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PART I

ABSTRACT

Iron(II) is photooxidized to iron(III) in 0.100 N
sulfﬁric acid in the presence of the photosensitizer tris-
(2,2 '-bipyridine)ruthenium(II) dichloride. Control
experiments show that.the oxidation must be partly ascribed
to a reactive oxygen species generatéd by interaction of
molecular oxygen (dioxygen) with the excited photosensitizer
because the oxidation quantum yield varies in strict ptopor—
tion to the fraction of sensitizer excited states quenched
by dioxygen.

The reaction was found to be dramatically pH dependent
in the range studied (1 to 0). However, the oxidation
quantum yield was insensitive to changes in Fe+2(aq.) in
the region 4 x 1072 to 2 x 107% m. |

In 0.100 N H,S0, at 25 + 1°C, the quantum yield for
Fe+3 (ag.) production is 0.077 when extrapolated to 100%
sensitizer quenching.

Quenching of the emissive MLCT state of Ru(bipy)3+2 is
known to occur by two different mechanisms, energy and

charge transfer. 1In the latter case electron transfer to

dioxygen would result in superoxide anion and oxidized



%
sensitizer, both of which rapidly oxidize Fe_l._2 (aq.) at
pH 1. That this simple mechanism is operative is ruled
out by the obser&ed pH dependence since HO, , 05 radical
oxidations of iron (I1) are acidity independent in the
range studied.

In view of these considerations it is proposed that
hydroperoxyl radicals are produced upon protonation of a
transient sensitizer = dioxygen complex which otherwise

decays without oxidation - reduction.

PART II
ABSTRACT

Trans, trans=-2, 4-hexadiene is isomerized to its

geometrical isomers when dilute benzene solutions are vy-
irradiated. Because the diene receives negligible primary
excitation, a solvent-to-solute excitation transfer
mechanism must be invoked to explain the isomerization.

A ‘comparison‘of the photochemistry and the radiation
chemistry of the diene in benzene, demonstrates that the

kinetic behavior of trans, trans-2,4-hexadiene under vy-

irradiation is consistent with the transfer of triplet

solvent electronic excitation.
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The tfiplet yield is conmsistent with recent careful
determinations.
Collateral photochemical experiments demonstrate
that the‘lB2u state of benzene does not efficiently isomer-

ize trans, trans-2,4-hexadiene. Thus, the excess isomeriza-

tion must be contribﬁted by another intermediate.

By a process of elimination, an upper excited benzene
singlétjstate is identified as the excitation donor. This
choice is confirmed by an excellent concordance of the data
with the model for energy transfer.

Theoretical predictions make such transfer possible,
because this energy migration rate in benzene far exceeds

that predicted by simple mass diffusion.
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ABSTRACT OF PROPOSITIONS

A test of Brockelhurst's theory of recom-
bination of radiolytically produced ion
pairs is proposed.

Intramolecular excitation transfer between
a metal and organic m system is proposed.
The Construction of a photoactive electrode
is proposed.

A test of current theories for Co(NHB)SBr+2
sensitized decdmposition is dilineated.

A new class of polarity-préximity probes

are suggested for biomembrane research.
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INTRODUCTION

What follows is a report on the characterization and
interpretation of a newly discovered photoreaction between
tris(2,2'-bipyridine)ruthenium(II) dichloride, Ru(bipy)3+2,
and dioxygen to produce species capable of oxidizing
Fe(0H2)6+2 to Fe(OH2)6+3 in acidic aqueous solution.

The possible identitiesofthesespeciesare suggested
by ﬁhe behavior shown by‘Ru(bipy)3+2¢ in other chemical
cases. qu that reasoﬁ a brief review of the spectroscopic,
photodynamic, and photochemical properties of Ru(bipy)3+2
is in order. 7

Succinctly, Ru(bipy)3+z* has been shown to react with
Suitable acceptors in‘two distinct ways, by charge transfer

(CT), and electronic-excitation energy transfer (ET). These

two pathways are illustrated below (* indicates an excited

state):
Ru(bipy)3+2* + A - Ru(bipy)3+3 + A” (1)
Ru(bipy)3+2* + B ~ Ru(bipy)3+2 + B (2)

The occurrence of reaction (1) has been confirmed by

the appearance of the one-electron oxidized form of the
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-photoéensitizer and one~electron reduced forms of acceptors
following the quenching event. That reaction (2) proceeds
has been established by observing sensitized emission from
the acceptor or\that a characteristic excited state reaction
of the acceptor had occured.

Both Ru(bipy)3+2 and Ru(bipy)3+3 are kinetically inert
towards ligand exchangel. While Ru(bipy)3+3'seems somewhat
unstable toward unimolecular photodecompositionz, Ru(bipy);2
is quite stable 3. The quantum yield for Ru(bipy)3+2 loss

following excitation at 457.9nm is less than 10 in water

and less than TLO"4 in 0.1N HZSO435

A phototransient which
reversibly regenerates Ru(bipy)3+2 in acid solution has been
reported by Natarajan and Endicotta. The quantum yield of

this species, which was hypothesized to be an intramolecular

-3 -1 .
waa ~~ 10 NeR i e maxw nnit hAawairar
YVl g LAV 4N g o AL LA lllc‘.] ‘.LU‘—’ LAN/ YV N V vl ’

be
a true unimolecular-decay product (vide infra). Other
researchers have not reported this behavior under similar
conditionss.

The absorption and emission spectra of Ru(bipy)3+2 in
0.10 N H,50, at 25°C are shown in>figure (1). State
assignmentsbin absorption have been made by Lytle and
Hercules6 and Paris and Bfandt7. The intensity of the
~observed bands suggest that they cannot arise from metal
localized d-d electronic transitions. The most intense

1

band at 286 nm (35,000 cm —, € = 79,0008) has been attrib-

uted to - intraligand absqrption6, while the two other



Figure 1. Absorption and uncorrected emission spectra

of Ru(bipy),"* in 0.100 N H,S0, at 300°K.
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intense features are grossly d-mr metal-to-ligand charge
transfer (MLCT) transitions6’7.
The polarized absorption of the intense CT band at 452

1

nm (22,100 cm-l, € ~ 15,000 M~ cm”l) has been examined by

Palmer and Piper9, and found to be resolvable into two
differentially polarized components. The polarization

ratio is 26.5 at 300°K for Ru(bipy)3+2_doped into an isomor-
phic host crystal, Zn(bipy)3804-7H20.

In'D3 symmetry two low-lying d-m" MLCT transitions are
expected for d6 ruthenium (II)6. These arise from a split-
ting of the metal t2g orbitals into an a and e set upon
lowering the molecular symmetry from Oh. The e(d) - n%
transition is polarized pendicularly to the Cq axis of the
molecular complex, while the a(d) = n* transition is
parallel polarized~. These predictions are fulfilled by
the measurements of Palmer and Piperg.

The spectroscopic splitting factor9 (10Dq), for the
metal d orbitéls has been estimated to exceed 23,000 em™ L
‘The first spin allowed d-d transition9 (1T1 - 1Al) in
Ru(bipy)3+2 has been predicted to lie at 22,000 cm-l (454 nm)
while the lowest spin-intercombinational transition9
(3’_[‘l . lTi) is placed at 20,000 em™ L.

Luminescence from ruthenous bipyridine was initially
observed by Paris and Brandt7 in 1959 and correctly assigned

* . . .
to d-m charge transfer emission. This assignment was sub-

sequently rejected by Porter and SchléferlO who suggested
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the luminescence was métal localized d-d (3T1 4 lAl) spin
forbidden emission and G. A. Crosby et él.ll who proposed
that the luminescence was derived from lT1 - 1Al metal
localized relaxation.

An abrupt re evaluation of these metal centered models
was made by G. A. Crosby and D. M. Klassenlz. It was dis-
covered that energy of the luminescence bore no relationship
to the position of various coordinating ligands in the
spectrochemical series. These authors concluded that the
emission was d-n* »'1A1 in nature as originally assignéd by
Paris and Brandt. However, the spin multiplicity of the
excited state was not established.

Both Lytle and Hercules6 and Demas and Crosby13 conclu-
ded that the emission was spin forbidden CT and that the
anomalousiy short lifetime at 77°K (5.2 x 10-68)14 wasj
attributable‘to a large spin-orbit coupling contribution by
the central metal.

15,16

Crosby and Harrigan provided the latest and

ols
EAY

most thorough studies of Ru(bipy)3+2 emission in crystalline
and plastic hosts as a function of temperature (2-145°K).
Dramatic increases in emission lifetime were observed below
20°K, which were adequately rationalized by assuming that
emission was actually occuring from a manifold of nearly
isoenergetic electronic states.

By assuming a 3 level, 5 parameter model, they were

able to accurately match the experimental temperature -
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lifetime behavior. Furthermore they were able to assign
symmetries to their emitting states according to an elec-
tronic model for d6 charge transfer states. Finally, the
model also predicted the decrease in state lifetime observed
upon immersion of an emitting sample in a 14 KG magnetic
field.

| This model with spin and orbital classifications is
shbwn'in figure (2). The spin designation is only formal
because the large degree of spin-orbit coupling preseht
causes the states to be substantially mixedl6. Figure (2)
will be taken as the best model for a Ru(bipy)3+2 excited
state description in this report.

The emission spectrum in figure (1) is uncorrected for

instrumental response which drops precipitously at wave-
- lengths greater than 600 nm. It differs from published
spectra6’11 for that reason.
| The emission lifetime of’Ru(bipy)3+2 in deoxygenated
solution (25°C) determined by this work (0.60 x 10-65)17
agrees very closely with other measurements, as does the 18

%s).

emission lifetime in aerated aqueous solution (0.40 x 10~
The state lifetime is found to be quite temperature
dependent under ambient conditions, decreasing approximately
10% for a 10°C increase in temperature near 285°K in EPA6.
Solution emission quantum yields of ruthenous bipyridine
have not been reported but the emission yield from powdered-

crystalline Ru(bipy)3+2 is 0.003 at room temperaturelg. At



Figure 2. State diagram of Ru(bipy)3+2.
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77°K in ethanol-methanol (4:1,v/v) glass, this value is

0.376 = .0361%,
The use of Ru(bipY)3+2 for photosensitization was first
reported by J. N. Demas and A. W. Adamson in 197120. The

. . -2 e
sensitized photoaquation of PtCl4 was described to proceed
by electronic energy transfer from the sensitizer. The
quenching was found to be dynamic, not static as revealed by

the congruence of the lifetime and intensity forms of the
Stern-Volmer quenching plots. PtCl4_

of 6.5 x lO9 m"1 S—l in aqueous solution.

quenched at a rate

Reports subsequently appeared documenting other cases
of electronic energy transfer to acceptors.

N. Sabatini and V. Balza.ni21 qualitatively observed

sensitized (2Eg 54

chromate in DMF. The quenching process was later placed on

AZg) phosphorescence from hexacyano-

quantitative grounds
M. S. Wrighton and J. Markham23 studied the quenching

af,

of Ru(bipy)3+zx by a series of energy-graduated organic
acceptors of very low oxidizing ability. Anthracence, with
a triplet energy level at 42 Kcal -mole™t quenched at a
diffusion controlled rate, while trans-2-styrylpyridine,
trans-4-styrylpyridine, and trans-stilbenme with triplet
energys of 50,50 and 49 Kcal-mole-l, respectively, quenched

three orders of magnitude less rapidly. Cis-piperylene

(ET = 57 Kcal) showed no quenching activity whatsoever,
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Clear evidence for triplet energy transfer was shown by
the concomitant isomerization of the three olefin quenchers,
with limiting isomerization quantum yields identical to that
obtained with benzophenone sensitizétion,

Finally, the production>of lAg dioxygen by Ru(bipy)gz*
energy transfer in methanol was reported by Demas, Harris,
and Diemente?”. Singlet dioxygen was identified by its
characteristic olefin reactions at 0°C. Unfortunately,
these authors did not report quantum efficiencies for the
photo-oxidation. )

The charge transfer behavior of Ru(bipy)3+2* has been
more extensively reported than the energy transfer pathway
for acceptor excitation.

The most conclusive observations on a dynamically

. 5
changing system were made by T. J. Meyer et al. The

+2% + +3
by Fe'>(aq.), Ru(NHy)g > ,

quenching of Ru(bipy)3
1,1’'~dimethyl-4,4'-bipyridinium dication, and trans-1,2-

bis(N-methyl-4-pyridyl) ethylene dication (BPE) in 1 NH,SO,

was followed by emission and flash spectroscopy. All of the
electron acceptors quenched Ru(bipy)3+2* at a near diffusion
controlled rate.

Immediately after an exciting flash, Ru(bipy)3+3 and
the one-electron reduced quenchers were found to be present

-in a one-to-one ratio. 1In all cases a rapid dark reaction

ensued which quantitatively regenerated the starting reactants.
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In the case of Fe+3(aq.), by following the second

3

order regeneratioﬁ process Ru(bipy)3+ + Fe+2(aq.) =

6 -1

Fe+3(aq.) + Ru(bipy)3+2, a rate constant of lfO x 100 M~
S“1 was obtained, which agreed well with independent measure-
ments by stopped flow techniques. The authors showed that

oL

:OH radicals were not produced by Ru(bipy)3+2ﬁ decay in
acid solution (although allowed thermodynamically).
Hydrogen atom production by electron transfer to acidic
solvent had been previously discountedzs.

The dimethylbipyridinium cation (paraquat) quenched
efficiently in CH4CN. 1In this instance, the lowest excited
state of paraquat is at 71.5 Kcalsmole"l, SO—any form of
electronic energy transfer is prohibited from the donor
(ET ~ 49 Kecal.mole), and electron transfer must be the
dominant mode of quenching.

Especially interesting in this regard was BPE. BPE

with a triplet energy level at 50 Kcalsmole"l can quench by

both ET and CT mechanisms. The relative extent of ET was

determined by following the trans - cis isomerization of
BPE which occurs as a result of ET. It was found that the
CT mechanism was 100-fold more prevalent than energy

transfer.

Recently, the steady-state irradiation of Ru(bipy)3+2

2 and Fe+3 in deoxygenated HC1O0, (0.11 M iomic

26

with Fe'
strength) was examined by Lin and Sutin The mechanism of

ref. 5 was found consistent with their results.
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27

'In a recent communication the electron transfer

quenching of Ru(bipy)3+2* by a series of electron deficient
aromatic compounds was reported. The bimolecular quenching
constant was found to vary monotonically with increasing
reduction potential of the acceptor. No free ions were
detected, a fact which was attributed to efficient back-

- oxidation in a dark reaction. The quenchers were considered
to be inactive as energy transfer acceptors, an assumption
which was consistent with the subsequent kinetic analyéis.

A Rehm-Weller28 plot gave an estimation of the
Ru(bipﬁ3+3/Ru(bipy)3+2* couple. The potential is -0.81 vs.
the saturated calomel electrode, an astounding result in
view of the ground state couple of 1.05 V. The electronic
excitation of Ru(bipy)3+2 transforms it from a very poor
reducing agent to a moderately strong reductaht,'a complete
inversion of its ground state properties.

The static, chemical effects of electron transfer from
Ru(bipy)3+2* to inorganic oxidants have been studies by
several authors. 1In the case of the decomposition'of
Co(NH3)5X+2(X==F-,(Hf,Br-) there has been recent literature
controversy whether quenching occurs by charge of energy
transfer. However, the weight of scientific evidence is
now shifting in the direction of the charge transfer mechan-

. 31
ism™".

The quenching and synchronous oxidation of Ru(bipy)3+2x

by ac:idopentamminecobalt(III)3 complexes was first described
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25. The reaction, which results in

by Gafney and Adamson

Co+2(aq.) appearance, was suggested to proceed as follows.

% +2 1

Ru(bipy)“3L2 + Co(NHy) X' - Ru(bipy)—:‘,:?’ + Co(NHg) X (3)
Co(NH3)5X+l +  6H,0 » Cot%(aq.) + SNHy + X© (4)
Ru(bipy)3+3 + H,0 - Ru(bipy_)_g2 + HZO(ox.) (5)

Reaction (5) was found to occur rapidiy at pH 4, so
that no overall oxidation of ruthenium was seen. At pH O
ruthenic bipyridine is relatively stable toward solvent
reduction. When the photoreaction was run at pH 0, a fapid
build-up of Ru(bipy)3+3 was manifested.

The relative quenching rates of the cobalt pentammines

paralleled their reduction potentials.

29,30 was envoked by Natarajan

An alternative mechanism
and Endicott to explain the same results. They suggested

1

that energy transfer from Ru(bipy)3+27< produces a redox-
active low lying charge transfer state. Upon unimolecular

decomposition of this triplet state to Co(II) and halogen

atoms the escaping fragments oxidize Ru(bipy)3+2

+2 2%

Ru(bipy), 2 + Co (NH,) 5K » Co(NH) X + Ru(bipy) 5 o (6)
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CO(NH'3)X+2"" +  6H,0 4 o™ (aq.) + 5NH, + X (7)

X-  + Ru(bipy)3? - Ru(bipy)s> + X (8)

Positive evidence for the production of bromine atoms
(in the case X = Br ) was found by the flash spectroscopic
observation of the dibromide radical anion in .the presence

3

" of 107°M Br  and to a smaller extent in solutions free from

external bromide. Dibromide oxidized Ru(bipy)3+2 at a rate

7w ls=l, Addition of 507 (v/v) 2-propanol

| of 3 -x 10
| decreased the initial yield of oxidized sensitizer by 50%
while a 85% increase in Co(II)vwas noted. This result was
explained by a compétition reaction between Ru(b:i.py)3+2

and isopropanol for Br . .

A partial, contradictory, explanation for the effect
was submitted by Navon and Sutin31 Who measured the quench-
- ing rate of Ru(bipy)3+2* by Co(NH3)5}h: in 50% (v/v)
2-propanol, 0.5M H,50, at 25°C. The rate constant
decreased by 56%'compared to alcohol-free solution. Hence,
a lower yield of Ru(III) would be expected because of a
slow down of reaction (3).

31 showed that the photoreduction fit

Navon and Sutin
the Adamson CT mechanism very well, and in addition, enumer-
ated criticisms of the ET scheme. The most compelling
criticism pointed out the necessity of unit efficiency of

radical production along with quantitative oxidation of
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Ru(bipy)3+2 by these radicals for all the quenchers studied.
Finally, the electron transfer from'Ru(bipy)3+2* to a
~series of metal (III) (M = Cr, Fe, Co) oxalate complexes
has been dilineatedB.
Of the three, only the redbx decomposition of cobalti-
oxalate was clearly mediated by charge transfer (@(CO+2) =
0.85). A sensitized racemization of d = Cr(C204)3_3 was

observed and ascribed to 3

ET from Ru(bipy)3+2

The irradiation of ferrioxalate in the presence of
sensitizer gave only the amount of decompbsition expec?ed
from the trivial photolysis of Fe(C204)§3 alone, which
resulted from incomplete light absorption by the sensitizer.
Significantly, the failure to observe photoreduction, even
though CT was'expected in this case was proposed to arise
because of rapid back-oxidation by contiguous Ru(bipy)3+3

immediately after quenching. 1In this manner, no irrever-

sible reduction occured.

23

In view of the works of Wrighton and Markham and

Bock, Meyer, and Whitten26, a rough guideline can be
established to predict the preference of Ru(bipy)3+2*‘to
interact by electronic energy or charge transfer with a
specific acceptor. 4

In general, diffusion controlled electronic energy
transfer between donor and acceptor is expected when spin

conservation rules are not violated, and the energy of the

donor excited state exceeds that of the acceptor by
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2 Kcal ‘mole at 25°C32.

If the transfer becomes endothermic,
the deficit must be compensated by thermal activation, and
the rate falls off exponentially.

By this criterion, diffusion controlled energy transfer

T2 By = 491, 5170, 50%° Keal.mole™) will

from Ru(bipy)3
occur if the acceptor posseses a spin allowed excited state
of energy less than 49-47 Keal-mole™! at 25°C. |

Similarly outer-sphere electron transfer to an oxidant
can be rapid if thermodynamically allowed. 1In electro-

chemical terms, this event is signaled if the cell potential

of reaction is positive.
“ +2%

The cell potential of the reaction Ru(bipy)3
Ru(bipy)3+3 +e is +0.81 V. vs: S.C.E. . Hence, any
acceptor with a reduction potential larger than -0.81 V. is
predicted to interact by charge transfer at a diffusion
controlled rate if no "intrinsic barriers' existBl.

We.may now turn our attention to the present system of
Ru(bipy)3+2* and O,. The reduction potential of‘dioxygen to
superoxide anion is -0.17 V., versus the saturated calomel
electrode (+ .07 V. vs: N.H.E.)33 at 25°C. This substan-
tially exceeds -0.81 V. so electron transfer from
Ru(bipy)3+2* to produce superoxide anion can be very facile.
Such a transfer at pH < 4 would immediately result in the

strong oxidant HO, , which is known to rapidly oxidize

Fe'? (aq.) .
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Dioxygen possesses two singlet electronic excited

states34 below 47 Kcal-mole'l . Since Ehe reaction
3Ru(bipy)3+2"‘ + 3o2 5 Ru(bipy)3+2 + lo2 | (8)

is spin allowed, this step is expected to be equally as
fast as charge transfer. |

Thus, the criteria predict a competition between ET
and CT forms of acceptor activation to produce potential
oxidants. |

As will be seen, it is unlikely that singlet dioxygen
is functionally involved as an oxidant in this system.
Furthermore the mechanism cannot consist of the simple
production of superoxide anion by CT from ‘Ru(bipy)3+27'c s

but a slightly more complicated pathway is consistent with

the experimental results.
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EXPERIMENTAL AND RESULTS

The Synthesis of Ru(bipy)3glz - 6H,0

Ru(bipy)3Cl2 was synthesized by the method of

la lb'

Burstall and also by the method of Braddock and Meyer .

In the first case, 1.00 gram of RuCl3 - 3H,0 and 8.39
grams' of 2,2'-bipyridine were added to a 100 ml round bottom
flask equipped with a 14/20 female ground glass joint and
teflon stir bar. A 14/20 male ground glass joint with stem
was inserted into the flask. At a right angle to the stem
was a small hose connector which served as a N, inlet from
a silicone oil bubbler. Through the center of the stem was
inserted.a 300°C thermometer with a tygon tubing collar for
sealing.

The mixture was heated under a positive pressure of N,
with a heat gun. The bipyridine melted at ~70°C. With
continued heating the mixture turned deep red at 180°C and
then a darker red-orange at 220°C. Water was seen to con-
dense on the upper part of the inlet stem. Heating to 250°C
required 30 min. The mixture was maintained at 255+ 5°C
for 3.0 hrs. under Ny«

The mixture was cooled to room temperature and removed
from the-flask, yielding 10.81g of very crude product.

This mixture of bipyridine, oxidized bipyridine, and

Ru(bi-py)3(3]_2 was placed in Soxhlet extractor and refluxed
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with benzene overnight.

2 g of purified product was dissolved in H,0. This
material was filtered to remove insolubles and then poured
into a 180 mm watch glass for crystallization.

The crystallization was carried out over several days
yielding deep, red rhombohedral crystals as expectedla,
which correspond to Ru(bipy)3012 - 6H,0 . The crystals
were collected with forceps and air-dried. Elemental
analysisB6

- (48.1 calc.), %N = 11.40 (11.25 calc), %Cl = 10.49

for Ru(bipy)3C12 + 6H,0 yielded %, C = 47.22

(9.49 calc) and %H = 4.32 (3.52 calc).

Synthetic Ru(bipy)3+2 when dissolved in 0.100 N HZSO4

6,9,11,35

appeared identical to published spectra and demon-

strated the following extinction coefficients in the

visible and uV spectrum:

"1, €(453nm) = 15,210 =

, €(436nm) = 12,085 = 74 M T cn™!, and

€(500mm) = 2074 38 M™Tcm
404 M-lcm-l
€(313nm) = 12,001 * 106, for a molecular weight of 748.66 g
mole-l.‘ The € at 453 nm is within the range of other
literature valueslb’35

A second batch of Ru(bipy)3C12 was prepared by a less
tedious meﬁhodlb. In a 100ml round bottom flask with 14/20
ground glass joint, was added 0.82 g. Kodak bipyridine and
0.47 g. RuCly « 3H,0 (3/1 molar ratio). To this mixture was
further added 25 ml of dry dimethyl formamide. The solution

was refluxed under N, for 3 hours, cooled, and poured into a
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concentrated solution of tertiary butyl ammonium chloride
in reagent acetone. Red-orange Ru(bipy)3Cl2 was precipi-
tated. 530 milligrams were collected and air-dried on a
fritted funmel (8.3 x 10”% moles, 46% yield).
| The UV spectrum of this material agreed with that of
the previous synthesis. Further, supplementary physical
data was obtained from infrared and proton magnetic reso-
nance' spectra of Ru(bipy)3C12. In all cases the synthétic
material was found equivalent to the authentic standard
material. |

The'§0 MHz proton magnetic resonance spectrum (DZO)
showed a nine line complex centered at 1=2.16 (470 cpé)
downfield from external TMS standard (1% TMS in CCla).The
multiplet consisted of a triplet at rt = 2.75, an unsymmet-
rical quartettat T = 2.16 and an unsymetrical doublet at
T = 1.56.

The IR spectrum (4 mg. in 360 mg. KBr) revealed bands
at 1305 and 1445 cm™! which have been assigned to Ru — N
stretching modes6

In solution Ru(bipy)3+2 demonstrated red-orange
luminescence as'reported7, which matched that of the

authentic substance. Ru(bipy)3+2 has an apparent emission

maximum at 583 nm when matched with the spectral response of

a S-5 photocathode. Measured luminescence lifetimes were

as reported in both oxygenated and deoxygenated solution.
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The Spectral Stability of Oxygenated Ru(bipy)Q+2 Solution

at 320 nm and the Effect of 0, on Irradiated Ru(bipy)3+2 -

Fe+2 mixtures.

Two experiments were formululated, one to test the spec-
tral sensitivity of irradiated Ru(bipy)3+2 toward dioxygen
and another to establish the importance of dioxygen for the
photoreaction to proceed. ,

Alumina chromatographed Ru(bipy)3+2 (pH = 7) was added
to O.lOOIJ H,50, to give an optical density of 1.0 at 313 nm.
Samples of this solution were irradiated at 313 nm (17°C)
and subsequently analyzed for spectral changes at 320 nm ,
the wavelength used for Fe(III) analysis (vide infra). The
resultént spectral data are shown in'figure (3), curveiA. 
The light absorption rate was representative to that of all
other experiments at 313rm1,‘0.4 x 1077 E-M-1 .

Within experimental accuracy, there was no spectral
change at 320nm . After 104m of irradiation more than 10
photons had been absorbed fof every sensitizer molecule
present with no discernible effect.

A second experiment was carried out to reveal the
influence of dioxygen on the Ru(bipy)3+2 - Fe+2 mixture. A
solution of Mohr's salt and recrystallized G. F. Smith
ruthenous bipyridine dichloride was made up to give an 0.D.
of 1.4 at 313 nm. The Fe+2(aq.) concentration was 5.27 x

3 :

10" M. TFour milliliters were transfered to an irradiation

cell constructed by joining a square degassable absorption
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Figure 3. (A) fhe effect of irradiation (313 nm) on
aeréted Ru,(bipy)3+2 absorption compared to blank
solution of 320 nm, and (B) the éffect of 0,
addition to an irradiated solution of Ru(bipj)3+2

and Fe+2 (0.1N) acid, also compared to aerated

blank,



24

A o admitted
& (]
000 F | | ! @i 1 @

O \

20 40 60 80 00 120
313 nm irradiation time (min)



25
cell at a right angle to a 13 x 100 mm test tube connected to
a 10/30 female ground glass joint.

The cell was designed so that the deoxygenated solu-
tion could be irradiated in the Pyrex test tube and then
poured into the optical cell for absorption measurements.

The solution was degassed under high vacuum through
4 freeze-pump-thaw cycles (77°K) and sealed off the vacuum
line by torch.

Six hours later, stock solution which had been left in
the darkened Hitachi-Coleman cell compartment shdwed a
+0.030 0.D. unit change at 320 nm compared to stock solu-
tion whicﬁ had been étored in the dark under N, . This
demonstrates the slow thermal oxidation of Fe+2(aq.) by
dioxygen, with an average 0.D. change rate of 0.5 ><’10-2
hr™l (23 = 2°C).

The irradiation at 313 nm was begun. At measured time
increments the cell was withdrawn from the 313 nm 'Merry-
Go=Round", the irradiated solution poured back and forth
into the absorption cell for mixing, and the 0.D. measured
at 320nm . The cell was then returned to the stationary
M.G.R.after pouring the solution back into the irradiation
section of the ampoule. | |

This procedure was followed for 60 minutes. At this
point the cell was carefully broken open to prevent the
intrusion of glass chips into the ampoule. Air was bubbled

through the solution and the irradiation was continued.
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The results of this experiment are shown in figure
(3), curve B. They show a slight decrease in the absorbence
at 320 nm until air was admitted to the sample. This
decrease is most likely caused by the thermal oxidation of
- the aerated optical blank during this part of the irradia-
tion. An 0.D. change of »0.003 units was observed at the
end of 1 hr. This compares well with the change of -0.005
units expected from the observed average thermal oxidation
rate. The photoxidation was initiated upon introducing air
into the sample, which was signaled by an abrupt increase
in solutipn absorbance due to Fe+3 production.

This experiment shows that the photoreadtion is di-
oxygen mediated in some fashion and that little, if any

irreversible oxidation occurs in the degassed system.

LASER Studies on the Photoprocesses of Ru(bipy)3+2 in

0.100 N H2594.

A pulsed N, megawatt Molectron UV-1000 LASER was used
~as an excitation source to study the luminescence decay of
Ru(bipy)3+2* and to search for absorbing intermediates.

- The LASER provides 10 ns pulses containing lO17 photons at
337.1nm, so it is possible to obtain very high excitation
densities on a very short time scale.

A first application of the LASER system was to measure
the emission lifetime of Ru(bipy)3+2 in oxygenated and

degassed 0.100 N HZSOA.’ This was accomplished by pulsing
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samplés and photographing the oscilloscopic response tb the
emission produced. The risetime of the oscilloscope -
photomultiplier combination was less than 10ns . Emission
was collected and directed into a Bausch and Lomb grating
monochromator set‘to 580 nm, coupled to a 50 ohm terminated
1P28 photomultiplier. A timebase calibrated Tecktronics
474 oscilloscope set to a horizontal scale of 100ns - cm
‘was used for signal display. Ru(bipy)3+2 concentrations
were typically 10n431.

.The intensity~-time data were accumulated by»measufing
the signal voltage change of the decay pulse from the scope
baseline at 100 ns intervals. To prevent scattered light
from interfering, measurements were begﬁn 100 ns after the
LASER pulse. Naperian logarithms of the data were plotted
versus time and were analyzed by least squares to obtain
the best fit slope (figure (4)). Also calculated was the
correlation coefficient of the data, which always exceeded
0.99. |

The data from six different degassed samples at 23 = 2°
in 0.100 N H,50, resulted in a solution lifetime of 0.60 =

6 S. Data on nine different air-saturated solu-

6

.04 x 10~

tions produced an average lifetime of 0.39 = .04 x 10° S,

reflecting the quenching ability of dioxygen on the emissive

state.

Measurements on the ground state repopulation process

()
<

of Ru(bipy)3+2 were also made on a nanosecond time scale
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Figure 4. Representative plots of log I (emission) vs:
time for LASER-pulsed R.u(bipy)3+2 in 0.1 N acid,

monitored at 583 nm.

Figure 5. Superposition of absorption spectrum of
Ru(bipy)3+2x and ground state depletion spectrum
of Ru(bipy)3+2 following a 10 ns LASER pulse

(R.T., 0.1N acid).
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while monitoring Ru(bipy)3+2 absorption at 453 nm () max).
An analysing pulse was generated by triggering an H,
thyratron-driven 5 megawatt flash lamp. A fast photodiode
monitoring the lamp intensity triggered a LASER pulse when
the lamp was at maximum inténsity.

The flash lamp and LASER pulse were aligned to inter-
sect inside a 1.00 cm sq. sample-containing cuvette. The
~active coaxial'eXcitation volume was 0.7 x lOm4 L. After
passing through the cuvette, the analysing beam impinged
~upon ‘a beam director and was reflected into the photo-
multiplier-monochromator, which was the same unit>used‘for

65 .

fluorescénce studies. The analysing pulse lasted for 10'

Absorption data Were collected in two wéys. In the
first case, absorb&nce readings were obtained from a com-
posite photograph of three oscilloscopic traces generated
by 1) triggering the flash lémp to obtain the lamp time
profile and 0.D. baseline, 2) firing the LASER to cofredt
the baseline for scattered LASER light, and 3) firing the
LASER and lamp synchronously to monitor for absorbance
changes produced by ground state depletion of Ru(bipy)3+2
and/or transient absorption.

0.D. changes were éalculated from the recorded inten-
sity data by taking the logarithm of the ratioof the(L +F)/F
intensities at a specific time point after correcting the

L+F trace for scattered light (always less than 10%). At

453 nm 0.D. changes were formally negative since the light
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transmission of the solution increased upon LASER flashing.

The second method gathered data with a PAR boxcar
averager which was set to slowly scan its sampling aperature
along the decay profile of the experiment. To prevent
sample decomposition the LASER was blocked off except for 5
second intervals (10 pulses -S-l). The resultant trace,
recorded oh an X-Y recorder set to time scan, was very
similar to the photographic recording method A except that
the L+F intensity points appeared as spikes on the flash-
lamp baseline. Calibration of the time scalekof the instru-
ment was accomplished by scanning a 100ns sq. wave pulse
from an e%ternal generator.

LASER pulse intensity was measured by placing a
Scientech 3600 thermopile in the LASER beam. The LASER

intensity was typically 0.09 j01.1le-flask.1'1 or 1.5 x 10%7

L ' The excitation volume was 0.7 X 1074 L

21

photons-flash_
photons~L-1. Since

M6 x 1017

so the excitation density was 2 x 10
Ru(bipy);_2 concentration was typically 10"
molecules-L-l) there were 30 photons fbr every absorbing
molecule in the excitation volume.

As expected with such an overwhelming excitation ratio,
there was complete ground state depletion of Ru(bipy)3+2.
This was substantiated by observing the absorbance change
as a function.of LASER power, and finding that AO0.D. at any

fixed time point did not change until the LASER power was

decreased to roughly one-half its original intensity.
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The behavior of the system was first analysed in terms

of the following kinetic model,

x K

S ——= S - 9)
. K

SH— , (10)

starting immediately after the laser pulse had terminated,
and assuming that the unknown photoproduct, as well as‘S*,
is non absorbing at 453 nm . Under these assumptions, the
time response of the optical density of the system is

K

CA(t) = 0.D.%- 0.D.(t) = € —S sO exp (-Kt) (1)
X |

where €° is the molar extinction coefficient of Ru(bipy)q+2,'

K is the total decay rate constant of S*,,and S*O is the
initial concentration of Ru(bipy)+2 excited states. KS is
the rate constant for decay back to ground state. The
inclusion of X into the scheme was necessary because the
baseline changes during the course of an experiment, suggest-
ing that a photoproduct is produced. Plots of loge‘A versus
time should have slope}-K'if the analysis above is correct.
Unfortunately on the nanosecond time scale of these
experiments, 0.D.” was not yet attained. The 0.D. of the

system was still changing at the end of the analysing light

pulse. A means by which 0.D.” could be determined was needed.
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This was solved with an empirical, iterative process
by choosing 0.D.” as a variable parameter. Log, b versus
t was plotted, using the experimental 0.D. - time response of
system; and arbitrary values of 0.D.”. This was continued
until the adjusted data gave a slope which matched (%5%)
the known slope K. K w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>