe pulses when the delay line is positioned
c 1osest to the sample. This case is referred to as zero-time, where both probe
axad pump pulses arrive at the sample simultaneously. The pump beam is
feocused onto the sample by a 1 in {f/10 lens (LS) such that it spatially
o werlaps with the bottom probe beam within the sample cell in a nearly-
< © 1linear manner (angle of incidence ~ 13°). Temporal overlap of the pump
amd probe pulses leads to transient signals, absorption or bleaching, arising
£xom the photogenerated species or from the disappearance of molecules in
thaeir initial state, respectively. Whereas signal is observed when the pump
PP lses are positioned to arrive at the sample before those of the probe, no
S 1 g nal is present when the probe pulses precede those of the pump.
The optical density, OD, or absorbance at a given wavelength is a

T myction of the transmitted light given by3S
OD = - log(I/I,) )

">V Iaere 1 is the intensity of light through the sample and I is the reference
intensity when no sample is present. In a transient absorption experiment
O me measures the difference in absorbance (AOD) of the sample in the
BP>xesence and absence of the excitation pulse; thus I and I, represent the
BPrxobe light intensity passing through the two separate sample volumes with
(bottom) and with. ut (top) the pump, respectively. However, the cube
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beamsplitter (BS2) is not exactly 50/50 (reflectance/transmittance), and
therefore inherent differences in the light intensities passing through the two
sample volumes are corrected by multiplication of I/I, in eq 2 by the ratio of
the light intensities collected when no pump radiation is allowed to reach the
sample, (I/I,). Each light intensity measurement is corrected by subtracting
the dark background of each diode array (B, and By,) collected with no light
present. Therefore six measurements are necessary to correctly calculate
A QD at a given time delay and spectral window, collected with the same
xmxwamber of array scans and exposure time (typically 400 scans, 0.33 sec).
X Te corrected AOD can be expressed by

(I-By I,-B) 3)
(Io - Bt) (Ib’ Bb)

AOD =-log {

"X he AOD calculation is performed by a computer program at several
BP>ump/probe time delays, achieved by moving the delay line mirrors a
S« lected number of steps, which determine the time the probe is delayed with
X & spect to the static pump (0.067 ps/step). In this manner the rise and decay
< £ transients can be mapped in time at a given spectral window. Each
% iindow covers approximately 130 nm, and the same procedure can then be
T llowed to collect the time dcpendence of the absorbance at a different
= pectral window by moving the monochromator grating. Each spectral
S indow was calibrated by allowing the atomic emission of Zn and Hg
T ollow cathode lamps to pass through the fiber optics and reach the detector.
XThe positions of peaks from the hollow cathode lamps were experimentally
A etermined using a scanning emission spectrometer equipped with a 1200
Ex/mm grating ¥’
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The general alignment and experimental procedures utilized during
the setup and data acquisition in a typical picosecond transient absorption
experiment will be described assuming that 575 — 620 nm, 100 — 300 mJ

(FWHM ~ 5 ps) pulses are obtained after PDA alignment. The beam exiting
the PDA should have the best possible spatial profile to provide best
continuum generation, although output energy may have to sacrificed for
beam quality. The spherical beam should not be larger than 4 mm in
i ameter after collimation by the telescope (T). The position of the beam
e >citing the PDA can be manipulated with the last two optics in the PDA (a
> Olarizing beam splitter and a mirror), and should in this manner be aligned
w ith several irises that have been setup before and after the delay line, as
“well as near the sample. The delay line should be positioned such that the
©>eam travels the shortest distance, and then it should be moved to the
T uarthest point from the PDA while monitoring the position of the laser beam
<At the irises. If the initial alignment was satisfactory, the beam shoud only
Tmove slightly, which can again be corrected with the PDA optics. While
XTI oving the delay line back to its original position the position of beam on
Tk ¢ irises should again be monitored, such that it remains aligned throughout
ke procedure. It is important for the beam to be collimated by the telescope,
1 nce only a collimated beam will focus properly to generate continuum in
©Chae ZnCl, cell (C). At this point there should be a visible amount of
T ontinuum exiting the ZnCl, cell, which should be easily seen at the sample
|Qufter filtering the pump with either the low or high bandpass dielectric filters
<iscussed above. The lenses, L3, should focus the continuum at the sample;
Once aligned it is not necessary to adjust them daily. Similarly the two
Lenses positioned after the sample, which focus the signal tighltly into the
Tiber optics (FO), should not be adjusted on a daily basis. These lenses
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remain in good alignmernt as long as the PDA beam passes through all the
irises. The position of the pump beam at the sample should be adjusted
utilizing the pump mirror, PM, to spatially overlap it with the continuum
beam at the sample. This spatial overlap is approximate, and should be
maximized once the sample is in place and signal is observed.

Once the pump and probe beams are passing through the sample,
zero-time must be found. Although zero-time only drifts slightly on a daily
basis, it is good practice to re-define it before each session. The stimulated
emission of a 102 — 10~3 M methanol solution of DODCI laser dye (3,3"-
deithyloxadicarbocyanine iodide; Kodak) placed in a 1 mm pathlength cell
provides a simple means to obtain a “rough” zero-time (+ 10 ps). The
IDODCI solution should be placed at the sample, S, with the low pass
dielectric filter placed after the continuum generation cell The
mmonochromator grating should be set at a window to the red of the excitation
Csetting 167.5 or 172), and a slit width of 20 um. The white light reaching
the detector from each fiber optic should be monitored when the pump beam
is blocked utilizing the PI software in the free-running mode with, for
example, a 0.33 s exposure time. The signal from either array should not
saturate the detectors, and their profiles should be similar in shape and
intensity. If the signal from one or both diode arrays is too high, then the
mmonochromator slit should be closed until the signal no longer saturates the
detectors. The slit widths suggested herein should be utilized as guidelines

and adjusted as needed as described, since the amount of continuum
Teaching the detectors is likely to vary on a daily basis depending on the
PDA power and beam profile. In cases where one signal is larger than the
Other, the fiber optic mounts should be moved to maximize the signal of the

diode array with low light intensity. At this point the pump beam should be



27

allowed to excite the sample. If the delay line is set at time prior to zero
(negative times), then no change in signal intensities should be observed.
However, at positive times (form 0 — 200 ps) a very large signal increase
will be observed due to stimulated emission from the DODCI solution; the
slits will have to be closed to ~2 um to avoid detector saturation. If this
signal is not present, the delay line should be moved until it is observed (lack
of stimulated emission may also be due of poor pump/probe overlap). Once
the stimulated emission from DODCI is located in time, the delay line
should be slowly moved toward shorter beam travel distances (towards zero)
until the signal disappears. One should move it back to the maximum of the
signal, and this is a “rough” zero-time.

An accurate zero-time can be obtained utilizing any highly absorbent
sample, such as DODCI or a Zn-substituted porphyrin, and should be found
prior to each experimental session. Both compounds have large absorption
cross sections in the blue (420 — 460 nm), thus it is necessary to move the
monochromator grating to a blue spectral window (setting of 110 or 120), to
open the slit to 50 um, and to place the short bandpass dielectric filter after
the ZnCl, cell. The sample should be in place and the intensity of the
continuum at the detectors should be adjusted as described above. When the
pump beam is allowed to excite the sample, a distinct absorption should be
observed at ~ 450 nm in real time. The spatial overlap between pump and
probe can be maximized by adjusting the position of the pump beam with

the pump mirror (PM) while monitoring the largest white light absorption.
The spectra at several delay times about the “rough” zero-time should be
collected at ~2 ps steps. Collection of spectra is performed typically by
adding 400 exposures each of 0.33 s, with and without the pump beam as
described above. A background spectrum should also be collected prior to
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each experimental session, with the same number of scans and exposure time
with both pump and probe beams blocked. Once the transient absorption
spectra are calculated as described above (eq 3), the profiles at each delay
time should be compared. Due to spectral chirp, the blue end of the
continuum reaches the sample before the red, with a time lag comparable to
the pulse width. At zero-time only part of the spectrum, the blue half, is
observed. As one moves towards positive times, 2 ps, the full spectrum is
observed, whereas moving 2 ps toward negative times the signal becomes
zero. This “half spectrum” is characteristic of zero-time and should be
observed daily. This method of obtaining zero-time is convenient in that the
““half spectrum” is observed in both the red and blue windows with any
sample. However, due to the time-lag between red and blue light, the zero-
time determined in the red spectral windows corresponds to S ps in the blue.
Once zero-time is determined, spectra can be collected as described above at

different pump-probe delay times by moving the delay line between spectra.

€. RESULTS AND DISCUSSION
1. Electron Transfer in 1-H and 1-D

The ability of the donor to transfer an electron to the acceptor through
the proton interface is predicated on their propensity to form donor/acceptor
hydrogen-bonded heterodimers. Evidence of this interaction is observed in
the 'H NMR spectrum, where the carboxy resonances broaden and shift
downfield as the acid concentration is increased. This behavior is expected

for faster proton exchange at higher concentration, which is accompanied by
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a greater dimer/monomer ratio.88-°2 The observed carboxy proton shifts
with concentration for both ZnPCOOH and 3,4-dinitrobenzoic acid
(DNBCOOH) are listed in Table II, along with the corresponding full-width
at half-maximum (FWHM). Exemplary NMR spectra of ZnPCOOH,
DNBCOOH, and their mixture at the same total acid concentration are
shown in Figure 4; it is evident from the spectrum of the mixture that the
ZnPCOOH and DNBCOOH acid functionalities are interacting, since only
one carboxy peak is observed. The carboxy proton shifts with their
corresponding FWHM for the mixed solutions are listed in Table III; they
are clearly different from those of each individual component at the same
total acid concentration. Binding constants may be derived from the shift in
the NMR signal when the position of the monomer and dimer resonances are
extracted from the low and high concentration limits, respectively.
However, as is often the case for dimerizations of moderate binding
constants, very high acid concentrations are necessary to reach the limiting
condition.”? Unfortunately the acids utilized in our donor/acceptor pairs are
not sufficiently soluble in low polarity solvents such as CD,Cl, to approach
the high concentration limit, and therefore binding constants cannot be
deduced.

The IR spectra of carboxylic acids typically exhibit resolved monomer
and dimer bands in the CO and OH stretching regions, and the
dimer/monomer relative intensities change with concentration. From this
acid concentration dependence the homo- and heterodimerization binding
Constants can be derived.?3%%4 Table IV lists the vibrational frequencies of
IDNBCOOH and ZnPCOOH in the CO and OH stretching regions. The IR
Spectra of both acids separately and their mixtures are shown in Figure 5 at

three representative concentrations. In all cases, the relative absorbance of
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Table II. Observed 'H NMR Shifts and FWHM of Carboxy Proton
Resonances of CD,Cl, Solutions of DNBCOOH and ZnPCOOH at Selected
Concentrations of the Acid.

DNBCOOH ZnPCOOH
[Acid]/M  8,/ppm FWHM/ppm dops/PPMm  FWHM/ppm
8x1074 1.60 0.37 1.52 0.07
2x1073 2.09 1.0 1.53 0.07
6x1073 3.00 1.6 1.54 0.27

Table III. Observed 'H NMR Shifts and FWHM of Carboxy Proton
Resonances of CD,Cl, Solutions of DNBCOOH/ZnPCOOH at Selected
Concentrations of the Acid Mixture.

DNBCOOH/ZnPCOOH

[DNBCOOH]/M [ZnPCOOH]/M [Acid]/M & /ppm FWHM/ppm
4x10~ 4x10™ 8x107# 1.59 0.17
1x1073 1x1073 2x1073 1.75 0.35
3x1073 3x1073 6x1073 2.26 0.50

Table IV. Monomer and Dimer Vibrational Frequencies of DNBCOOH and
ZnPCOOH in the OH and CO Stretching Regions.

————

Acid v(OH)y/cm™?  v(CO)y/cm! v(CO)p/cm™!

DNBA 3478 1751 1715
ZnPCOOH 3489 1744 1713

———
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Figure 4. 'H NMR spectra of CD,Cl, solutions containing
DNBCOOH and ZnPCOOH where the concentration of each
component is 4 x 10~* M (top), 1 x 10> M (middle), and 3 x 103
M (bottom). The carboxy proton is denoted by (x) in all spectra.
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the CO stretch of the monomer to that of the dimer, Ay/Ap, decreases with
increasing acid concentration; this observation is consistent with an
increased formation of dimer. The dimer band in the OH region was not
observed since it is very broad and lies under the solvent v(CH) bands.

The binding constant for self-association of each acid can be
calculated from the dependence of the monomer absorption on
concentration, as derived by Affsprung®s and others.888% The absorbance of
the monomer, Ay, at v(OH)y or v(CO),, with molar absorptivity €, and
path length b, can be related to the initial acid concentration, [C],, by the

equation

[Cl, _ 1 2

The value of € can be obtained from the intercept of a plot of [C] /Ay vs.
Ay then from the slope the self-association binding constant, K., can be
calculated. Table V lists the values of &y and K for solutions of containing
only DNBCOOH or ZnPCOOH. |

The hetero-association binding constant between DNBCOOH and
ZnPCOOH can be obtained using the equation below derived by Affsprung®s

[ZnPCOOH],
[ZnPCOOH]

~ 2Kpp[ZnPCOOH],, = 1 + K [DNBCOOH],,  (5)

where [ZnPCOOH], represents the initial concentration of ZnPCOOH,
[DNBCOOH]y, and [ZnPCOOH],, are the monomer concentrations of each
acid, Kpp is the ZnPCOOH self-association binding constant, and Ky is the
hetero-association binding constant. The monomer concentrations are

Calculated from the absorbance of the monomer peaks and the € values
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Table V. Calculated Self-Association Binding Constants for DNBCOOH
and ZnPCOOH in CH,Cl, at Room Temperature.

v(CO) region v(OH) region
Acid K/M!' g/Mlem! K/M1'?  g/Mlem? K/M-!
DNB 220+90  1080+90 32060 170+20  210+110
ZoP  1000+600 360+110  2600+900 120460 c

9Data listed in Tables AI — AIll in the Appendix. ®Determined from the
ratio of A\¢/Ap. “Could not be determined due to large measurement error.

obtained from the intercept of eq 4 at each frequency (Table III). In our case
at the maximum of the each monomer v(CO) band there is considerable
absorption from the other acid, and therefore the monomer concentrations

were calculated from the two-equation two-unknown problem:

A7s1 = €761 b [DNBCOOH],, + €45%, b [ZnPCOOH]), ©

A1744 = €743 b [DNBCOOH],, + €477, b [ZnPCOOH],,

A plot of the left side of eq 5 vs [ZnPCOOH],, should yield an intercept of
unity and a slope = K,,. From the absorbance vs concentration data,
analyzed according to eq 5, the linear plot shown in Figure 6 was
Constructed; it has an intercept of 1.09 and a slope (= heteroassociation
binding constant) of 600 + 250 M.

Evidence of electron transfer after heterodimer formation is obtained

from static quenching experiments in which the intensity of the ZnPOOCH



35

14} o o

1.2

[ZnPCOOHL/IZnPCOOH}, — 2KpfZnPCOOH],

1.0 A .
2 3 4 5

[DNBCOOH}y/ x10™*M

(2]
~

Figure 6. Plot of the left side of eq 5 vs [DNBCOOH].

fluorescence and the its emissive lifetime are monitored as a function of
DNBCOOH concentration. Because the electron transfer rate for a
donor/acceptor bound pair is expected to be much faster than the lifetime of
the n* excited state, emission from ZnPCOOH which is bound to an
acceptor will not be observed. Since the donor/acceptor pair does not emit,
its lifetime cannot be monitored, and only the decay of unbound species will
be observed.% Therefore as the quencher concentration is increased the total
emission of the sample decreases, while the fluorescence lifetime remains
constant. Experiments involving static quenching of the ZnPCOOD
emission by DNBCOOD are in agreement with this interpretation, inasmuch

as the fluorescence decay remains constant (Figure 7). If the self-association
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Figure 7. (a) Emission spectra and (b) luminescence decays of CH,Cl,
solutions of ZnPCOOD in the absence (top trace) and presence (bottom
trace) of 10> M DNBCOOD.
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binding constants obtained from IR spectroscopy are employed, analysis of
the emission quenching yields a hetero-association binding constant of 316
M-! for the deuterated acids in dichloromethane and 698 M-! for the
ZnPCOOH/DNBCOOH pair in o-dichlorobenzene.”’

The absorption spectrum of the ZnPCOOCH] was obtained by
collecting a transient absorption spectrum of a CH,Cl, solution of
ZnPCOOCH; (A, = 532 nm, FWHM = 10 ns) in the presence of the electron
acceptor tetracyanoethylene (TCNE) in the nanosecond timescale.”® The
bimolecular electron transfer takes place from the porphyrin’s 3nn* excited
state which has a strong absorption feature at 460 nm (Eyy = 1.7 eV)%8 to
TCNE, whose radical anion spectrum has a characteristic vibronic
progression in the 400 - 500 nm region with a maximum at 435 nm (g =
7100 M-'cm™).% Addition of TCNE results in quenching of the porphyrin’s
Ixn* excited state lifetime, with concomitant growth of the TCNE~ and
ZnPCOOCH] features (Figure 8). The ZnPCOOCH? absorption spectrum
has a maximum at 675 nm with a shoulder at 640 nm, as shown in Figure 8,
in agreement with spectral profiles previously reported for other Zn-
substituted porphyrins.100:101  Attempts to obtain ZnPCOOH* spectra in the
presence of TCNE or methylviologen were unsuccessful; presumably there
was irreversible protonation of the acceptor following the electron transfer,
since charge recombination is slow (us - ms) in these bimolecular systems.
Bulk electrolysis of ZnP lead to demetallation of the porphyrin within
minutes following cation formation. Oxidation with agents such as silver
nitrate yield an absorption spectrum with a maximum at 640 nm,% which is
shifted from that observed in the transient absorption experiments. The

absorption spectra of a number of reduced substituted nitrobenzenes and
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Figure 8. Transient absorption spectrum of a CH,Cl, solution of TCNE
and ZnPCOOCH; collected 1 ps after the laser pulse (10 ns, 532 nm)
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dinitrobenzenes have been reported, and their spectra show absorption
maxima at approximately 300 and 830 nm.”®

The transient absorption spectra of the of CH,Cl, solutions of
ZnPCOOH (Figure 9) and ZnPCOOD (Figure 10), collected 15 ps and 1.5 ns
after excitation with 580 nm amplified pulses, respectively, correspond to
the !n* and 3rre* excited states. These spectra are in excellent agreement
with those obtained for other Zn-substituted porphyrins.31¢193 The 3wn*
absorption exhibits a blue shift of the large positive feature at 455 nm
compared to the !ntr* absorption, possibly due to decreased bleaching in the
Soret region. The singlet spectra, both in the red and blue regions, have an
apparent 10 ps risetime and subsequently decay slowly over hundreds of
picoseconds. The emissive lifetimes of the !n* excited states are 1.4 and
1.5 ns for ZnPCOOH and ZnPCOOD, respectively, measured by time-
correlated single photon counting (see insets in Figures 9 and 10).!%* Figure
11 shows the excited state spectrum of ZnPCOOD in the red, where the nn*
exhibits a peak at 660 nm; while absorption due to the 3rm* state is
significant, yet does not exhibit marked features in the 630 - 750 nm region.

Addition of DNBCOOH to CH,Cl, solutions of ZnPCOOH results in
the growth of a new absorption feature with a maximum at 685 nm, as
shown in Figure 12, which is attributable to the ZnPCOOH®*. The decay
rates at 600 nm, where the 'nn* excited state absorbs, and at 685 nm are
biphasic and concentration independent in the range [ZnPCOOH] = 1.0 to
1.6x 1073 M and [DNBCOOH] = 5.0 to 40x 10~3 M.105 Table VI lists the
decays of 1-H obtained at several donor and acceptor concentrations
followed at 660 and 685 nm. The 20 ps decay is attributed to the
disappearance of the !nn* excited state, quenched by fast electron transfer to
DNBCOOH. Since kg is fast compared to the rate constant for excited state



Table VI. Concentration Dependence of the Charge Separation and Charge
Recombination Rates of 1-H in CH,Cl,.

[Zo0PCOOH] /M [DNBCOOH]/M ke /10051 kog /1010571

1.0x 1073 5.0x1073 3.7 a
1.0x1073 1.4x 1072 4.2 a
1.6x1073 1.4x102 4.8 a
1.6x1073 1.9%x 102 7.7 1.0
1.6x1073 4.0x1072 5.0° 1.0b

4Signal too weak to measure rates. bSignal at these concentrations is the
most reliable and was measured at least ten times.
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Figure 9. Transient absorption spectra of ZnPCOOH collected
15 ps (—) and 1.5 ns (- — -) after the excitation pulse.
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Figure 10. Transient absorption spectra of ZnPCOOD collected
15 ps (—) and 1.5 ns (-—-) after the excitation pulse.
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Figure 11. Transient (a) rise and (b) decay of the 'mm*
excited state of a 10-3 M CH,Cl, solution of ZnPCOOH
in the 625 — 760 nm region.
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Figure 12. Transient absorption spectra at various delay times
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M) and DNBCOOH (4x1072 M) in CH,Cl,.
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decay, it represents the forward electron transfer rate, kcs = 5.0(5)x 101051,
The rate of charge recombination, k¢, is attributed to the longer decay,
which corresponds to a rate constant of 1.0(2) x 1010¢-1, Figure 13 shows
the transient absorption spectra obtained with the deuterated pair, 1-D,
where the electron transfer rates were found to be ks = 3.0(3)x 101%s~! and
kcg = 6.2(3)x10° 571,

Esterification of the donor to the methyl ester, ZnPCOOCH3, and
acceptor to the ethyl ester, DNBCOOEL,!% results only in bimolecular
quenching of the porphyrin’s !nr* excited state. The transient absorption
spectra of ZnPCOOCH; at various delay times in the presence of 5x 102 M
DNBCOOE:t are shown in Figure 14. The singlet peak at 660 nm decays
monotonically with a lifetime of 500 ps. Owing to the short lifetime of the
porphyrin !nt* excited state, quenching by a diffusion controlled electron
transfer (kq = 1.8x 10'°M-1s™!) is inefficient; thus the singlet is only slightly
quenched even with a large concentration of DNBCOOEt. Therefore the
quantum yield for the production of charge separated product is low, and
features due to the porphyrin cation features are not observed.

The ET process in the hydrogen-bonded pre-associated pair (1) shows
a pronounced deuterium isotope effect, ky/kp. The ratio for the rates of
charge separation and recombination are 1.7(3) and 1.6(4), respectively. The
magnitudes are consistent with the 1.7 — 2.0 deuterium isotope effects
measured for the oxidation of a soluble analog of Vitamin E by organochloro
peroxides.!07 In this latter system, the rate determining step has been
proposed to involve the transfer of an electron from substrate to the peroxy
radical via a hydrogen bonding network formed by the incipient

hydroperoxide and solvent.
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2. Electron Transfer in Systems 2 and 3

Preliminary studies have been conducted with two other acceptors,
3,5-¢ .nitro-p-toluic acid (DNTCOOH) and 9,10-anthraquinone-2-carboxylic
acid (AQCOOH). The driving forces for forward and back ET are 0.8 V and
1.4 V, respectively, for 3, which are nearly identical to those for system 1 of
Section 1. DNTCCOH is more difficult to reduce than DNBCOOH, thus
mal ng tt2 c¢riving force for the ZnPCOOH excited state ET and subsequent
charge recombinatic1 0.6 V : nd 1.6 V, respectively. Therefore the electron
transfer raies in the .atter system are expected to be slower than those for the
two other acceptors.

When DNTCOOH is added to solutions of ZnPCOOH, a new
absorption feature with maximum at 460 nm is observed upon excitation,
which can be attributed to ZnPCOOH®*. The sp:ctral profiles at selected
delay times are shiown in Figure 15, where a slight decrease in intensity is
observed from O to 300 ps (Firure 15a). This initial decay is followed by the
disappearance of the transiert in the 1.0 to 2.5 ns timescale (Figure 1°b).
As is evident from the plot 0. —. .(.AOD4,) vs time snown in Figure 16, the
full decay is triphasic, with a short, 81 ps component, and two longer ones of
1.46 and 2.81 ns. The fast decay is assigned to the disappearance of the
quenched !mm* excited state, which is due only to ZnPCOOH hydrogen
bonded to a DNTCOOH molecule. The 1.46 ns decay is consistent with that
of the unquenched lxx* due to unbound ZnPCOOH, whose nr* excited
state in the absence of quencher is 1.45 ns (see Figure 9). At times longer
than 1 ns the decay of the ZnPCOOH™ occurs over 2.81 ns and is attributed

to charge recombination.
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Figure 15. Transient absorption spectra at selected delay following the pump
pulse of CH,Cl, solutions of [ZnPCOOH] = 10> M and [DNTCOOH] = 107
M showing the decays (a) prior to and (b) after 300 ps.
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Figure 16. Plot of -In(AOD) vs time showing the triphasic decay
of the ZnPCOOH/DNTCOOH pair.
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The contribution of ZnPCOOH?* to the transient spectrum can be
enhanced by subtraction of the signal from the !7t* excited state of unbound
ZnPCOOH. This signal should in principle decay with the same lifetime as
that in the absence of acceptor, since in conjunction with the short lifetime of
the porphyrin’s 'nn* excited state (1.45 ns), bimolecular quenching is not
expected to play a prominent role in our concentration range (ZnPCOOH
~10-3 M; DNTCOOH ~1072 M). This allows subtraction of a certain
fraction of the ZnPCOOH spectrum at each corresponding delay time.
However, determination of the correct fraction to be subtracted is difficult;
therefore these subtracted spectra have been utilized only to aid in the
assignment of the transients in a qualitative manner. Once all the spectral
contributions of the nn* of bound ZnPCOOH molecules, which was
quenched by electron transfer, have decayed, the only nn* excited state
signal should be from unbound ZnPCOOH. Thus at 800 ps, for example,
one can begin subtracting fractional components of the ZnPCOOH !nr*
spectrum until the region where only the singlet absorbs (420 — 440 nm)
becomes zero. In our case this occurs when half of the ZnPCOOH spectra
shown in Figure 9 is subtracted from those presented in Figure 15; the
resulting spectra are shown in Figure 17. If one now subtracts this amount
of the ZnPCOOH !nn* excited state spectrum from those obtained in the
presence of acceptor at short times (0 to 100 ps), the decay of the singlet in
the 420 — 440 nm region is observed. Owing to the slower time scale for
charge recombination, the signal from ZnPCOOH®* at 460 nm remains of
constant intensity over short times, after which it decays dramatically over
2.5 ns.. This observation is in agreement with the assignment of the short

decay to the disappearance of the quenched ZnPCOOH !nre* excited state.
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Figure 17. Transient absorption spectra at selected delay following the pump
pulse of CH,Cl, solutions of [ZnPCOOH] = 10> M and [DNTCOOH] = 107
M after subtraction of 'mr* signal.
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The spectral profiles obtained by the subtraction of a fraction of the
ZnPCOOH spectrum (0.7) from those obtained in the presence of AQCOOH
are shown in Figure 18 (system 3—H). The multiplication constant is larger
in this case because the acceptor concentration was smaller due to solubility
problems; thus more unbound ZnPCOOH is expected to be present in
solution. For this reason a concentration dependence was not followed and
the exact concentration of quencher is unknown, although is likely to be in
the 1073 to 10~2 M range. However, qualitatively two distinct absorption
features are observed, one at 460 nm due to the ZnPCOOH™* and the other
with maximum at 490 nm, which is typical of reduced quinones.!%® The
decay profile (-In(AOD,4) vs time) of the unsubtracted spectra at 485 nm is
shown in Figure 19, where two decays of 22 and 465 ps are observed.

No charge transfer was observed in 2-D, even at high concentrations.
Spectra of solutions containing [DNTCOOD] = 5x1072 M, obtained 20 ps
and 2 ns after the pump pulse, show no absorption due to the ZnPCOOD?,
and only the 'nn* and 3rn* spectral profiles are evident from these data
(Figure 20). This observation is puzzling, since it implies that either the
donor and acceptor are not binding or that the binding constants are faster or
comparable to the forward ET rate. If one assumes the previously
determined deuterium isotope effect of 1.7 and utilizes kg = 1.2x1010 57!
for the protiated pair, then in the deuterated system k- would be expected to
be 7x10° s~1. If the rate constant for the dissociation of the donor/acceptor
pair is of the order of 10! s~IM-!, then charge separation would be impeded.
Alternatively, the system may have a small enough binding constant such
that the number of donor/acceptor pairs in solution is not sufficiently high to
be detected by transient absorption. To this end, the binding constant must

be determined by IR spectroscopy and the static quenching experiment
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Figure 18. Transient absorption spectra at collected at selected delay
times after the pump pulse of CH,Cl, solutions containing ZnPCOOH
and AQCOOH, after subtraction of 'rtr* signal.
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Figure 19. Plot of -In(AOD) vs time showing the biphasic decay
of the ZnPCOOH/AQCOOH pair.
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Figure 20. Transient absorption spectra of a CH,Cl, solution containing
[ZnPCOOD] = 10> M and [DNTCOOH] = 1072 M collected 20 ps (—)
and 2 ns (- — —) after the excitation pulse.
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should be performed on this system to begin addressing the questions posed
by these preliminary results.

3. Comparison of the Three Protiated Systems

Three different protiated acceptors were utilized to form donor/
acceptor pairs of type n—-H (n = 1 — 3), The rates of charge separation, kcg,
and charge recombination, kcg, measured for the three systems are listed in
Table VII, along with their respective driving forces. Systems 1 and 2 have
similar forward and back driving forces; accordingly their forward ET rates
are equal. However, the charge recombination rate of 2 is a factor of 4.6
slower than that of 1. It is not yet clear why these rates are so different.

Although the driving forces for 1 — 3 are only approximate (Table
VII), speculations stemming from their approximate values can be made.

From classical transition state theory the electron transfer rate can be

Table VII. Comparison of charge separation and recombination ET rates
for the three acceptors with ZnPCOOH with their respective driving forces.

Acceptor -AGcg (€V)®  kes(s!) —-AGer (€V)?  ker(s™h)

DNBCOOH 0.7 5.0x1010 1.4 1.0x 1010
AQCOOH 0.7 5.0x1010 1.4 2.1x10°
DNTCOOH 0.5 1.2x 1010 1.6 3.6x 108

%The values of AG were calculated from the reduction potentials listed in
Table I.
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expressed as'®

{ -(AG + ).)2}

ky = AlV, exp(-B(d—d,)I’ ex vy

(7)
where A is a pre-exponential factor, d and d, the edge-to-edge distance
between donor and acceptor and the closest distance, respectively, B is the
damping factor which determines the decay of the electronic coupling with
distance, AG is the driving force, A the reorganization energy (assumed to be
1 V), kg is Boltzmann's constant, and T is the temperature (298 K). From to
eq 7, the charge separation in 3—H should be approximately four times
slower than those in 1-H and 2-H, whereas the charge recombination is
expected to be attenuated by a factor of ~6. The value of kcg is in
agreement with this prediction. This relation for the charge recombination
rate of 3—H is in agreement with that for 2- H, where a six-fold attenuation
on the 2.15x 10° 57! value for kcg is 3.58x 108 571, in excellent agreement
with the value obtained experimentally. These values, however are not in
agreement with the charge recombination rate measured for 1-H.

One possibility is proton abstraction in the reduced DNTCOOH. It
has been shown that nitrobenze.es reduced by one electron readily abstract
protons from neightoring methyl or methylene groups.!!? In cases where
this abstraction takes place fo.lowing laser excitation, the system returns to
the ground state with a iifetime of ~1 ns.!!!12 From our observed charge
recombination rate, kcg = 3.6x 108 s7!, it is not unreasonable to postulate
that proton abstraction governs the back electron transfer rate. However,
this explanation does not address the slow charge recombination rate
observed in 2-H, where AQCOOH is the acceptor.
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Comparison of the ET rates through hydrogen bonds with those
reported for porphyrin/quinone systems at similar donor/acceptor separation
reveals that the proton interface attenuates the rate by approximately one
order of magnitude.!’® These results are in agreemen: with recent
calculations, which predict that the electronic coupling through one
hydrogen bond corresponds to three covalently-bonded atoms. !4

Our data show that although electron transfer is not as efficient as
through covalent bonds, hydrogen bonded pathways for ET may play
prominent roles where covalently-bound alternatives are very long or absent.
Utilizing eq 7 for the ET rates in 1-H and in Wasielewski's systems,!13
where through-bond B = 0.84 and A is constant in both cases,!!* one obtains
a value of B = 1.0 — 1.2 for the ET through our hydrogen-bonded interface.
This value of the damping factor is not unreasonable, since in proteins,

where hydrogen bonds and are prominent, B ranges from 1 to 2.!2115
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CHAPTERII

TRANSIENT ABSORPTION SPECTROSCOPY OF Mo AND W
QUADRUPLY-BONDED DIMERS

A. BACKGROUND

Multielectron transformations are at the essence of energy conversion
and storage schemes. Their importance in biology is manifested in the
catalytic reduction of oxygen in respiration and the oxidation of water in
photosynthesis.!"!3 A crucial issue in the mechanism of multielectron
reactions has been the determination of whether they proceed via two
consecutive one-electron transfers or one concerted two-electron step. 1417
Although many reactions were believed to proceed in a concerted manner, as
the detection timescales became faster they were shown to be composed of
two one-electron steps.!417 Early kinetic methods included techniques such
as stopped-flow and temperature-jump, which permit measurement of events
in the 10~ s and 1079 s regimes, respectively. However, in systems where
photons initiate the two-electron reactions, dynamic measurements can be
conducted following excitation of the sample by a light pulse of short
duration (1078 to 10712 5). The excited states, or intermediates, prepared in

this manner should provide an insight into the requirements necessary to

69
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effect photoinduced two-electron transformations. Following the excitation
pulse their physical properties, including their electronic absorption
spectrum, can be probed in the absence of substrate.

Quadruply-bonded of molybdenum complexes, containing a MoTMol!
core and four bidentate bridging ligands, are known to undergo two-electron
photochemsitry to yield an oxidized Mo™Mo!! product.'®2° However, these
reactions were shown to proceed via radical mechanisms, rather than a
concerted two-electron reaction. It was postulated that the rigid bridging
ligands about the metal core precluded addition of the substrate to one of the
metals, thus leading to the formation of radicals. To remove this constraint,
complexes of the type M2C14(PHP)2 and M,Cl4(PR;)4 (M = Mo, W; PP =
bidentate phosphines; PR; = trialkyl phosphines) were utilized, which
contain flexible halides. The two types of complexes have different

symmetries, Do, and D, as illustrated below,

] e |

A2 10 a0
g4 R O

P P a M3
Dy, Dyy

The M,Cl4(PR3)4 complexes have an eclipsed conformation about metal core
to preserve the metal-metal & bond; however, due to steric effects, each
phosphine is eclipsed with a chloride on the adjacent metal, rather than
another PR group.

These complexes have been shown to undergo photoinduced two-

electron oxidative addition in the presence of methyl iodide (Mel), and
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unlike the reactivity observed with the rigid ligands, one electron
intermediates outside the solvent cage were not produced.??# The observed
reaction of Mo,Cly(dppm), (dppm = bis(diphenylphosphino)methane) with

Mel is shown in eq 8,

Ph, _OH Ph : Ph, _CH Ph
P~ Z\PAPh PR\ 2\P1.Fh

c(“} e : A :ﬁ;as om) _ g T:‘_G«: <M ®
? Q
gurd P\O-IZ/PVP? jicd P\o-lz/ TS

which yields an edge-sharing bioctahedral structure with the addition of both
Me and I to the same metal center.2? This feature and the absence of ethane
are indicative of the lack of radicals outside the solvent cage. Similar
products have been observed in the thermal two-electron addition reactions
of quadruply-bonded complexes, which yield products containing bridging
ligands, oftentimes halides. A rearrangement of the ligation sphere about the
MM core in the transition from reactants to products is therefore
expected.?

The different reactivity between the flexible and rigid complexes is
intriguing since their excited states are similar in nature. A general MO
diagram for MAM complexes is shown in Figure 21, where two ML,
fragments are brought together to create the metal-metal bonds. The d,;
orbitals form the metal-metal ¢ bond, while d,, and d,, orbitals give rise to
two metal-metal Tt bonds. The fourth bond is & in nature, and is formed by
the weak interaction of the d,y orbitals on each metal. For two d* metals, as
is the case with Mo!! and W!!, the highest occupied molecular orbital

(HOMO) is the d orbital, while the lowest unoccupied molecular orbital
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Figure 21. Molecular orbital diagram derived by uniting two d* ML,
fragments to form the bimetallic M,Lg quadruply-bonded complex.
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(LUMO) is formed from the corresponding antibonding interaction, &*.
Many spectroscopic studies have been conducted with these molecules and it
is well-established that the lowest electronic transition is the dipole allowed
82 — 188*, as evidenced from inspection of the general MO diagram.26-?
Owing to the small overlap of the d,, orbitals valence bond theory provides
a better description of the transitions involving the & and &* molecular
orbitals, as show in Figure 22. In the ground 'A,g state each electron is
localized on the d,, orbital of each metal, whereas in the first allowed
excited state, !A,,, both electrons reside on the same metal center. In this
model the triplet excited state lies just above the ground state rather than
-2ar the excited singlet, since electron pairing is necessary in the transition
to the 1A,, state.

The spectroscopic properties of the D,, and D,y complexes must be
understood before transient absorption studies are undertaken. The
correlation diagram for the D,, and D,4 geometries is shown in Figure 23,
where the effect of a C4 ro:ation of one ML,X, fragment about the M—-M
axis on the relative position of the molecular orbitals is followed through the
staggered conformation, D,.? The most significant difference between the
two MO diagrams is the degeneracy of the ® and m* orbitals in the D,y
complex, whereas in the D,, case the degenerac is 'ifted. Representative
ground state electronic absorption spectra for Mo and W homonuclear
dimers are shown in Figure 24 (D,, geometry) and Figure 25 (Do
geometry). The visible transitions in the tungsten complex are red-shifted
from those in the molybdenum analog, consistent with their metal-localized
origins. The 88* transitions in Mo,Cl,(dppm), and W,Cl,(dppm), appear at
634 and 710 nm, respectively, and the high energy absorption in the 350 -

400 nm region have been assigned as ® — &* in nature.?® The complete
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Figure 22. Valence bond description of the electronic states formed
by the d,, orbitals, as well as the corresponding MO formalism
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assignment of the D3 complexes in the visible and ultraviolet regions has
been conducted for M,X4(PMe;3); (M = Mo, W; X = Cl, Br, I; PMe; =
trimethylphosphine). In Mo,Cly(PMe;)s and W,Cly(PMej), the O o*
transitions reach their respective maxima at 584 and 655 nm. The small
band at 440 nm in the Mo complex has been assigned to be T — &*, and the
strong absorption at 330 nm has been correlated with a c(MP) — &*
transition.?® A similar assignment has been provided for the tungsten analog
for the absorptions at 490 (x — &*) and 296 nm (c(MP) — &*), where the
metal-localized transitions red-shift with respect to those in the molybdenum
complex with the concomitant blue-shift of the ligand-to-metal charge
transfer (LMCT) band.28

The metal-localized transitions lead to the movement of some electron
density from one metal to the other, and can therefore be represented
formally by

hv
——

"MiMn IMiM“I (9)

The 185* excited state posseses a dipole moment of 4.0 D with respect to the
non-polar ground state, suggesting a transfer of 0.4 electrons from one metal
to the other.3? The two-electron photochemical reactions are believed to
stem from the MMCT mixed valence states, where the oxidative addition
takes place at the low-valent center to yield the oxidized "M—M!!
product. Transient absorption studies have been undertaken to distinguish
the excited state properties which permit the two-electron reactivity of the
flexible complexes, while precluding that of the rigid analogs. Comparative
transient absorption studies of Mo,Cl4(PMes), and Mo,Cl4(PBu;)4 (PBu; =
tnibutylphosphine) have shown that the former decays monoexponentially to

the ground state with the lifetime corresponding to that of the '85* emission,
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whereas the !53* state of the latter decays to a long-lived, non-emissive
transient.3! Several possible explanations have been provided for the nature
of this long-lived transient, such as population of the low-lying 335* or some
other state that does not couple effectively with the ground state.3! A more
plausible alternative is a conformational distortion, which can be
accomplished by a ligation core rearrangement. Similar differences have
been observed for complexes of the type M02Cl4(l7P)2; when the bridging
ligands, PP, are dimethylphosphines the excited state decay takes place
directly from the !88* excited state, whereas when PP= diphenylphosphines
the long-lived non-emissive intermediate is observed.3! The difference in
excited state properties between these complexes has been correlated to the
differences in their cone angles.3? Recently, it has also been observed that
two-electron oxidative-addition proceeds only with those complexes which
exhibit the long-lived, non-emissive transient.2? In this Chapter the results
of transient absorption spectroscopy of the M2Cl4(F P), and M,;Cl4(PRj),
bimetallic complexes (D,, and D,4 symmetries, respectively) will be
presented, and correlations between structure and reactivity will be made.
These studies have elucidated some of the properties required to effect two-

electron photochemistry.

B. EXPERIMENTAL METHODS

The complexes were synthesized by Dr. Partigianoni; the synthesis
and sample preparation procedures have been previously described.?! The

transient absorption spectroscopy was either conducted on the picosecond
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timescale with the instrument described in Chapter I.B or with nanosecond
resolution. The nanosecond transient absorption measurements were made
with the pulse-probe technique. The excitation source was a Quanta Ray
DCR1 Nd:YAG laser whose fundamental frequency was doubled or tripled
with a Quanta Ray HG-1 harmonic generator and the emanating beams
separated with a Quanta Ray PHS-1 prism harmonic separator. For
experiments where the excitation was 683 nm, the second harmonic of a
Quanta Ray DCR2-A, prepared by the Quanta Ray HG-2 and separated from
the fundamental by an ESCO dichroic mirror, was sent through a 1 m long
Raman shifter filled to 60 psi with H, to obtain the first Stokes line.

The laser excitation beam intercepted a white light probe beam
generated from a 150-W pulsed OSRAM Xe arc lamp (XBO150/S) mounted
in a Photon Technology International (PTI) A1000 lamp housing and driven
with a PTI LPS1000 power supply. The probe beam was collimated and
refocused onto the sample (0.2 cm path length) by two 2 in, f/7.0 fused silica
lenses. The excitation and probe beams were nearly collinear, with an
incidence angle of 11°. The lamp was pulsed (5 Hz repetition rate) to ~12 A
for a duration of 5 ms, and the white light was passed through a Uniblitz
23X mechanical shutter. The triggering of the Nd:YAG laser, pulsing of the
lamp, and opening and closing of the shutter were orchestrated by
synchronization electronics designed and built by Martin Rabb, Electronics
Design Engineer, Chemistry Department, Michigan State University. The
light transmitted by the sample was collimated by an f/7.0 lens and focused
by a second lens (f/4.0) through an appropriate Schott cutoff filter (KV- or
WGe-series) onto the entrance slit of a SPEX 1680A monochromator. The
signal obtained from a Hamamatsu R928 photomultiplier tube was amplified
using a LeCroy 6103 dual amplifier/trigger. The amplifier output was
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passed into a LeCroy TR8828D transient recorder, and the digitized signal
was stored in two MM8104 memory modules arranged in a series
configuration. The amplifier, digitizer, memory modules, and a LeCroy
6010 GPIB interface were housed in a LeCroy 8013A minicrate. Data,
acquired and processed by a Compaq 386 computer equipped with a 40
megabyte hard disk, were typically averaged over 1000 pulses. A Tektronix
DSAG602A digitizing oscilloscope with a Tektronix 11A72 amplifier was
also utilized to average the signal from the photomultiplier tube.

C. RESULTS AND DISCUSSION
1. D,, Complexes: M2Cl4(FP)2

Excitation of Mo,Cl,(dppm),, Mo,Cl;(dmpm), Mo,Cl,(dppe),, and
Mo,Cl4(dmpe), (dmpm = bis(dimethylphosphino)methane; dppe = bis-
(diphenylphosphino)ethane; dmpe = bis(dimethylphosphino)ethane) with
wavelengths coincident with the 83* transition leads to the production of
short-lived transients (40 ps - 2.4 ns). As reported by Dr. I-J. Chang, all
complexes exhibit transients corresponding to the 8d* excited state with
lifetimes of 40 - 100 ps, although the complexes containing dppm and dppe
ligands were observed to decay biexponentially, with lifetimes of the longer
component of ~2ns.32 The origin of the second transient was unknown.

The transient absorption profiles of Mo,Cly(dmpm), at several times
following 3 ps excitation (600 nm) are shown in Figure 26. The prominent
feature at 460 nm is typical of 83* excited states; its intensity decays

monoexponentially to the ground state with a lifetime of 40 ps, The lifetime
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Figure 26. Transient absorption spectra of Mo,Cl,(dmpm), in CH,Cl,
collected 2, 20, and 50 ps following the 600 nm, 3 ps excitation pulse. The

decay of the bleaching at 630 nm is shown in the inset.
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of this decay parallels that for the ground state bleaching at 630 nm,
corresponding to the §3* transition (Figure 26, inset). In these complexes
long-lived transients are not observed upon 8&* excitation. The lack of
photochemical activity of these complexes in the presence of substrates upon
88* excitation is in agreement with this observation.?

A long-lived transient is observed when benzene solutions of
Mo,Cl(dmpm), are excited at a higher energy (Aexc = 355 nm) than the 36*
transition. This long-lived transient decays back to the ground state with a
lifetime of 5 pus. The spectrum obtained 1 ps afier the 10 ns pump pulse
(Figure 27a) exhibits an absorption feature with a maximum at 520 nm.
Because of an emissive impurity in the ligand, the spectrum could not be
collected in the wavelength region below 450 nm.

Owing to the strong l:gand emission from dppm (A, = 460 nm, T ~ 2
ns) similar transient spectroscopy experiments of Mo,Cl (dppm), with high
energy excitation (A¢y = 355 nm) could not be conducted. However, in the
tungsten analog, W,Cl,;(dppm),, the electronic absorption spectrum is red-
shifted, thus allowing excitation at energies higher than 8d* without
populating the emissive state of the ligand. The transient absorption spectra
of W,Cl4(dppm), in benzene, collected 100 ns and 4 ps after the laser pulse,
are shown in Figure 28a. The initial spectrum shows an intense absorption
into the ultraviolet (A < 430 nm) and a peak with a maximum at 480 nm.
However, the decay of the intensity with time is not monotonic. The decay
of the transient at 440 nm is shown in the inset of Figure 28a, where there is
a depopulation of he initially prepared state followed by a rise in intensity
with subsequent decay to the ground state over 100 us. The long-lived
transients are not observed for 83* excitation of W,Cl,(dppm); (Aexe = 683

nm).
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Figure 27. (a) Transient absorption spectrum of Mo,Cl,(dmpm), in CH,Cl,
recorded 1 ps after 355 nm, 10 ns excitation and (b) electronic absorption

spectrum of independently-prepared Mo,Cl¢(dppm)s,.
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Figure 28. (a) Transient absorption spectra of W,Cl,(dppm), in benzene
recorded 100 ns and 4 us after 532 nm, 10 ns excitation. (b) Absorption
spectra of W,CI((PEt;3)4 (- —-) and W,Clg(dppm), ( ) in toluene and
CH,Cl,, respectively.
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The transient absorption spectra are similar to the electronic
absorption spectra of Mo™Mo'™ edge-sharing biochtahedra, 4. The structure
of these complexes is dictated by the two bridging chlorides, which are
shared by the two octahedral metal centers to form an edge-sharing
bioctahedron as shown below,

PP
I/Ckl c|
o]~

P P
—

4

M=

Two of these complexes, Mo,Cls(dppm), and W,Clg(dppm),, have been
independently prepared by Dr. Partigianoni in our laboratory and their
electronic absorption spectra are shown in Figures 27b and 28b.2! The
spectrum of Mo,Clg(dppm), exhibits a peaks at 390 and 500 nm in the
visible region whereas the absorptions are blue-shifted in the tungsten
analog, with maxima at 468 and 387 nm.22 The absorption maxima of
several Mo and W edge-sharing bioctahedral complexes are listed in Table
VIII. The spectral profiles of the electronically excited Mo and W
quadruply-bonded complexes are similar to those of their corresponding
edge-sharing bioctahedral complexes, although the electron count of the
chemically distorted transients (MM = d°d3) is different than that of the
M,Cl(P P), complexes (MMM =  d3d3). Such similarities may be
accounted for by the prediction of a small gap in the HOMO-LUMO
manifold.23840 Inasmuch as the lowest energy transitions would be

predicted to lie in the near-ir, higher energy visible absorptions for these
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Table VIII. Ground State Electronic Absorption Maxima of Several
Edge-Sharing Bioctahedral Complexes in the Visible Region.

Complex Agps / DM Reference
Mo,Clg(dppm); 530 33
Mo,Cl,(dppm),Br, 540 33
Mo,Cl4(dppm),], 580 33
Mo,Clg(dppe), 507 34
Mo,Cls(dppm),(SPh) 540 35
W,Cly(dppm), ], 500 21
W,Cl4(dppm),(u—SPh), 504 36
W,Cly(dppm),(u—Cl)(u—SPh) 435 36

W,Cl(dppm),(+-Cl)(—H) 464 37
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systems may have similar transitions that are not of HOMO-LUMO
parentage. Notwithstanding, the similarities between W2C14(FP)2 transients
and edge-sharing bioctahedral complexes are striking and have led us to
suggest that the chemically distorted intermediate responsible for the long-
lived non-luminescent transient spectra of M2X4(ITP)2 species is an edge-
sharing bioctahedron.

The manner in which such a geometry may be attained in the excited
state is by a foldover of the two axial chlorides on the reduced metal to
bridging positions (Figure 29). As discussed above, however, excitation of
the dd* transition is not sufficient to promote the foldover. Higher energy
excitation weakens the © bonding, thus allowing the d,, and d,, orbitals to
bond to bridging chlorides. The proposed foldover mechanism is shown in
Figure 29, where high energy excitation (& — 6*) leads to the formation of
the two-electron mixed-valence excited state. The foldover to edge-sharing
bioctahedral geometry has a two-fold purpose: it stabilizes the charge on
both metals by shifting it from the reduced to the oxidized center, and it
induces the desired octahedral geometry about the high-valent metal. As
shown in Figure 29 this foldover mechanism opens two coordination sites at
the low-valent center, which makes it susceptible to two-electron oxidative
addition. Indeed the photochemical reactivity of these complexes is in
agreement with this mechanism, with reactions proceeding only upon © —

O* excitation and the localization of the two-electron addition on one metal.



89

e \
3d* —
‘T% /\

P
C' "Iuvl-l.l. ..m\\\\Cl ls,,. L
P P

_ o

N

Figure 29. Proposed mechanism for the formation of the long-lived
transient in D,, complexes following high-energy excitation.
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2. D3 Complexes: M,Cl4(PR;)4

The '88* excited state of complexes in the M,Cl4(PR3), (M = Mo, W)
series is for the most part highly emissive, and the luminescence lifetimes
are typically in the 10— 100 ns range. The emissive lifetimes and quantum
yields are listed in Table IX for the Mo,Cl4(PR;)4 series, where PR; = PMe,,
PEt,;, PBu;, PPh,Me, PMe,Ph, and PHPh, (PEt; = triethylphosphine,
PPh,Me = diphenylmethyphosphine, PMe,Ph = dimethylphenylphosphine,
and PHPh, = diphenylphosphine). The transient absorption spectra for
several of the Mo complexes following 8* excitation have been previously
reported. For example, Mo,Cl4(PBu;), exhibits an absorption peak at 440
nm, which is characteristic of 85* spectra3!32 The transient absorption
spectrum of Mo,Cl4;(PHPh,), decays with the unusually short lifetime of 180
ps, has a maximum at 420 nm, as shown in Figure 30, and is consistent with
other 183* spectra.3132 The transition giving rise to the absorption at 440 nm
in the 185* excited state transient spectrum of Mo,X4(PBuy), (X =Cl, Br, I)
has been assigned to be either metal-metal based or metal-to-phosphine
charge transfer, since its energy remains constant along the halide series.32

The transient absorption spectra collected following 88* excitation of
the analogous tungsten series, W,Cl4(PR;3)4, with PR; = PEt;, PBu,,
PPh,Me, are shown in Figures 31-33. In all cases there is weak absorption
throughout the visible region (500 — 400 nm), with intensity increasing
markedly toward the UV, in the 400 — 300 nm region. The transient decays
of the tungsten complexes are comparable to the emissive lifetimes of the
d0* excited state, which are in the 50 to 80 ns range. Unfortunately, with
our present instrumentation, the decay of transients in this time regime

cannot be accurately measured. The transient absorption and luminescence
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Table IX. Lifetimes and Emissive Quantum Yields of the
50* Excited State of Mo,Cl4(PR;)4 Complexes and Non-
Emissive Transient Lifetimes.

PR, Tem / NS¢ Dem” T/ns®
" PMe; 135 0.259 -
PEt, 14 0.013 120
PBu, 21 0.013 120
PPh,Me 11.4 0.011 80
PMe,Ph c c 120
PHPh, 0.18 d -

Ref. 22. PLifetime of long-lived transient; approximate
values due to instrumental constraint (see text). ¢Not
measured. “Emission not observed.



92

0.09 |-
a
(o]
Q
0.06 |- 2
0.03 |-
Q
@]
q
0.00
0.03 |-
-0.06 ! I 1 i 1 'y 1 N
400 ~00 600 700 800
A/nm

Figure 30. Transient absorption spectrum of Mo,Cl4(PHPh;), in CH,Cl,
collected 2 ps after the 6U0 nm, 3 ps excitation. The inset shows the decay

of the absorbance at 420 nm.
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Figure 31. Transient absorption spectrum of W,Cl4(PEt;); in toluene
recorded 70 ns after the 683 nm excitation pulse; the inset shows the spectral
profile in the near UV region.
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Figure 32. Transient absorption spectrum of W,Cl4(PBus3)s in CH,Cl,
recorded 70 ns after the 683 nm excitation pulse; the inset shows the spectral
profile in the near UV region.
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Figure 33. Transient absorption spectrum of W,Cl4(PPh,Me)4 in THF
recorded 70 ns after 683 nm, 10 ns excitation.
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decays of W,Cl4(PMes); and W,Cl4(PBus)4 are shown in Figure 34. It was
therefore concluded from inspection of the decays that the transient
absorption signal is due to the 188* excited state.

In addition to the signal from the !88* excited state, a second long-
lived transient was observed for the molybdenum complexes when PR; =
PEt;, PBu;, PPhhMe, and PMe,Ph (the PMe; and PHPh, complexes only
exhibit a transient due to !85*). In contrast to the bridged D, complexes
discussed above, this long-lived transient is observed upon 33* excitation.
The lifetimes of the long-lived non-emissive transients are listed in Table IX.
The spectral profiles of the long-lived transients formed upon !88* excitation
of Mo,Cl4(PR3), complexes, where PR3 = PBujy, PPh,Me, and PMe,Ph, are
shown in Figure 35, where there the signal exhibits a maximum at ~400 nm.
These spectra are in good agreement with those reported for Mo,Cl4(PBus),
in dichloromethane and acetonitrile, where a peak at 390 nm is observed.3!
Figure 36 compares the decay of Mo,Cl4(PPh,Me), at 400 nm and 440 nm.
At the former wavelength the long-lived transient is at a maximum, whereas
at 440 nm only the !85* absorbs significantly. This difference is apparent
from inspection of decays. At 400 nm both the signal from the '85* excited
state and that from the long-lived transient are present, whereas only the
short-lived !85* signal appears at 440 nm.

The nature of the long-lived transient remains unknown. However,
phosphine dissociation has been ruled out as the origin of the non-
luminescent transient, since the lifetime of the transient does not change
upon addition of excess free phosphine to the solutions probed. No
correlation was found in the comparison of phosphine basicity with the

absence of the long-lived transient.
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Figure 35. Transient absorption spectra recorded 60 ns after 532
nm excitation of (a) Mo,Cl;(PBus),, (b) Mo,Cl;(PMe,Ph),, and (c)
Mo,Cl,(PPh,Me), in CH,Cl,,
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Figure 36. Decays of W,Cl,(PPh,Me), in CH,Cl, followed at
(A) 400 nm and (o) 440 nm after 532 nm, 10 ns excitation.
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There are marked differences in emissive quantum yields and 185*
lifetimes among the molybdenum complexes, Mo,;Cl4(PRj3)4. The
magnitude of these differences is clearly observed in Figure 37, where the
two parameters are plotted. The square point corresponds to
Mo,Cl,(PHPh,),, whose emissive lifetime is two orders of magnitude
shorter than those observed for most complexes. This excited state behavior
is consistent with a faster deactivation pathway, different from that in action
in the other complexes of the series. It may be suggested that the P-H bond,
which has a higher vibrational frequency than the P-C bonds found in all the
other complexes, may be involved in such deactivation. If this deactivation
model is correct, the complex Mo,Cl4(PDPh,),, with the deuterated ligand,
should ex..ibit a longer lifetime than that of its protonated analog. In Figure
37, the open circle corresponds to Mo,Cl,(PMe;),, whose lifetime and
emissive quantum yield are one order of magnitude greater than those of
Mo,Cl4(PEt;)4, M0,Cl4(PBu3),, and Mo,Cly(PPh,Me),. Since the long-lived
transient is not observed in the PMe; complex, the differences in 185*
lifetime and emissive quantum yield suggests that deactivation of the 185*
excited state in the PEt;, PBu;, and PPh,Me complexes takes place through
the state giving rise to the long-lived transient.3! The lifetimes of the
molybdenum PR; = PMe;, PEt;, PBu; complexes converge at 77K, which
indicates that the formation of the long-lived transient from the 185* excited
state is an activated process, consistent with a conformational
rearrangement.3!#! Since the transition to the low-lying 388* is not expected
to be activated, the long-lived transient is not believed stem from the 335*.

It may be postulated that the size of the phosphine ligand, measured
by its cone angle, plays a role in the formation of the non-emissive transient.

In studies utilizing a series of Mo,Cl4(PR;)4 complexes, including only PR,
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Figure 37. Log-log plot of the emission quantum yield vs the 156* lifetime
of complexes in the Mo,Cl4(PR;), series.
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= PMe,, PEt;, PPr;, and PBuj, a correlation between the observation of the
long-lived transient and the phosphine cone angle had been proposed.3! The
long-lived transient was not observed for PMej, which has the smallest cone
angle (118°) compared to the other members of the series (~132°).42 The
cone angles of the phosphines utilized in our extended series, which includes
PMe,Ph. PPh,Me, and PHPh,, are listed in Table X. The correlation of cone
angle with observation of the long-lived transient is obscured by PHPh,,
since its value lies between that of PMe,Ph and those for PEt; and PBu;.
However, as discussed above, the formation of the long-lived transient may
not be an issue in the photophysics of Mo,Cl,(PHPh,),, since the 188*

excited state may decay too quickly, by other non-radiative pathways, to

Table X. Cone Angles (¢) of PR; Ligands.

PR, ¢ / degrees*®
PMe;, 118
PMe,Ph 122
PHPh, 128
PEt, 132
PBu, 132
PPh,Me 136

9Ref. 42; average value of the three angles,
therefore PMe,Ph has a large angle (145°) on one
side associated with the phenyl group.
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permit the formation of the long-lived transient. If this is the case, then its
cone angle should not be compared with the others, and the only complex
that does not have a long-lived transient is Mo,Cl4(PMe;),, with the smallest
cone angle.

The ¢ and n bonds are symmetric about the metal-metal bond in D4
symmetry (Figure 23); therefore once the & bond is broken, by placing the
molecule in the 188* excited state, the MCl,(PR;), fragments may rotate
about the central bond. Thus, with small phosphines, such as PMe,, the
fragment can rotate freely, whereas when a larger phosphine is present there
may be steric hindrance to free rotation. However, in the molecules
containing the bulky phosphines, there is significant repulsion between the
PR, ligand and the adjacent Cl, as displayed by the large M—-M-P and M-
M-CI bond angles, typically 105° and 108°, respectively.43*8 To minimize
these steric repulsions in the eclipsed conformation, the molecules may
rotate to attain a staggered (D,) geometry, with subsequent relaxation of the
bond angle to smaller values. Such rearrangement is shown in Equation 10,

where after the initial rotation the phosphines become locked in place.

/ Vi)
rotation =
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Such behavior is not unexpected, since it is well known that Mo,Cl4(PPh;),
cannot be synthesized owing to the large phosphine.22 This observation is

consistent with the postulated lack of steric strain in the Mo,Cl4(PMej),
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complex, and the necessity of the sterically-hindered complexes to
rearrange.

The electronic absorption spectrum of Mo,Cl4(dppe),, which is known
to be somewhat staggered across the Mo-Mo bond (torsional angle of
bidentate phosphine ~27°), is similar to that of long-lived transient.* The
transient absorption spectrum of Mo,Cl4(PBus),, reported by Winkler over a
larger spectral range, has marked similarities with that of the staggered
complex.3! The transient exhibits absorption maxima at 750, 470, and 390
nm, which are similar to those of Mo,Cl,(dppe), at 762, 548, 469, and 345
nm.*> The high energy absorption in Mo,Cl,(dppe), has been assigned to a
- ®—&* transition, whereas in the Mo,Cl4(PR;)4 complexes the same
transition appears at ~440 nm. Therefore it is not unreasonable to correlate
the peak at 345 nm in the staggered complex with that at 390 nm in the
transient. Points in the 500 — 550 nm region were not collected in the
transient spectrum, since the excitation was 532 nm; thus the small peak at
548 nm in Mo,Cl,(dppe), cannot be compared.

The long-lived transient was not observed for any of the complexes
probed from the W,Cl,(PR3), series or in MoWCl,;(PMePh,),. However, the
metal-metal distances in the W, and MoW complexes are 0.13 A and 0.08 A
longer than those in the corresponding Mo, series.#348 The longer distance
between metals may indeed provide sufficient space about the metal-metal
core to reduce the steric constraints of the large phosphines. If the
observation of the long lived transient is indeed dictated by the steric
repulsions of the phosphines, then it would be expected that in the
complexes with the longer metal-metal bonds the non-emissive transient

may not be observed.
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D. CONCLUDING REMARKS

Upon 8d* excitation, the D,, complexes exhibit transient features due
only to the !88* excited state. In contrast, the D,y complexes exhibit a
longer-lived transient in addition to the '85* when excited with low-energy
wavelengths, coincident with the §6* absorption. This long-lived transient
in the D,4 complexes is believed to stem from a conformational
rearrangement involving rotation about the metal-metal bond to minimize
steric repulsions of bulky phosphines. Such rearrangement cannot occur in
the bridged D,, complexes, in agreement with the absence of long-lived
transients in these complexes upon 83* excitation. The D,, complexes,
however, exhibit a long-lived transient when excited with higher-energy
photons, coincident with their td* transition. These non-emissive transients
have been assigned to a conformationally distorted species, where the
foldover of two chlorides to bridging positions form an edge-sharing
bioctahedron.
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CHAPTERIII

THE DRIVING FORCE DEPENDENCE OF BIMOLECULAR PROTEIN
ELECTRON TRANSFER: *Ru(L)%'/CYTOCHROME ¢ SYSTEM

A. BACKGROUND

Measurements of electron transfer rates in the Marcus inverted region’
have been limited to systems where the donor/acceptor distance is fixed,
such as those which are covalently-bound,? in frozen media,’ in electrostatic
complexes of proteins,*3 or in covalently-modified proteins.® Only recently
has inverted region electron transfer been observed for bimolecular reactions
between an Ir, complex and a series of pyridinium acceptors.® It is now
possible to design series of donors and acceptors of varying driving forces
for which electron transfer kinetics in the bimolecular inverted region can be
readily observed. The necessary conditions include an electron transfer rate
sufficiently small compared to the rate of diffusion and a moderate
reorganization energy to allow easy access of the inverted region. From the
known electron transfer properties of cytochrome ¢, we have designed a
series excited state ET reactions with Ru diimine complexes in which the
inverted region is observed. The bimolecular cytochrome ¢ ET with small

molecules is characterized by a reorganization energy of 0.8 — 1.0 V which
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allows access of the inverted region, and the quenching of Ru(phenﬁ" by the
protein is of the order of 108 M~!s~!, wich is similar to the estimated rate of
diffusion.

Described in this Chapter are the photoinduced bimolecular ET rates
between Ru diimine complexes in their metal-to-ligand charge transfer
(MLCT) excited state and cytochrome c in its reduced and oxidized states.
For the exemplary complex Ru(phenﬁ" (phen = 1,10-phenanthroline) the
MLCT lies 2.1 eV above the ground state and is both a powerful oxidant
(E** = - 0.87 V vs NHE) and reductant (E*/~ = 0.79 V vs NHE),® whereas
the protein is easily reduced or oxidized depending on its initial redox state
(EFeM = 0.26 V vs NHE).!? Systematic variation of the substituents of the
parent ligand or utilization of mixed-ligand complexes provides a wide
variation of the excited state oxidation and reduction potentials,” which in
turn control the driving force of the *Ru'Y/cyt ¢ ET reaction. A pictorial
representation of the ligands utilized in this study is shown in Figure 38.
Since in all complexes the excited state is MLCT in character, they should
interact in an analogous manner with the protein thus providing a means to
follow the driving force dependence of the ET rates without disturbing other
rate-controlling parameters.

The highly charged residues in cytochrome c induce an overall charge
of +7.5 and +6.5 in the oxidized and reduced forms, respectively.!® The
electron transfer rates between the Ru?* complexes chosen for our driving
force dependence and cytochrome c are purely bimolecular, since binding is
severely impeded by electrostatic repulsion. Nonetheless, the redox-active
center of the protein, the heme, has an exposed edge, which is solvent
accessible and is known to accelerate the ET rates of inorganic complexes

containing hydrophobic ligands such as those in the phenanthroline family.
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Figure 38. Schematic representation of the ligands
utilized in the driving force dependence study of the ET
rate.
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B. EXPERIMENTAL METHODS

Horse heart cytochrome ¢ Type VI was purchased from Sigma and
was purified by standard methods.?? The oxidized protein, dissolved in p =
10 mM, pH = 7.4 phosphate buffer, was loaded onto a CM52 (Whatman)
cation exchange column, and was subsequently eluted with the same buffer
at a higher ionic strength (L = 0.1 M). Ferricytochrome ¢ was reduced by
addition of freshly prepared sodium ascorbate, or was fully oxidized with
potassium ferrocyanide.?> The protein was then eluted from a Sephadex LH-
50 column with p = 0.1 M, pH = 5 ammonium bicarbonate buffer, to allow
separation of the reducing or oxidizing agents. After the eluent was frozen
with a dry ice/acetone bath, the water and buffer were removed under
vacuum (1073 torr). All manipulations of ferrocytochrome ¢ were performed
under N,, and the oxidation state was carefully monitored utilizing the
characteristic absorption features. The reduced heme possesses a sharp band
at 550 nm (e = 27.7 mM-lcm™1),24 whereas in the oxidized state a broad
feature at 530 nm (€ = 10.1 mM-!cm™) is observed.?

The ligands, pyridine (py), bipyridine (bpy), 1,10-phenanthroline
(phen), 4,7-dimethyl-1,10-phenanthroline (diMe-phen), and 4,7-dihydroxy-
1,10-phenanthroline (diOH-phen), and 4,7-di(p-phenylsulfonate)-1,10-
phenanthroline (BPS) were purchased from Aldrich. The ligand 4,7-
dimethoxy-1,10-phenanthroline (diOMe-phen) was synthesized by reported
methods, where 4,7-dichloro-1,10-phenanthroline (prepared from diOH-
phen)?¢ was treated with NaOMe in benzene.2?’” Characterization was
conducted by !H NMR [phen arom.: 8.90 ppm (Area = A = 5.66), 8.22 ppm
(A =6.11), 7.25 ppm (A = 5.80); OCH;: 4.15 ppm (A = 19.6)], melting
point (200 °C), and elemental analysis (found: C = 64.6%, H=4.2 %, N =
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10.7%, O = 8.7%; calc.: C=70.0%,H =5.0%, N=11.7%, O = 13.3%).
The Ru! complexes were prepared by reported techniques.”?® Typically
RuCl; was refluxed in ethanol/water (80/20) with a six equivalents of
ligand, L, to form the red/orange Rull(L* complexes. Ru(bpy),(py)3* was
prepared in a similar manner, where Ru(bpy),Cl, (purchased from Aldrich)
was refluxed with a four-fold molar excess of py ligand in ethanol/water.
After evaporation of the solvent, the product was readily precipitated from
acetone with ether. The Ru complexes were characterized by comparison
with their known electronic absorption and emission spectra, emissive
lifetime, and redox potentials.’

The lifetime quenching measurements were performed with an
instrument that has previously been described in detail.?? The luminescence
decay was monitored at the emission maximum of the Ru complex, typically
in the 600 - 630 nm range, following 532 nm, 8 ns excitation. Stock
solutions (25 or 50 ml) containing 6x 10~ M of each Ru complex were
prepared in p = 0.1 M, pH = 7.4 phosphate buffer. The protein was
dissolved in 200 pl of stock solution and placed in a 1 mm pathlength
cuvette equipped with a stopcock; deoxygenation was attained by bubbling
N, for ~5 min and closing the stopcock prior to the lifetime measurement.
The protein concentration was varied by addition of known volumes of stock
solution with a 250 pl syringe to the initial 200 pl, followed by
ccoxygenation and lifetime measurement. The concentration of cytochrome
¢ was determined prior to each lifetime measurement from the absorbance at
either 530 nm or 550 nm, depending on the protein’s oxidation state, and
was corrected for the absorbance of the Ru complex at each wavelength

(typically 0.05 - 0.07). Ir this manner the concentration of the Ru
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complexes remained constant and at least two orders of magnitude smaller

than the protein concentration, as required to perform our kinetic analysis.

C. THEORY

Marcus predicted that as the driving force of the electron transfer (ET)
reaction increases, the rate will initially increase, reach a maximum, and then
decrease.! From the transition state formulation with parabolic potential

energy surfaces the ET rate is given by!

- v, ex { (AG+7L)2}

ANk T (11)

where v, represents the frequency of crossing the transition state, AG is the
driving force, and A is the reorganization energy. It can be readily observed
from eq 11 that the ET rate will be fastest when —AG = A, as shown in Figure
39. In bimolecular reactions if the ET rate is much faster than the rate of
diffusion, kg;¢r, then the observation of the inverted behavior will be
obscured by the limiting kinetics (Figure 39b).1112 The interaction between
the reactant and product potential energy surfaces in the three regimes
predicted by Marcus, -AG > A, -AG = A, and -AG < A, are depicted in
Figure 40, where the reaction passes through the activationless state between
the normal and inverted regions. The AG range where the rate decreases
with increasing driving forces is referred to as the inverted region, and it is
evident from Figure 39 that as either the ET rates or A become larger,
moving the curve up or to the right, respectively, the inverted region will

move to higher driving forces.
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Figure 39. Driving force dependence of the ET rate
in (a) fixed-di<tance systems and (b) diffusion
controlled reac. as.
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The electron transfer rates presented in this Chapter were measured by
emissive lifetime quenching and determined from plots of the emissive
lifetime as a function of protein concentration, which follow the Stern-

Volmer relation!3

2= 1+ koyT[Cytc] (12)

where T, and T represent the lifetimes of the complex in the absence and
presence of cytochrome c. The observed ET rate, k,, can be extracted from
the slope of plots of 1,/t vs protein concentration. Since the ET reaction in

this case is a bimolecular process, kg, depends on the rate of diffusion, kg;gr,

and the bimolecular ET rate, k,., which are related byl“'15
1 1 1
= + 13
Kobs ~ kair ~ Kact (13

The rate of diffusion can be estimated by!6-18

4rND oo -1
Kaier = 1000 Ir:o dr ge(r) r—2] (14)

where N is the Avogadro’s number, r is the center-to-center separation
between reactants, g.(r) is the radial distribution function, ¢ represents the
distance of closest contact, and D is the sum of the diffusion coefficients of
the reactants, D, + Dg. For reactant A, the diffusion coefficient is given
by'8

kT
67tl'AT]

Dy = (15)
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where kg is Boltzman’s constant, T is the temperature, r, is the reactant’s
radius, and 7 is the viscosity of the solvent. The radial distribution function,
g.(r), represents the forces between the reactants at distance r, and can be

expressed as!#13

ge(r) = exp{ - U(r)/kgT } (16)

where U(r) is the attraction or repulsion energy of the reactants. In cases
where both reactants are charged, electrostatic forces are strongest and
therefore U(r) for two spheres can be expressed as!6

ZIZZCZ
Dgr (1 + Bpury/R)

U@ = (17)
where Z,; and Z, are the charges on each reactant, e is the charge on the
electron, Dg is the static dielectric constant of the solvent, and | the ionic

strength. From the Debye-Huckel formalism, Bpy, is given by!®

8nNe? 1/2
Bon = IOOODSkBT]

(18)

The bimolecular ET rate, k,y, involves the reactants coming
sufficiently close for the ET event to take place, and can be written as the
product K(r)k(r), where K(r) is the equilibrium constant for the reactants to
form a reactive complex at a distance r and k(r) is the ET rate at that

separation. This leads to the expression!#13

Kot = %I:o dr ge(r) k() r? (19)
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where k(r) can be expressed as®>1°

am [ 1 T2 . % eSs¥ {—(XO+AG+whv)2}
ko) = 7, [xok,;r] ve 2, wl_ SXP 4h kT (20)

w=0

where S = A, /hv, A, and A, are the inner vibronic and solvent reorganization
energies, respectively, v is the high energy vibrational frequency associated
with the acceptor, V is the electronic coupling, AG the driving force, and w
the density of vibronic states of the acceptor. This expression is more
elaborate than that derived from transition state theory (eq 11), since it
accounts for ET to excited vibrational states of the acceptor, which becomes
important at high driving forces. The value of the solvent reorganization

energy can be estimated from the two-sphere model!1413

o= @e? [ g1 ] [Dop ;] @b

where rp and rp are the reactants’ radii, and D, is the optical dielectric
constant of the solvent. In cytochrome c the transition between redox states
has been found to involve a 0.2 eV reorganization in the protein matrix,
which can be directly added to the solvent reorganization, A,.2%2! The total
driving force, AG, includes the work required to bring the reactants together,

w;, and that to separate the products, w,!>1413

AG = AG®+w, - W, 22)

where w, and w,, are given by eq 17 and AG® can be calculated from the

electrochemical reduction and oxidation potentials of the acceptor and
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donor, respectively. The electronic coupling, V, contains a distance

dependence term which can be expressed as!%1415:19

V = Voexp[-B/2(d - d,)] (23)

where d, is the contact distance, which is 3 A allowing for electronic
clouds,!? and d is the edge-to-edge distance between donor and acceptor. V°
and B are the electronic coupling matrix element and the damping factor,

respectively.

D. RESULTS AND DISCUSSION

The lifetimes and excited state redox potentials of the series of
positively charged Rul complexes are listed in Table XI. As is evident from
Table XI, the electron withdrawing or donating abilities of the substituents
on the parent ligand, phen, provide a wide range of redox potentials. The
bimolecular ET rates for each complex with ferro- and ferricytochrome c
have been measured by the lifetime quenching method described above and
are listed in Table XII, along with the driving force for each reaction,
Exemplary Stern-Volmer plots (eq 12) for the quenching of the MLCT
excited state of Ru(diMe-phen)§+ by both redox states of the protein are
shown in Figure 41. As expected, the data points follow a linear distribution
and exhibit the proper intercept of 1. Although it is possible that the lifetime
quenching is due in part or fully to energy transfer, transient absorption
studies have shown the distinct spectral profile of the reduced heme. The

transient absorption spectrum of cytochrome c collected in the presence of
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Table XI. Emission Lifetimes and Excited State Redox
Potentials of the Ru! Complexes Utilized in this Study.

Complex T, (us) E'* (V)2 E'-(V)°
Ru(diOMe-phen);*  1.14 -1.20 0.94
Ru(diMe-phen)3* 1.76 ~1.03 0.67
Ru(phen)3* 1.18 ~0.87 0.79
Ru(bpy),(py)3* 1.13 -0.56 1.02

Potentials vs NHE (Ref. 9).

Table XII. Driving Force and Observed Rates for the ET Reactions
Between the MLCT Excited State of Ru! Complexes and Cytochrome c in
the Oxidized (Fe™) and Reduced (Fel) States.

Complex Cyt.c -AG® (V) kopsM1s71)
Ru(diOMe-phen)>* Fell 1.46 2.08x 108
Ru(diMe-phen)>* Fel 1.29 2.10x 108
Ru(phen)3* Fel 1.13 2.65x108
Ru(bpy),(py)3* Fell 0.82 3.45x 108
Ru(bpy),(py)3* Fell 0.76 6.24x 108
Ru(diOMe-phen)3* Fell 0.68 5.68x 108
Ru(phen)* Fell 0.53 4.36x 108

Ru(diMe-phen)3* Fell 0.41 2.84x108
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Figure 41. Stern-Volmer plots of the quenching of 6x107> M solutions of
Ru(diMe-phen)32+ in pH =7, p =0.1 M phosphate buffer by (a) ferrocyto-
chrome c and (b) ferricytochrome ¢, showing the linear fit through the data
points.
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Figure 42. Transient absorption spectrum obtained from a L = 0.1
M, pH = 7.4 phosphate buffer solution of 1x 10-3 M Ru(diMe-
phen)3 and 1x 10~3 M ferri-cytochrome ¢ following 532 nm, 10
ns excitation.

Ru(diMe-phen)%+ following 532 nm excitation is shown in Figure 42. The
signal generated was too weak to determine the decay lifetime, but its
disappearance was in the expected time range, which is in agreement with
electron transfer quenching exclusively.

The semi-log plots of kg, vs AG® are shown in Figure 43 for the two
systems, ‘Rull/Fellcyt ¢ and *Rul/Felllcyt ¢. It is apparent from the data
points that although the rates are near the diffusion limit, there is a

significant contribution from k,, to the rate (eq 13). The observed ET
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Figure 43. Plots of the electron transfer rates of Ru” complexes with (a) Fe'l
cyt. c and (b) Fe" cyt. c, with their respective calculated kops (solid curve), k,,
(dahed curve) rates, and diffusion limits.
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rates lie near the estimated rates of diffusion calculated using Equations 14 —
18 at closest contact (¢ = 23.1 A, estimated from the known protein radius,
16.6 A,'0 and assuming an average radius of 6.5 A for all the Ru
complexes3?), with T = 298 K, n = 0.89 gcm™!s!, and D, = 78.5. These
values yield kg values of 5.4x108 M-!s~! and 8.8x108 M~!s~! for the
*Rull/Fe!cyt. ¢ and *Ru'/Fel-cyt. ¢ systems, respectively, with Ppy =
3.29x10% (mol-!m)!/2 from Equation 18. The order of magnitude of the
calculated rate of diffusion is in agreement with others observed for like-
charges in solution.!

The solid curves through the data points represent the calculated
observed rate (Equations 12 — 23) as a function of driving force at closest
contact with the following parameters: Dy, = 1.77, A, =0.2eV,? v = 1372
cm,32 and w = 6.33 The electronic coupling, V, was the only parameter
varied to fit all the experimental data with the calculated rates, and the value
that best fit the data points was V = 11.4 cm™!. The ET rates for both
systems, Rull/Fellcyt ¢ and *Ru'l/Fecyt ¢, were calculated utilizing the
same parameters, with exception of the charges on the reactants and
products, and therefore different kyir.3* The agreement between the
calculated curves and the observed points is excellent for both systems. The
calculated values of k,, (dashed line) for both systems, the electron transfer
rate without the correction for kg (Equation 13), are also shown in Figure
43. A value of V° = 228 cm™! is obtained from Equation 13 with V = 11.4
em™, B =1.2A-11235 and d =8 A, where the ET distance was estimated by
assuming that the heme lies 5 A from the surface of the protein and 3 A are
assumed at the interface.3® This value of V° is comparable to the 200 cm™!

utilized by Gray for cytochrome c.3’
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The bimolecular ET rates were also measured for two neutral
complexes, Rull(phen),;(bps) and Rul'(phen),(CN),, and one which is
negatively charged, Ru(bps)‘;' with ferricytochrome c, whose Stern-Volmer
plots are shown in Figure 44. The observed rates and driving force for ET
are listed in Table XIII, along with the calculated rates of diffusion, the
complexes’ radii, and the calculated electronic coupling, V. For the
negatively charged complex, a limiting ET rate is observed high protein
concentrations. This is manifested in the non-linearity of the Stern-Volmer

plot, which corresponds to the formation of a 1:1 electrostatic complex.

Table XIII. Driving Forces, Calculated Values of the Rates of Diffusion
and Electronic Coupling, and Observed Bimolecular Electron Transfer Rates
between Neutral and Negative Complexes and Fe'cytochrome c.

Complex  AG (V)® kgps MIsh) r(A)Y kue MIs) V(em™)
Ru(phen),bps) 1.14  400x10®8 67 1.22x10° 047

Ru(phen),(CN), 1.34  836x10® 60 1.32x10° 0.71

Ru(bps) 127 115x10° 72  129x10'  0.36

@Calculated from the redox properties of each excited state (Ref. 31).
bCalculated from standard bond lengths as the average of the distance from
the central Ru to the edge of each ligand.
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Figure 44. Stern-Volmer plots of Ru(bps)34' (0), Ru(phen),(bps) (&),
and Ru(phen),(CN), (O).
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The value of the electronic coupling, V, calculated with the positively-
charged reactants is larger than those found in protein-protein and
substituted protein systems (Table XIV), but comparable to through-bond
inorganic and organic systems at comparable separations (Table XV). It is
well established that anions and cations react at different locations on the
protein’s surface, guided by the local charges on nearby residues.38-40
Positively charged reactants are known to be accelerated by modification of
Lys27, whereas the reactivity of negative complexes is attenuated when the
positive charge on Lys72 is neutralized.’®3° The reactivity of negative
complexes at locations near Lys72 has also been demonstrated with NMR
methods.*® The different reactive sites for small negative and positive
molecule and biological redox partners are schematically shown in Figure
45.

Recent calculations of the electronic coupling between the heme and
different residues of the protein, taking into account the number of covalent
and hydrogen bonds, as well as through space gaps, have shown that the
coupling at Lys27, where cations react, is an order of magnitude greater than
that at the anionic reaction site, Lys72.3> These calculations have been
tested experimentally by covalently binding Ru complexes to several
residues of the protein.*! Other studies have shown that complexes
containing hydrophobic ligands, such as phen, react much faster with
cytochrome c than those with hydrophilic ligands.!194243 This effect is
believed to be due to direct interaction of the ligand with the heme, by its
penetration into the hydrophobic heme crevice. These = interactions have
been shown to accelerate the ET rate by one order of magnitude.>*3 This is
supported by studies of flavins and heme proteins, where the rate was slower

when free hemin was utilized in place of the proteins.** These studies point
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Figure 45. Schematic diagram cytochrome c viewed from the (a) top
and (b) front. The dashed lines indicate regions I, II, and III, with some
approximate residue numbers, where proteins, small anions, and cations
react with the protein, respectively. :
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Table XIV. Comparison of reorganization energy and electronic coupling
in ET reactions involving cytochrome c.

System? AEeV) d@A) V(m') Ref.

Co(C)-Glu66/69—cyt ¢ 2.1 14.5 36
Rull(py)(NH;),~His33~"Zn-cytc 1.1 117 012  6b
Ru'(py)(NH;),~His33-*Zn-cytc 1.2 11.7 0.09 6b

Ru"(NH;)s-His33—cyt ¢ 1.2 11.1 0.03 20
Ru(L)(NH;),~His39—cyt ¢ 12.3 0.24 45
Ru'(py)(NH,),-His62—yt c 14.8 0.01 20
*Ru(bpy),(im)-His39—cyt c 12.3 0.11 41
*Ru(bpy),(im)-His33—cyt c 11.1 0.097 41
*Ru(bpy),(im)-His62—cyt ¢ 8.4 0.057 41
*Ru(bpy),(im)-His72—cyt c 148  0.0060 41

cytc/cytc 0.7 8.9 46

cyt bs/cyt ¢ 0.8 8 0.04 4a

cyt ¢ peroxidase/cyt ¢ 14 16 c/c 4c
plastocyanin/Zn-cyt ¢ 1.0 47
(M-uroporphyrin/M’ -cyt ¢)*CS 1.0 ~8 0.090 5b
(M-uroporphyrin/Zn- cyt ¢)°R 0.7 ~8 0.088 5b
porphyrins'+ cytc 0.9 ~8 1.84 7b

flavin semiquinones® + cyt’s 1.0 ~8 48

%For a detailed description of each system see its listed reference.
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Table XV. Comparison of electronic coupling in ET reactions of organic
and inorganic donor/acceptor systems.

System d(A) V (cm™) Vgi (cm™)® Ref.
Porphyrin—-Quinone 5.5 30 10.5 49
R-Bz + (CN);3An 6-8 10.8 7.1 50
Biphenyl-Sp-Acceptor 10.3 6.2 16.3 2a
Os™—Pro,-Ru'l! 7.2 4.3 3.1 51
Os"'—Pro,—Ru'" 9.8 22 4.6 51
Os!'-Pro;-Rulll 13.1 0.8 6.8 51

4 Calculated tor distance of 8 A using B/2=0.42 A-1 (Ref. 35)).

to the direct reactivity with the heme of cvtochrome c at its exposed, and
perhaps = stabilization of the precursor complex by the protein matrix. This
type of stabilization is expected to be absent when the ligands are
hydrophilic, as is the case in our negative and neutral complexes. The extent
of penetration of Ru ligands in the heme crevice is currently being tested by
molecular modeling, utilizing the crystal structure coordinates of the protein.

The contribution from the electrostatic work terms (w, — wp) to the
value of AG (Equation 12) was calculated to be —0.034 V and +0.028 V for
the Rull/Fecyt. ¢ and Rul/Felllcyt. ¢ systems, respectively. The calculated
curves reach a maximum when the term in the exponent equals zero in
Equation 20, and therefore when (Ag + AG® + w,— w, + whv) = 0. Therefore
fror. .ie numerical maximum of the calculated curves and the known values

of AG®, whn, and (w, — w;), the values of Ag for both systems can be
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calculated. The reorganization energies, Ag, obtained in this manner are 0.87
eV and 0.88 eV for Rull/Fe'cyt. ¢ and Ru'//Fe'lcyt. c, respectively. These
values are in excellent agreement with the values listed in Table XIV for ET
reactions involving cytochrome c¢. The electrostatic nature of the ET
reaction, however, obscures the value of A, since the coulombic repulsion
shifts the maximum of the observed rates when plotted vs AG®°. It is thus
important to take these interactions into consideration when estimating
reorganization energy values from such reactions.

Our method of calculating the bimolecular electron transfer rates
should also provide satisfactory results in other bimolecular systems. This is
the case for data reported by McLendon for the bimolecular ET quenching
rates of triplet excited state of Zn-substituted cytochrome ¢ by viologens
(V?*) of varying reduction potentials. Figure 46 shows the calculated values
of kg, (solid curve) and k,, (dashed curve) utilizing Equations 13 - 23,
along with the experimental data points.’2 The calculation was performed
with all the same parameters utilized for the Ru complexes above, except for
average radius the acceptors (3.5 A). With this average radius and the
electrostatic charges on the protein and acceptors taken as 6.5 and 2,
respectively, yields kg = 7.09% 108 M~!s~1, As is evident from Figure 46,
there is little contribution from the rate of diffusion to the observed rates
indicating that our model for the calculation of k, is adequate (Equation
14). Similar electronic coupling between McLendon’s system and ours is
not surprising since the aromatic, planar V2* acceptors and the Ru?*

complexes are expected to interact at the same location on the protein
surface,20-38-40
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0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 46. Plot of the data points from Ref. 52, showing the calculated
rates, k., (solid curve) and k,, (dashed curve). The diffusion limit, ks,
is shown at 7.1x10° M's7,
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The explanation for the observation of the inverted region in the ET
reaction between the cationic complexes and cytochrome c is twofold: the
relatively small value of k,. in relation to the rate of diffusion and the
moderate value of the reorganization energy. The latter can be explained in
that in organic systems the inner reorganization energy contributes greatly to
the total value of A,>* whereas in ET reactions involving proteins and
inorganic complexes most of the contributions are from the solvent. The
combination of these two factors leads to the observation of the inverted
region in bimolecular reactions. Other systems for which the reorganization
energy is small or the intrinsic rate of ET is slow, perhaps due to large

donor/acceptor separations, should also exhibit this behavior.

E. REFERENCES

1. (a) Marcus, R. A. J. Chem. Phys. 1956, 24, 966. (b) Marcus, R. A.
Ann. Rev. Phys. Chem. 1964, 15, 155.

2. (a) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller,
J. R. J. Phys. Chem. 1986, 90, 3673. (b) Closs, G. L.; Miller, J. R.
Science 1988, 240, 440.

Beitz, J. V.; Miller, J. R. J. Chem. Phys. 1979, 71, 4579.

4. (a) McLendon, G.; Miller, J. R. J. Am. Chem. Soc. 1985, 107, 7811.
(b) McLendon, G.; Pardue, K.; Bak, P. J. Am. Chem. Soc. 1987, 109,
7540. (c) Conklin, K. T.; McLendon, G. J. Am. Chem. Soc. 1988, 110,
3345. (d) Bashkin, J. S.; McLendon, G. In Electron Transfer in
Biology and the Solid State; Johnson, M. K.; King, R. B.; Kurtz, Jr., D.



10.

11.
12.

137

M.; Kutal, C.; Norton, M. L.; Scott, R. A., Eds.; Advances in
Chemistry Series 226; American Chemical Societey: Washington,
D.C., 1990; pp 147-159. (e) McLendon, G.; Hake, R. Chem. Rev.
1992, 92, 481.

(a) Zhou, J. S.; Granada, E. S. V.; Leontis, N. B.; Rodgers, M. A. J. J.
Am. Chem. Soc. 1990, 112, 5074. (b) Zhou, J. S.; Rodgers, M. A. J. J.
Am. Chem. Soc. 1991, 113, 7728.

(a) Elias, H.; Chou, M. H.; Winkler, J. R. J. Am. Chem. Soc. 1988, 110,
429. (b) Meade, T. J.; Gray, H. B.; Winkler, J. R. J. Am. Chem. Soc.
1989, 111, 4353.

(a) Cho, K. C.; Che, C. M,; Cheng, F. C.; Choy, C. L. J. Am. Chem.
Soc. 1984, 106, 6843. (b) Cho, K. C.; Che, C. M.; Ng, K. M.; Choy, C.
L. J. Am. Chem. Soc. 1986, 108, 2814. (c) Cho, K. C.; Ng, K. M;
Choy, C. L.; Che, C. M..Chem. Phys. Lett. 1986, 129, 521.

Cleskey, T. M.; Winkler, J. R.; Gray, H. B. J. Am. Chem. Soc.,
submitted for publication

Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; Von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85 and references therein.
(a) Wherland, S.; Gray, H. B. Proc. Natl. Acad. Sci. USA 1976, 73,
2950. (b) Wherland, S.; Gray, H. In Biological Aspects of Inorganic
Chemistry; Addison, A. W.; Cullen, W. R.; Dolphin, D.; James, B. R,,
Eds.; Wiley-Interscience: New York, 1977; pp 289 - 368. (c)
Cummins, D.; Gray, H. B. J. Am. Chem. Soc. 1977, 99, 5158 (d)
Mauk, A. G.; Scott, R. A.; Gray, H. B. J. Am. Chem. Soc. 1980, 102,
4360. (e) Cummins, D.; Gray, H. B. Inorg. Chem. 1981, 20, 3712.
Guarr, T.; McLendon, G. Coord. Chem. Rev. 1988, 68, 1.

Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265.



13.

14.
15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.
217.
28.
29.

138

Balzani, V.; Moggi, L.; Manfrin, M. F.; Bolletta, F. Coord. Chem. Rev.
1975, 15, 321.

Marcus, R. A.; Siders, P. J. Phys. Chem. 1982, 86, 622.

(a) Sutin, N. Acc. Chem. Res. 1982, 15, 275. (b) Newton, M. D.; Sutin,
N. Ann. Rev. Phys. Chem. 1984, 35, 437.

Debye, P. Trans. Electrochem. Soc. 1942, 82, 265.

Noyes, R. M. Prog. React. Kinet. 1961, 1, 129.

Steinfeld, J. I.; Francisco, J. S.; Hase, W. L. Chemical Kinetics and
Dynamics; Prentice Hall: New Jersey; 1989; pp 156 - 168.

(a) Ulstrup, J.; Jortner, J. J. Chem. Phys. 197:, 63, 4358. (b) Jortner, J.
J. Chem. Phys. 1976, 64, 4860.

Winkler, J. R.; Gray, H. B. Chem. Rev. 1992, 92, 369.

Churg, A. K.; Weiss, R. M.; Warshel, A.; Takano, T. J. Phys. Chem.
1983, 87, 1683.

Brautigan, D. L.; Ferguson-Miller, S.; Margoliash, E. Methods
Enzymol. 1978, 53, 128.

Stellwagen, E.; Cass, R. D. J. Biol. Chem. 1975, 250, 2095.
Vanderxooi, J. M.; Adar, F.; Erecinska, M. Eur. J. Biochem. 1976, 64,
381.

Wikstrom, M.; K:ab, K.; Saraste, M. In Cytochrome Oxidase: A
Synthesis, Academic Press: New York, 1981.

Snyder, H. R.; Freier, H. E. J. Ain. Chem. Soc. 1946, 68, 1320.

Rund, J. V.; Claus, K. G. J. Am. Chem. Soc. 1967, 89, 2256.

Krause, R. A. Inorg. Chim. Acta 1977, 22, 209.

Newsham, M. D.; Giannelis, E. P.; Pinnavaia, T. J.; Nocera, D. G. J.
Am. Chem. Soc. 1988, 110, 388S5.



30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

139

The average radius is 6.5 A for all the positively-charged complexes
studied here, which range from 5.8 to 7.2 A.°

Hemmes, P. J. Am. Chem. Soc. 1972, 94, 75.

Morikis, D.; Li, P.; Bangcharoenpaurpong, O.; Sage, J. T.; Champion,
P. M. J. Phys. Chem. 1991, 95, 3391.

The density of states was chosen to be 6, since at high driving force
(1.30 V) the calculated ET rate ceased to change above this value.
Integration of Equations 14 and 19 was performed numerically
utilizing the trapezoidal method, with distance limits from closest
contact to 30 A and 5000 integration points.

Beratan, D. N.; Betts, J. N.; Onuchic, J. N. Science 1991, 252, 128S.
Conrad, D. W.; Scott, R. A. J. Am. Chem. Soc. 1989, 111, 3461.

With B = 2.0 A-! in the Ru(NHs)sRuII(I-Iis33)—Fe—cyt. c system (Ref.
20).

(a) Butler, J.; Davies, D. M.; Sykes, A. G.; Koppenol, W. H.; Osheroff,
N.; Margoliash, E. J. Am. Soc. 1981, 103, 469. (b) Butler, J.;
Koppenol, W. H.; Margoliash, E. J. Biol. Chem. 1982, 257, 10747. (c)
Butler, J.; Chapman, S. K.; Davies, D. M.; Sykes, A. G.; Speck, S. H.;
Osheroff, N.; Margoliash, E. J. Biol. Chem. 1983, 258, 6400.
Armstrong, G. D.; Chambers, J. A.; Sykes, A. G. J. Chem. Soc. Dalton
Trans. 1986, 755.

Drake, P. L.; Hartshorn, R. T.; McGinnis, J.; Sykes, A. G. Inorg.
Chem. 1989, 28, 1361.

Wauttke, D. S.; Bjerrum, M. J.; Winkler, J. R.; Gray, H. B. Science,
1992, 256, 1007.

Toma, H. E.; Murakami, R. A. Inorg. Chim. Acta 1984, 93, L33.



43.

45.

47.

48.

49.

50.

51.

52.

140

Sakaki, S.; Nishijima, Y.; Ohkubo, K. J. Chem. Soc. Dalton Trans.
1991, 1143.

Marinov, B. S.; Gerasimenko, V. V. Photochem. Photobio. 1988, 41,
217.

Therien, M. J.; Selman, M.; Gray, H. B.; Chang, I-J.; Winkler, J. R. J.
Am. Chem. Soc. 1990, 112, 2420.

Dixon, D. W.; Hong, X.; Woehler, S. E.; Mauk, A. G.; Sishta, B. P. J.
Am. Chem. Soc. 1990, 112, 1082.

Zhou, J. S.; Kostic, N. M. J. Am. Chem. Soc. 1991, 113, 6067.

Meyer, T. E.; Przysiecki, C. T.; Watkins, J. A.; Bhattacharyya, A.;
Simondsen, R. P.; Cusanovich, M. A.; Tollin, G. Proc. Natl. Acad. Sci.
USA 1983, 80, 6740.

Wasielewski, M. R.; Niemczyk, M. P.; Svec, W. A_; Pewitt, E. B. J.
Am. Chem. Soc. 1985, 107, 1080.

Chung, W.-S.; Turro, N. J.; Gould, I. R.; Farid, S. J. Phys. Chem. 1991,
95, 7752.

Isied, S.'S.; Vassilian, a.; Wishart, J. F.; Creutz, C.; Schwarz, H. A,,
Sutin, N. J. Am. Chem. Soc. 1988, 110, 635.

Magner, E.; McLendon, G. J. Phys. Chem. 1989, 93, 7130.



APPENDIX

Table AI. IR Absorbances of DNBCOOH Utilized in the Self-Association
Binding Constant Calculations Described in Chapter 1.

Absorbance
[DNBCOOH] (mM) 1751 cm™! 1715 cm™! 3478 cm™!
1.57 0.238 0.045 0.036
1.26 0.191 0.031 0.032
0.942 0.150 0.020 0.024
0.628 0.107 0.011 0.016
0.392 0.077 0.008 0.012

Table AII. IR Absorbances of ZnPCOOH Utilized in the Self-Association
Binding Constant Calculations Described in Chapter I.

Absorbance
[ZnPCOOH] (mM) 1744 cm™ 1713 cm™! 3489 cm!
1.59 0.046 0.041 0.012
1.27 0.037 0.031 0.010
0.954 0.029 0.023 0.007
0.636 0.024 0.018 0.006
0.398 0.019 0.009 0.005

141



142

Table AIIL. IR Absorbances of ZnPCOOH and DNBCOOH Utilized in the
Hetero-Association Binding Constant Calculation Described in Chapter 1.

Absorbance Absorbance
[ZnPCOOH] (mM) 1744cm™! [DNBCOOH] (mM) 1751 cm™!
0.666 0.119 0.739 0.195
0.521 0.097 0.615 0.160
0.312 0.055 0.340 0..090

0.247 0.038 0.214 0.060
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