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Abstract

The primary processes occurring in the photo-oxidation
and photoreduction of xanthene and acridine dyes in agueous
solutions were studied by means of the flash photolysis
technique, and intermediary products appearing in these re-
actions were characterized.

The triplet state of fluorescein, appearing in the photo-
lysis of the dye in deoxygenated sulfuric acid was studied
with respect to absorption spectrum and decay rate. A cationic
species of the triplet was identified and its acid strength
was determined. The triplet was foupd to be deactivated by
processes analogous to those previously reported for fluorescein
in aqueous solution.

The photo-oxidation of fluorescein by oxygen was studied
in acidic as well as in alkeline solution. The rate constant
for quenching of the triplet state of the dye by oxygen was
found to have a value corresponding to a diffveion-controlled
reaction. "Chemical" quenching was observed to occur only to
a very small extent, producing semioxidiged fluorescein, which
reacts further with the formation of permanent products.

The photo-oxidation of fluorescein by iron(III) was
studied in 0.1 to 10 M sulfuric acid. The spectra of the
cationic and neutral forms of semioxidized fluorescein, formed
by the reaction between the dye triplet and the metal ion,
were recorded and the acid strength of the cationic species

determined. Fluorescein was found to be oxidized reversibly
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in concentrated sulfuric acid solutions, whereas permanent
photoproducts are formed in dilute acid.

On the basis of the results of the study of the resction
between fluorescein and iron(III), the dye phcto-sensitized
reduction-oxidation reaction between iron(IIi) and ethylene-
diamine tetraacetic acid was studied. According to the photo-
sensitization mechanism pfoposed, the triplet state of the dye
reacts first with the oxidizing agent to give semioxidized
fluorescein, which in turn is reduced to the original dye by
reaction with the EDTA.

The semioxidized form of fluorescein was found %o appear
also in the photo-oxidation of fluorescein by duroquinone.
Durosemiquinone was expected to appear as a transient in the
oxidation reaction but no light absorption due to this species
could be detected. The reaction between duroquinone and the
triplet state of fluorescein was found o be mainly diffusion-
controlled.

' The influence of the carboxyl group of fluorescein on the
photochemical activity of the dye was investigafed in 2 com-
parative study of the corresponding compound lacking the
carboxyl group, that is, 6-hydroxy-phenyl-fluoron. The re-
versible photoreactions of this dye in deoxygenated aqueous
solution were studied, gix}ing as the main result that the
coulombic repulsion effect of the ionized carboxyl group de-
creases the rate of concentration quenching of the triplet state
of the dye.

In order to compare the photoactivity of xanthene dyes with
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that of acridine dyes, a flash photolysis study of proflavine
in deoxygenated aqueous solution was undertaken. A transient
photoexcited product of the dye was observed, probably repre-
senting the proflavine triplet. The absorption spectrum of

this metastable product and its decay was studied over a range

of acidities.
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Main Bodz of the Reggrt

Xanthene and acridine dyes, such as for example fluorescein,
eosin, proflavin, or acridine orange, are known to be efficient
photosensitizers of reduction-oxidation reactions. The triplet
state of the dye is believed to be responsible for the photoseﬁ-
sitizing activity, and the actual transfer of absorbed light
energy from the dye to the reactants probably proceeds by a
sequence of chemical reactions, which are of a reversible nature
as far as the sensitizer is concerned. The subject of the present
research program has been to study the mechanisms by which the;
photoexcited dye acts upon the oxidizing and reducing agents
involved in the sensitized reduction-oxidation reactions, and,'
in particular, to characterize the intermediary products appeaéins
in these processes. ‘

The flash photolysis method is in general very suitable
for the study of photochemical reactions, but a very high flash
light output and a very short flash duration time proved to bg
required in order to produce measurable transient absorption
changes of the reaction systems of interest. The present reseqrch
vas made possible thanks to éﬁe development at this Institutq_éf
flash photolysis units of extremely high flash light intensitiés
and short flash duration times (Ref. 1-4). ‘

A series of photochemical studies of xanthene and acridiqe
dyes, in the presence or absence of oxidizing and reducing ageéts
were initiated, and are described in the following sections. é
previous study (Ref. 5) of the triplet state of fluorescein ind
aqueous solution was used as a basis for the present work, and:the

results of this study are for reference summarized in an intro-
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ductory section. |
The different studies were performed under very similar
experimental conditions, and the experimental procedure is there-

fore described in a separate section.

1. Experimenta; conditions

The flash photolysis method was used in the studies to be
described. The flash photolysis apparatus (Ref. 1) consisted of
a pair of 70 cm long, straight discharge lamps and of a capacitor
bank of 350 pF, max. voltage 14 kV. Except where otherwise stgted.
an energy of 6000 J (100 pF, 11 kV) was discharged across the
lamps, giving a flash duration time of 60 pusec. The reaction
cells, which were 20 and 60 cm long, were provided with Jacketé
fiiled with a filter liquid consisting of copper suifate and ‘
ferric alum in dilute sulfuric acid. The filter transmitted
light of wavelengths 390 to 630 mu, i.e.,only visible light was
used for excitation. The filter solution was circulated throuéh :
a thermostat held at 25° C. l ‘ ?

The flash-induced transient changes in light absorption
of the reaction system were measured photoelectrically. A Xengn
1§mp (Osram XBO 301) was used as monitoring light source, or
when very high stability was required, a zirconium aré lahp
(Sylvania, 100 W), fed from an accumulator. After passing thrpugh
fhe reaction cell the light was dispersed in a monochromator
(Zeiss MML2) and the intensity of the light at the exit slit
ﬁeasured by means of a multiplier phototube (EMI 9552 or 9554,
DuMont 6911) and an oscilloscope (Tektronix 533) with photogra-
phic recording.

The solutions were thoroughly deoxygenated by an evacuation

- argon-saturation procedure repeated several times.
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were purified ch' .matographically, and other

reagent grade.

2. Summary of previous studies on the triplet state of

fluorescein
Fluorescein occurs in four different protolytic forms in
aqueous solution of pH O to 13. The following table gives the
absorption maxima of these forms in the visible range, as well

as their protélysis constants:

cation . .abs.max. 437 mu PK, 2.2
neutral . 437 4.4
molecule

monovalent - 455, 475 6.7 )
anion

divalent 490

anion

Excitation of the dye by visible light brings the dye to
the firs@ excited singlet state, frbm which it rapidly returns
to the ground state by flucrescence or by a radiationless trans-

ition. However,:there is also a certain probability of con-

o version to a metastable state of comparatively long lifetime,

presumably phe triplet state of the dye.

Using high-intensity flashes complete conversion of the
1 dye to the triplet state was achieved, making possible a study “
of its absorption spectrﬁm and reaction mechanisms. Only two
protolytic forms of the triplet state could be distinguished by
their absorption spectra. In acidic solution, the triplet has
a diffuse spectrum covering the visible and near infrared,
with a maximum at 48C mi, and in alkaline solution a diffuse
‘acid’

spectrum with a maximum at 540 mu is observed. The

spectrum probably is due to the neutral and monoanionic triplet
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forms, which are expected to have identical spectra, while the
‘base’ spectrum should be due to the dianionic triplet.
The following triplet reactions were observed in deoxyge-

nated aqueous solutions:

T —— S (rate constant kl) (1)
T+ T — S + S (k2) (2)
THS S48 (k) (3)
T+ T—>X+R (ky) (4)
T+S——X+R (k5) (5)

where S, 'T, X, and R represent unexcited fluorescein, the triplet,
‘the semioxidized dye, and the semireduced dye, respectively. .

In acidic solutions, where the “acid’ triplet spectrum
appears, thé following rate constants were found:

k, = 606 sec'l, ky + 2k4 = 3.5 X 109 M"i sec"i,
and in alkaline sqlutions, where the ‘base’ triplet spectrum
predominates:

K =50 sec™d, Ky + 2k, = 1.7 x 109 Wt sec”t.

The semioxidized dye has a strong absorption peak at
428 mp. in solutions of pH O - 13 but negligible absorption
above 500 mu. In this pH range the neutral form of the radical
probably appears. The semireduced dye has a strong peak at
355 my in the pH range O - 9, and at 394 mu in more alkaline
solutions. The 355 mu peak probably is due to the neutral
and monoanionic forms of the semireduced radicals, and the
394 mu peak to the dianionic radical. No absorption was ob-
served in the visible range.

The radicals were found to react rapidly by the reactions

X+R——383S+ 8 (k6) (6)

X + X = X,. (k7) (7)
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The dimer of the semioxidized radical, Xy, 1s probably
dissociated to a certain extent, and ultimately all radicals
are consumed by reaction (6). The net result of the reactions
(1) to (7) is the reappearance of the fluorescein in its ground

state.

3. The triplet state of fluorescein in sulfuric acid-

The purpose of the present study was to_inyestigate the
.possibility of the existence of a cationié form of the triplet
state ‘of fluorescein, which was expected t6 appear 1n solutions
of ‘high acidities. o ‘

Fluorescein in 0.1 t0:10 M sulfuric acid was studied by
the' flash photolysislmethod._ Flash-exposure of 0.05 to 4 uM
solutions of the.dye.in deoxygenated éulfuric acid prbduced a
comblete fading of the absorﬁtion peak of ﬁhe.fluéfescéin catjon,
.Qﬁich appéarélin_thié_géid concentrat;on range, and a diffuse
f.épeétrum.covering the~§isiﬁle and near infrared'appeared instead.
In éulfuric acid of cbﬁcéntra;ions greater tﬁan 4 Ma spectrum
uith.a'péak at 650 mu was observed, while in more dilute acid the
spectrum of the nthfal dye“triplet appeared (see Sect. 2). It
Qas concluded that the 650 mu peak is due to the cationic dye
triplet. The protolysis constant of the triplet cation was
determined from measuréments of the transieﬁt increase in
absorption at 650 my produ&ed by flash-excitation of fluorescein
in sulfuric acid of varying concentration. A pKa value of -2;2
was obtained, using the Hammett acidity function as acidity sgale.

The spectrum of the cationic triplet is very similar to the
triplet spectrum of fluorescein in boric acid, measured by

Lewis et al. (Ref. 6). This result supports the hypothesis
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made in Sect. 2 that the metastable photoexcited product of
fluorescein observed in aqueous solution is indeed the triplet
state of the dye.
| The decay of the triplet was assumed to proceed according
to the reactions (1) to (5). The rate constants of the re-
actlons of the cationic triplet in 9 M sulfuric acid were
determined from measurements of the rate of decay of the
triplet absorption at 650 myu, after flash-exposure of O. 05 to .
2 uM fluorescein solutlons The values _
k, = 220 sec™, ky + 2144 = 0.8 x 107 N sect
iwere obtained. The value of the second order ratc constant'is
1ndicat1on of a dlffu51on controlled reaction.
The occurrence of .reactions (4) and (%) was shown by the
appearance of absorptlon peaks characterlstlc of sem1—ox1d12ed
::and scmlreduced fluoresceln (Sects 2'and 5). In sulfuric a01d
.of concentratlon greater than. 2 M, peaks vere observed at )55
and 442 mu, and in weaker 301d at 355 and 428 ml The 355 mu
peak is due to the neutral'semlreduced dye radical, and‘the
.428 mu peak to the. same radical in- a neutral form.
. The extlnctlon coefllcients of the radicals at the absorp—
tlon peaks are known, and 1t was thus possible to _measure the
actual concentration, of the radlcals. U51ng the values obtained
the ratio between the rate constants of the two competing
triplet quenchlng reactions, (2) and (4) were calculated, glvi.
the result: -
k2 = k4,
A study of the rate of decay of the triplet cation under
conditions of partial conversion of the dye to the triplet

state showed that unexcited dye molecules present in the solution
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did not affect the decay rate. This gave an upper limit of
the rate constants of the reactions (3) and (5):
1 ky + kg & 0.04 x 107 M’l sec™t.

A study of the disappearance of the radicals showed that
in sulfuric acid of less than 2 M the reactions (6) and (7)
oceur, while in more concentrated acid the dimerization
' reaction (7) is-not observed.
The reactions of the triplet state of fluorescein in sul-
. furic acid are thus seen to be’ very similar to those observed
..in aqueoas solutions, and the present study supports the
correctness of the raaction scheme proposed in Sect. 2.

'Technical and.Scientific Report No. 1 gives a detailed.

account of the studies presented in this Section.

4. Photo-oxidation of fluorescein by oxygen

The‘investigation of the reaction mechanisms in dye -~ =~
photosensitiied cxidation reactions acd of the interaction
bctween oxyéen and molecules in the triplet state havc:been
the subject of several studies.' In general, oxygen has been
found to be a very efficient quencher of the triplet.state,_

a fact that has been expiained as being due to the triplet
nature of oxygen. |

In the present work the reactions betwcen oxygen and the
triplet state of fluorescein have been studied by the flash
photolysis method. The investigation is based upon the results

of the previous study of the triplet state of fluorescein in

deoxygenated aqueous solution, described in Sect. 2.
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of known oxygen concentrations in the micromolar concentration
range presented certain difficulties. The following method was
devised, and proved to give reproducible-resplts.

The reaction cell is filled with thoroughly degassed
fluorescein solution in thé viay described previously (Ref. 5).
Argoh at atmospheric pressure is appliéd above the solution
and the reaction cell is removed from the vacuum iine to which
. ;tiwas';ttééhed.during the filliné procedure. The.cell neck is
clésed with a stbpper.provided with a'stopcpék,‘as:shown in |
.i_Figi i; 'An afgénlstreém is swept thrbﬁgh'the Sfopcock durihé
fhis procedufe, as indicéﬁed.in the figure. ‘Argon is also -
swept'aﬁoﬁﬁd the cell neck to keep air from.being;ihtrodﬁded
into the cell befpré.the'stoppér.has‘Been;pu? on. A'knoﬁn
amopﬁt ofl air—Saturéted water is then infrod@céd'tﬁroughfthe
u'oﬁen étopﬁock by means . of a Sféiniess.éteel capillary, without
interrupting thé:argOn Streém;v‘The'capillary is removed and .
the séoﬁéodk closéd..'COnditions are arranged such that the |
stopcock ié‘cdmpletely filled with'solﬁtion..'Tﬁorough mixing
vas obtaiﬁed.by means of glass balls in the reaction cell.
Blank tgsts sﬁdwed that with_this'filling procedure the amount
of air accidentally ihtroduged”increased the oxygen concen-
tration by less than 0.03 pM, a value calculated by the use of
the oxygen quenching constant reported below. The oxygen
concentration in the air-saturated water ﬁas found to be

n

2.8 x 1077 M.

Other experimental details are described in Sect. 1.
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Results and discussion. Flash-excitation of fluorescein

in aqueous solution gives as the first long-lived product the
dye in the triplet state, which disappears according to the
rcactions (1) and (5). When thc solutions contain oxygen the
following two reactlons are expected alSO to take place. _'
T.+,02.————?s+02 . (k8) -(8)_
| (kg) - (9)

T+ 0y = X+ (92) Lea

where (02) represents HO2 or O2

ed .
Assuming that the dye is converted quantitatively to
'the triplet state on flashing,_the triplet ‘decay immediately

after the flash exposure can be expressed “S' e

ad(log QT)W o .(_. R 5 '(' - ).._.' / y
- j—= o =-k, '+ (k, + 2k C + (kq + k~,)CA = . 1/
L dt '='Jo ! ?.-- ' % S8 e S

nnere e represents the triplet éoncentration, ¢ the overall

dye concentration, and C “‘the. oxygen concontration

05 .

.The rate constant for triplet quenching by oxygen,jA

' (k8 + k ) was determined from mtasuremcnts at oxygen conccntra—

tions ranging from 1 to 5 uM The fluorescein conccntration

.5was kept low (O 2 uM) in order to minimize the effect of the

: conoentration quenching~reactxons'(2) and (4). The investi-
éation was ‘carried out at pH 2, where the neutral triplet

' appears,'and at pH 12,.nnere the ‘dianionic triplet is formed.

Thehtriplet concentration was determined from measurements at

510 mu in the acidic solution, and at 540 mu in the alkaline

solution. Fig. 2 shows values of the left hand side expression

of Eq. /i/ as a function of the oxygen concentration at pH 12.

The slope of the line gives the quenching constant

_ 9 -1 -1
kg + k9 =1.7 X 107 M~ sec .
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at pH 2 the valne
_ kg + kg = 1.2 X 10° M~ sec

was found.

Oxygen apparently is a very efficient quencher of the

: trlplet state of fluoresceln the high values of the ratc_ ‘
':constants are an indication’ of dlffu51on controlled reactions

- The photo-ox1dation of.fluorescein probably proceeds .
by the’ chemical quenching reaction (9), and it is therefore
of interest to know the rate constant of thls reactlon ' This
constant was. determlned by. measurements of.the amount of semi-
.oxidlzed dye formed after flashlng In. the absence of oxygen
this radical is formed by the reactlons (4) and (5)» and in

the presence of oxygen also by react10n-(9) Semloxidlzed
fluoreeceln has a pronounceo absorptlon peak at 428 my in the
ki range studied, and 1ts oxtlnctlon coefflclent at the peak

1is known. From measuremcnte of the absorptlon changcs produced'
'at this wavclength the valucs A

k9112x197m sec” at pH2

and . - : . -
g = 1:2X 108 wt scet e 93'12'

were obtained. Reaction (9) apparently. is not-of great im-

k

portance in.the quenching process,.and the values obtained
indicate that the quantum'yield of photofoxidation of the

dye should be lom. "In addition, there is an indication that,
a reversc raction betmeen the products of reaction (9) takes
place, whereby fluorescein in the ground state is regenerated,
and this latter reaction should reduce the quantum yield of

photo-oxidation even further. It would be of great interest

to determine this quantum yield, for comparison with the value
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wiae ain be cal. . leted {roam the result. pre.cnted 'n thee

study.

5. Photo-oxidaticn of fluorescein by iron{III)

A flash photolysis study of the photo-oxidation of
fluorescein in.0.0ES.M perchloric acid by ferric salts wéﬁl '
reported in Ref. (5). Thé formation of permanent oxidation
products was revealed by phe color darkéning of the flash-
-exposed -dye solutions. The reactions ' a |

© T + Fe(III) —> S + Fe(III) "~ ' T 1oy

T + Fe(III) — X + Fe(iI)HT_ ‘ S (1)

.wefe'shown to occur. The semioxidi?ed’ffiuorespein'was_belieyéd

'_tg be the precursor of the permanent'ph&ﬁopfoqﬁcf, which was 
éssumed to be formed by a reaction betwgen two;éémipxidiged'

' faaicals: . o . -

X+ X — photoproducts.' ' . "‘.T T - .:(12)

In the present study the photo—ox}dation of fluorescein
by iron(III) in sulfuric acid has been_investigated,..In.dilute
sulfuric-acid the reactions suggested ébéve were found‘to occur.
It was possible to obtain 100 per cent yield'of sémioxidizgd
radicals by flash-excitation of fluorescein iﬁ.the presénce!of
ezicess ferric ions, thus allowing a detailed detefmination of
the absorption spectfum of the semioxidized dye. The spectrum
~Dshown in Fig. 3 was obtained from measurements of transient
absorption changes during flash-excitation of a solution of
0.5 uM fluorescein in 0.1 M sulfuric acid, containing 100 uM
ferric ions. Apart from the main absorption band at 428 my;
less intense bands with maxima at 450 and 405 mu were observed,

as well as a diffuse band of low intensity in the infrared,
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with a maximum at 800 mu. At the large excess of ferric ions
present, the triplet molecules formed by flash-excitation are
semioxidized according to reaction (11) within the resolution
time of the flash photolysis apparatus.
. The semioxidized radicals were found to disappear by
‘a second-order reaction, resulting in the formation of
. permanent photoproducts to an extent of approximately 90 per
cent. The high percentage of cnange-precludes the occurrence
of'the otherwise plausib;e disproportionation.mechanism
X+ X — 3 + photoproducts. - : - (12)
The reaotions leading to. oernanent products cannot be
revealed untll the nature of these products is known, and an
: analf51s of the ox1dat10n product is therefore now being
undertaken .
. ' It was suggested in Ref. (5) that the 428 mu peak 1s.:n
characteristic of the neutral- form of the semiox1dlzed dJe (I);
This radical would be expected to accept a proton at high

acidities, giving the cationic semioxidized dye (11).

. +,.
O } NP \i,?-\‘,, ¥ ) Wi /,\1 PNy
Y - . A I,'.
= ,Lr;'r'\ P . };\l)\ ra '\;’:"‘
L H oo .‘ L &_( .H, (o
R d . - (O W

I | i A
Evidence for the appearance of the latter radical ion. was ob-

- tained by studying the photo—oxidation of fluorescein in-con-
centrated sulfuric acid solutions. From measurements similar
to those giving the spectrum of the neutral radicai, the
spectrum of the cationic radical in 9 M sulfuric acid was
obtained, shown in Fig. 3. This spectrum has a pronounced
peak at 442 mi, indication of a band at 410 mi, and a diffuse,

weak band with a maximum at 770 mv.
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The pKa value of the cationic radical was determined from
. measurements of the transient increase in absorption at 770 mu
produced .by flash-excitation of 0.5 pM fluorescein in sulfuriq~
acid of varying concentrations, also containing 100 pM ferric
ions. The value

pPK, = -1.5
was optained.

A pronounced difference in reactivity of the catiocnic
radical as compared to that of the neutral radical was observed.
Whereas thé neutral radical reac£s‘to givé permanent photopro-
ducts, the photo-oxidation in strong sulfuric acid was found to
~ be reversible. "Although the dye wds:cbnverted quantitatively to
the semioxidized form, a permanent change of only 1 per.cent per
flash was observed. .This result sﬁggesfs]the occurfence at high
écidities of the reaction o _ .

X + Fe(II) —> S + Fe(IIT). | . - (13)

A few experiments vere performed with tﬁe dye in 9 ﬂ sqlfur;c'
acid containing iron(II) as well as iron(III). .The'disappearahce
'of the cationic radical was found po bé strongly accelerated.py.'
tné presence of iron{II), even at low cbncentratiqns of the
iron{II). This result strénglyisupports tﬁe oqcurreﬁce of.
reaction (13).. .' . ' ‘ '
Thé'reversibilify b} the photo-oxidation of fluorescein;
at high acidities may not necesgarilyhbe due to a high eff;-
ciency of reaction ﬁl}).as.compared to the féactivity at lower
acidities, but may also be explained by a lower efficiency of’
the dimerisation reaction (7). There is strong indication that
the dimeric semioxidized dye is an intermediary product in the

process of oxidation of the dye. In Sect. 3 evidence is pre-
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sented against the occurrence of a dimerization reaction in con-
centrated sulfuric acid solutions, and this observation tends to

support this hypothesis.

6. Photo-oxidation of fluorescein by duroquinone

There is strong indication of the existence of'a semi-~
oxidized form of fluoresceln, produced as an intermediate in the
‘photo- oxldation of fluorescein by oxygen (Sect 4) and by .
Iron(III) (Sect 5) The same spe01es also appear to be of im-
'portance in photoox1dation reactions sens1tized by fluoresvein.

In order to obtain further 1nformation about the semi-
OdelZ°d fluorescein radioal, a study of the photo- ox1dation of
fluoresceln by duroquinone was undertﬁken. Duroqulnone is known
-to be readily reduced to: the semlquinone radical, and'the Q

T fOllOWlng reaction with the triplet state of fluorescein there-.
iore would be eipected to occur: _
. T+DQ-’-——*»X+DSQ,' o L . '(19) (19)

o where DQ and D3Q represent duroquinone and durosemiquinone,

respectively, The absorption spectrum ofldurosemiquinone has

m:been‘studied by Bridge and Porter (hef. 75, who found strong
peaks'due to this species in the wavelength'range 400-450 mu.
These authors -did not>measure the ektinction coefficients of the
‘semiduinone at-the peaks but suggest a value of.lo,OOO as the
probably order of magnitude.

’ In order to study reaction (19), aqueous solutions of
fluorescein and duroquinone were flash-exposed and the transient
changes in spectra measured. Duroquinone was found to be a vdry
efficient guencher of the triplet state. In addition to the '

chemical quenching reaction (19), physical qQuenching might



19.

possibly occur:

The quenching rate constant was obtained from studies of the decay

" of the triplet spectrum in the presence of duroquinone:

A . 9 u =
-,k19 + Koy =1 X710 . sec: .

When excess duroqulnone was present the triplet state vias not

'Aobserved, but 1nstead a. pronounced absorptlon peak appeared at 428

mu, tharacteristlc of semlox1dlzed fluorescein A quantltative ¢on-

. -ver81on of the dye to this species was observed,'indicating that

thc'chemlcal quenchlng reactlon (19) is more 1mportant than the

”‘phy51cal quenchlng reactlon (20)

If the sem10x1dlzed fluoreaceln is formed by reaction (i9)

' the absorption peaks of durosemlqulnone should show up. However,

there yas no- ev1dence for the appearance of peaks in the wavelength

~reglon 4UO 450 m¢ other than that of the semloX1dized fluorescein,
..and thls result sets an upper 11m1t of approximately 1000 for the

"extlnctlon coefflcient “of durosemlquinone

The sem10x1d1zed fluorcsceln disappeared compaxatlvely slowly,

by a reactlon rcgeneratlng ‘the dye 1n the ground state, probably

'_accordlng to.

X . DSQ — S+ DQ 'J, f':' ;.. o E (21)

The photoreactlons were not qpantltatlvely revers1ble, however,
a small amount of permanent products being formed.

Duroquinone has a weak absorptlon in the visible, and the
direct photo-excitation of the quinone could not be avoided.
Transient photoproducts of the quinone appeared to a certain extent
as a result of this direct excitation, and these interfered in the
measurements of the reactions produced by photo-excitation of the

fluorescein. A more detailed study 1is required in order to allow
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a separation of these two excitation processes from each other.

7. PFluorescein photosensitized oxidation of ethylenediamine

tetraacetic acid by iron(III)

In the present study the mechanism of sensitization in the
photosensitized oxidation of EDTA by iron{III) using fluorescein
as a sensitizer has been studied. Solutions containing 1) the
sensitizer alone, 2) the sensitizer and EDTA, and 3) Athe.
completc reduction oxidation system, were studied by means’ of '
'the flash photolJSis method. ' It proved possible, by comparison.

' of the kinetics of the photochemical: rcactions taking place, under
:Zthese different conditions, to get a detailed picture of the
mechanism of photosen51tization .

' A prev1ous study of this reaction system has been reported
by Oster and- Oster (Ref. 8).° These authors concluded that the
photoexcited dye, presumably in the triplet state, reacts with-
'EDTA giVing semireduced dye as well as ox1dation products of the
EDTA The semireduced dye is then ox1dized to its original state"
by the rcaction with the Fe(III) EDTA complex present in the
solution, and the iron(III) is reduced to iron(Il) in this -pro-
'“cess; The study was performed at pq 5V5; dnd to meke comperison '
'With the data presented by these. authors possible, the present

study was pcrformed at the same ph.

1) Fluorescein in_aqueous_solution of pH_5.5.  The be-
havior of flash-excited fluorescein in deoxygeneted agueous
solution is described in Ref. (5) (see Sect. 2). The triplet
state of the dye is formed, and decays by the reactions (1)-(5).
Fig. 4 shows the initial rate of decay of the triplet observed

after flash-excitation of a 0.1 uM fluorescein solution of
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PH 5.5.

The semireduced fluorescein has an absorption peak at 355
mu a2t pH 5.5, and the semioxidized form a peak at 428 mu. Figs
j and 6 ;llustrate'the-formation'of tbese radiéals as a result

of the electron transfer reactions (4) and (5). .

- - - - - - " = W~ - = o = S = n e tm e am e - -

1.0 /107> M EDTA: Theé decay of the triplet formed by flash
excitation is acéélgrated iﬁTghépresence of EDTA, due to the
ireéction. ) L .
R EDTA —> R + (EDTA);,. . (kpp)  (22)
where (EDTA)bx répfesentg'ﬁhe.pfoduéfnof products'of:a one- .
.-elegéfop oxidation of EDTA. Fig. 4 shows that'EDTA_ei,a con-
.éghprdﬁién of Q.Ooi M énﬁapces'the initial rate'of.decay of‘tQé

| ~%: 1. This gives .

: 222 < 1.5 x 107 M‘l sec'l,

triplép_from'iooo sec to 115Q.sec’

Considdring the.increége in.maximum eitinction qhénge at’
355 muﬁ;;ilﬁstrated.in Pig. 5,.if is evident that the increased
i-'rgte-;s'due'to chemicgl_quenéhing by. EDTA. .
' ~.%ing6 shows thevabsorptién chahge.as~a furiction time at
" 428_nﬁ,}wﬁére ;gmioXidizéd:fluorescein has a pronqunced‘péak.
There.;s:nb évidence fot the fofmation of'tﬁé'semioxiQized
'radical in this case, probébly becausé it is consumed'rapidly
by the reaction

X + EDTA — S + (EDTA) (23)

-
ox
__________________________________________________
__________________________________

accelerated in the presence of Fe(III)-EDTA complex, due to the
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reactions:
T + Fe(IIT)EDTA ——— S + Fe(III)EDTA (kpy) (24)
F + Fe(III)EDTA —— X + Fe(II)EDTA (kpg)  (25)

The quenching constant of the complex can be calculated.
from the dependence of the triplet decay rate on the concentration
of the complex, data being shown in Fig. &4.

One obtalns

-1

koy + kye = 0.8 X 107 M_l sec

25
- A.comparison of this value with the triplet quenching

' cgnétant of Fe(III) (at ‘'pH 2), which has a value of 1 X 10° M’l
_Seérl accordlng to Ref. (5). shows that the quenching activity of'
'tho iron(III) is not signlflcantly 1nfluenced by chelation in

this case.

o The semlreducgd fluoresceln, formed by the reactions 4)

'_.'and (5), as well‘as.bj the reaction (6) between the trlplet and.

.free EDTA present'in exceSs,‘is rapidly coﬁéumed in the presencé
‘of Fc(III)EDTA complex, ‘as 1llustrated by Fig. 5, apparently by
the roactlon .

, R + Fc(III)EDTA — 5 + Fe(II)EDTA

The relatlve 1mportance of reactions (24) and (25) has
not been studled in detall The pr npunced increase in absorp-
tion at 428 mp in the presence of the complex, as seen from
Fig. 6, indicates that the chemicai-quenching reaction (25) is
the more important.

The above results suggest that the first. step in the photo-
sensitized oxidation of EDTA by iron(III) in the presence of
fluorcscein is the reaction (25) producing semioxidized fluores-
cein which is reduced td fluorescein by reaction with excess EDTA

present (reaction (23)).
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Thelsubsequent‘reactions leading to stable products have
not been etudied, since they are of no importance in connection
with the mechanism of photosensitization.

The study was complicated by the fact that phe oxidation
products of the EDTA seemed to be efficient quenchers of the

rlplot statc of. fluoresceln This showed up as.an'increase in

tho rate of decay of the trnplet w1th the number of flashes. This
:quonnhlng reactlon has not bcen taken into account in the pre-
ceding discu551on but it 1s not belleved that the general con-l

' cluglons would bc affected by tho occurrencc of this reaction.

'éof_A flash photoiyeie study of 6-hydroxy-9-phenylfluoron.:

' 6- Hsdroxy 9- phenylfluoron (HPhF) is identical with fluore-
scein except for the abcence of the carboxylgroup A study of
‘_th1° compound wa; undertakon in o“der to investigate the effect
”of the carboxﬂ.group on.the absorpt1on spectrum and decay rate

'constants of the triplet state of fluorescein.

The fluoresceln molecule can be div1ded into two parts, fhe
.xanthene and the phenyl groups, between which there is negligible
oi eleotron interaction. The presence of‘substltuents on ‘the
ﬁhenyl group therefore would not, to a first approximation, be

~’expected to affect the color of the dye. In alkaline solution
the visible absorption spectrum of HPhF is in fact very similar
to that of fluorescein:: the absorption peak is shifted from 490
to 491 my while the peak absorption intensity remains the same.
There is the important difference between these two compounds,‘
however, that neutral fluorescein can appear in an uncolored
lactonic form, which cannot be realized in the case of HPhF. The

protolytic behavior is also affected by the carboxyl substituent.
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The protolyfic stages of HPhF were determined by measurements

of the absorptiocn spectrum of the dye in the pH range 0-13. The

"dye occurs as a catlon at high acidities (pKa = 3.2), while the

neutral molecule predominates at lower acidities (pKa = 6.3) and

" the monovalent anion Lh'alkaline solutions. The corresponding

behaviorﬁfqr-fluorespein is described in Sect. 2.

A study of the absorption spectrum of the triplet state of

HPhF as' a function of pH showed that two protolytic species of

the dye appear in the pH range O - 13, namely the neutral triplet

molecule and the monoanionic triplet. The spectruh of the neutral

'tfiplet_was very similar to that of the neuﬁral fluorescein

triplet, while ﬁhé spectrum of the monoanionic triplet was found

to'hévé fﬁe.same,spectfﬁm‘as the dianionic'fluorescein triplet.
. TheAflporeséein“triplet dianion and the HPhF triplet mono-

aniop are identicél ég-eaoh dther eicépt for the exisfenee of a

negatively charged carboxi group in the former species. This

‘difference in electronegativity was expected to affect the rate

cpnétants of the concentration quénching reactions (2) and (4),
bécause of electrostatic repulsion.effects. However, a deter-
hinétion at pH 12 df.the.constant (k2,+ 2k4) for HPhF showed that
this constant had ‘the same value as that for fluorescein, within
experimental error. Apparently, for a reaction between two
triplet flﬁoresoeih molecules to take place, the relative ori-
entatibn required is such that the parboxﬂ.ion repulsion is of

no importance. The cationic triplets of HPhF and fluorescein were
expected to have very similar rate constants of triplet decay,

and a study performed at pH 2 showed this to be the case.

The general conclusion of the study is that the carboxyl
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group of fluorescein is of no importance as far as the behavior

of the triplet state of the dye is concerned.

9. A flash photolysis study of proflavin

. The study reported in Sect. (2) of the triplet state of
fluorescein revealed.the occurrence of the electron dismutation
reactions (4) and (5), producing semioxidized and semireduced
fluorescein. A similar reaction might possibly occur iﬁ solutions
0of other dyes, that can form stable semioxidized and semireduced
radicals. The present study was undertaken iﬁ order to study this
possibility in the case of the acridine derivative proflavin.

Experimental conditions. Aqueous solutions of 0.1 to 1 uM
proflavin were studied . -by the flash photolysis method, at pH 5 
and 11.-”At-the lowef pH the cationic form of proflavin appears,
having an absofbtion peak at 445 mu (extinction coefficient 39000)
and‘ap the higher.pH<the base is formed, with an absorption peak
at 395 my (ext. coeff. 18,400).

A 0.0l.M phthalate buffer wés used to establish a pH of 5,
and 0.001 M NaOH to give a pH of 11. The solutions were
thoroughly deoxygenated.
a transient fading of the proflavin spectrum was observed during
flashing, and a broad absorption band in the visible and near
infrared appeared. The dye was rapidly regenerated tp its original
state, except for a certain permanent photodegradation of the dye.
This change amounted to 8 per cent per flash at pH 11 and to 3
per cent at pH 5.

An increase in light outbut cf the flash did not increase

the transient absorption change, showing that the solutions were
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light-saturated during the flash-exposure. In Fig. 7 the spectrum
of the metastable state of proflavin, formed during the flash, is
shown. In analogy with the cése of fluorescein the metastable
state is assumed to be the triplé state of proflavin. The spectra
at pH 5 and pH 11 are different from each other in the visible and
infrared wavelength range, but have a common absorption peak at
380-390 mu. It is possible that this peak is not due to the
triplet state but represents a fadical form of the dye, preceding
the appearance of the permanent photoproducts.

If it is assumed that the triplet disappears by the reactions
(1) - (5), the rate of decay immediately after flashing can be
written as

{a log, cfé ,
——= T g 4 (i + 2ky) C /2/

at i

From measurements of the triplet decay at different concentrations,
the following values of the rate constants were obtained from
plots of the left hand side expression of Eq. /2/ as a functiop
of the dye concentration,

at pH 5: k=780 sec™, kytsky=2.1x10% M1 sec™t

at pH 11: k;=1400 sec™, ky+2k) = 1.2x10% M- sec™ .

The results are very similar to those obtained under
similar conditions for fluorescein. There was also some evidence
for the occurrence of the electron dismutation reactions (#) and

(5) but further work is required to confirm this.
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Fig. 1. Cap and stopcock connected to cuvette neck, used

for introducing oxygen-containing solutions into
the cuvette. '
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Fig. 2. Initial rate of decay of the triplet state of

fluorescein after flash excitation of 0.2 uM
fluorescein in aqueous solution at pH 12 plotted
against oxygen concentration,
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Absorption spectrum of semioxidized fluoresceln as
obtained from extinction changes during flash
excitation of 0.5 uM in 0.1 M (-x-x-) and 9.3 M
(-+-+-) sulfuric acid containing ferric ions at a
concentration of 100 pM. The absorption spectrum
before flashing is also shown ( )e




Initial rate of decay of the triplet state of fluorescein
after flash excitation of 0.1 uM fluorescein in aqueous
solution at PH 5.5, plotted against the concentration of
Fe(III)-EDTA complex in the presence of excess EDTA

(J.O"3 M) (X). For comparison the corresponding rate for
a pure fluorescein solution is reproduced (o).

Cuvette length 60 cm.
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Fig. 5. Extinction change at 355 mi after flash excitation of

0.1 pM fluorescein in aqueous solution at pH 5.5 ~--- .,
In the presence of Fe(III)-EDTA complex (conc. as indi-
cated in the figure) and excess EDTA (10'3 M) .

Cuvette length 60 cm,



Fig. 6.

Extinction change at 428 my after flash excitation of
0.1 uM fluorescein in aqueous solution at pH 5.5 ---- .
In the presence of Fe(III)-EDTA complex (conc. as indi-
cated in the figure) and excess EDTA (:LO"3 M) - .
Cuvette length 60 cm.
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