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ABSTRACT

An apparatus for laser-flash photolysis-kinetic spectrophotometry
" was completed and put into service. - With this apparatus, a previously
unreported intense absorption band of 3MBH2+, Amax ~ 700nm, €max " 2 x 10
ﬂf] cm ], was characterized in several media and the pK, of 3MBHZ* was’
measured by two 1ndependent methods to be 7.17+.1 in water solution.

' ‘Measurements using conventional flash photolysis have established

that semimethylene blue, MBHT, formed by quenching 3MBH2+ with FeII(H20)§+,
decays in a number of media entirely by disproportionafion and at a diffusion-
controlled rate. Rates of decay of the photostationary state of solutions of
MB+ and‘FeII(HZO)g+ in a number of acidic media have been measured by a crossed-
beam technique and the data have been analyzed to yield specific rates of
oxidation of leucomethylene blue (MBH§+) by mp* (synproportionation) and by
Fe(IIT). Combination of rate constants for synproportionation and dispro-

4

portionation gives equilibrium constants for disproportionation . Laser
flash-photolytic measurements have confirmed that quenchxng of MB (S]) by
Fe(H20)§+ can result in electron transfer to give MBH ' '

Profound differences between processes initiated by quenching
~ triplet methylene blue with Fe(H 0‘§+ and with stable coordination complexes
of Fe(II) have been established using our new laser- f]ash photo]ysws apparatus
Quenchers have included [re'T(en) 1%, [Fe Hen), (bpy) 227, TreTien), (bpy)1°

and [Fe (bpy)3]2+. ‘Measurements have been performed in aqueous and aqueous-

" alcoholic solutions at pH 2, 4.4 and 8.2. In every case, quenching of 3MBH2+
or 3MB by a stable complex of Fe(II) proceeds at a diffusion-controlled rate,
102 to 10 times the rate at which Fe(HZO)E quenches 3MBH2 In every case,

T nét-électron transfer accounts for less than one .third of total quench1ng by

complexed Fe(II) and in some cases no net chemical change is detectable. 1In
contrast, quenching by,Fe(HZO)Ef goes essentia]]y<entire1y with net electron-
transfer. Ue conclude that quenching of triplet methylene blue by the
complexes of Fe(II) proceeds v1a electron transfer which is reversible in
the encounter complex. The MBH? which results from net e]ectron transfer
from complexes of Fe(II) decays essentially entirely to me* via oxidation

by complexed Fe(III), no disproportionation has been observed Kinetic
order of this oxidative decay depends on the charge type of the oxidant.
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I;' COMPLETION OF AN APPARATUS FOR LASER-FLASH PHOTOLYSIS
A (Hork by T. L. Osif)

An apparétus fof laser-flash photolysis-kinetic spectrophotometry
was assemb]ed and put into service. A Holobeam Series 630 Laser System
- with a Q-switchéd ruby laser capable of. providing up to 3.6 joules per
flash at 694.3 nm with a nominé] pulse width of 19 nsec was used. Measured
values of the flash width at half-height were ~ 28 nsec at 1.8J and ~ 50 nsec
at 1.2J. The cross-section of the laser beam was expanded by two cylindrical
lenses to illuminate all of-the 2.2 cm-long cell. Variations in the inten-
sity of the incident laser pulses were monitored by reflecting a sample of
the beam with a microscopy slide onto a Hewlett-Packard hp 2 4203 808 PIN
photodiode and méasuring the integrated photdcurrent using sample and hold
" electronics similar to those describéd by Davies and Hodgkinson (1972).
This monitoring system was ca]ibrated againét a Quantronix 504 Energy-Power
Meter.
Samples were monitored optically by a prObe-beam oriented perpen-

'dicﬁ]aﬁktoAthe laser beam. The probe-bean was provided by a 100W, 12V |

~ Oriel quartz halogen lamp with a 2.3 x.4.2 mm filament in sérfés Wfth a

. power-dropping resistor and an NJE Corp. model RSE 18 regulated constant-
. voltdge»DC powergsuppjy. -Thehlamp_was Qperated'ata]OV and,;to.increase the - -
_:1ight.iht¢nsity{ could be pulsed to 16V by'shorting}the resistor.(Ciaesson,
Finnstrom and Hunt, 1975),j‘A series of fused-silica 1ehses was used to
‘collimate the probe-beam, focus it through thé cell, reco]]imate it and
focus it on the entrance slit of an Oriel 7240 grating monochromator. One
~or more cut-off filters were placed between the sample cell and the mono-
chromator to minimize 694.3 nm-1ight and/or between the monitoring lamp

and the cell. to minimize photolysis. A rotating-sector shutter placed in




: ( Amax

in the wavelength region of its A

the: probe-beam minimized illumination of the sample. Three micro-switcheg
activated by cams attached to the shutter shaft were used. One assured
that the shutter never stépped in a position which would keep the lamp
operating at 16V. "Another controlled the timing and width of the probe
lamp pulse. The third provided a timing signal, wheﬁ the probe lamp
reached maximum intensity, which initiated the time sequence of firiﬁg
the laser f]ash-lamp, starting the oscilloscope sweep and firing the
Pockels cell Q-switch. |

Intensity of the monitoring Tight was measured By a Hamamatsu
R955 photomultiplier tube and a Tektronix 466 storage oscilloscope. In

some éaSes, a fast preamplifier incorporationg an Analog Devices 5CJ FET

- amplifier was used. Photographs of oscilloscope . .traces were.enlarged by

projecting them onto coordinate papér and tracing the image.
IT. RESEARCH COMPLETED DURING THE REPORT PERIOD: A PREVIOQUSLY UNREPORTED
INTENSE ABSORPTION BAND AND THE pKy OF PROTONATED TRIPLET METHYLENE
BLUE (Work by T. Ohno and T. L. 0sif)
The first project comp]eted with our new apparatus 1nvo1ved
character1zat1on of a previously unreported intense absorpt1on band of
protonated triplet methylene blue, 3MBH2 , and a careful redetermination

of the pKA of 3MBH2+ in aqueous solution. The hew]y—discovered T-T band

. absorbs in the same.waveléngth region as‘the“intense‘S-S'band.ot‘the dye

~ 665 nm). Because of the high efficiency of intérsystem crossing
of MB+(S]) and the relatively long lifetime of its T, state, 4.5 ﬁsec for
3MBH2+vand ~ 100 psec for 3MB+, two-photon excitation of the dyé to.an
upper trip]et state must be a common occhence under inténse illumination
max*

The abstract of the paper describing these results follows and

a single copy of the complete text of the paper, C00-2889-5, is transmitted

along with this report.




ABSTRACT OF CC0-2889-6

Excitation by a Q-switched giant ruby laser (1.2 jqu]e
output at 694 nm, ~ 50 nsec flash) of 2-10 ﬁﬂ_so1utions of methylene
_blue in water, 30% ethanol in water or 50 v/v% water - .CHJCN at pH
- values in the range 2.0 - 9.3 converted the dye essentially completely
to its T] state. The absorption spectrum of T] dye was measured
in different media at pH 2.0 and 8.2 by kinetic spectrophotometry.
Previously reported T-T absorption in the violet in ac{dic and
| alkaline so]utions-and in the near infrared fn alkaline solution
was confirmed. Values found for these absorptions in the present
work with 30% ethanol in water as solvent are im

13,200 M7! ™! at pH 2 and

ax "~ 370 nm, e v
-
~ 420 nm, €max ~9,000M  cm ,

ax

" 20,000 Mf] cn ! at pH 8.2. Long-wavelength

x " 840 nm, €nas

Mma
T-T absorption in acidic solution is reported here for the first

1 -1

. timef iy v 680 m, e 19,000 M~ cm™' in 30% ethanol in

Ama ma

water‘ét pH 2. Observation of a pH-independent isobestic poﬁnt "

720 nm confirms that the 1ong—wave1ength absbrptions_are due to
different prqtonafed states of the same specieé, MB+(T]) and MBH2+(T]).
The pKA of MBH2+(T]) fn water was determined from the dependence on
-ApH of absorption at 700 and 825 nm to be‘7.]4 + .1 and from the
kinetics of decay of ‘triplet absorption to be 7.2. The specific

rate of protonation of MB+(T]) by H2P0 in water at»pH 4.4 was

8 Mf] sec™!.

found:to be 4.5 + .4 x 10




ITI. OTHER PUBLICATIONS SUBMITTED WITH THIS REPORT

Transmitted herewith are 6 reprints of C00-2889-3, T. L. 0sif,
N. N. Lichtin and M; Z. Hoffman, "Kinetics of Dark-Back-Reactions of
Products of the Photoreduction 6f Triplet Thionine by Fe(II): Evidence
for Association of Leucothionine and Semithionine with Fe(III)", J. Phys.
Chem.; 82, 1778-1784 (1978). Also t}ansmitted‘is a single copy of COO-
2889-5, M. Z. Hoffman and N. N. Lichtin, "Photocﬁemica] Determinants of the
Efficiendy of Photogalvanic Conversion of-Solar Energy", in "The Chemical
Conversion and Storage of Solar Energy", R. B. King, C. Kutal, and R. R.
Hautala, eds., The Humana Press, N.J., 1979, in press.

IV. RESEARCH ON PHOTOINITIATED PROCESSES IN THE HEXAAQUO IRON-METHYLENE
‘ BLUE SYSTEM DURING THE REPORT PERIOD

Three studies are near completion and will probably be written
up'fok pub]ication by the end of the current contract period.

T Dependence -of the Kinetics of D1sproport1onat1on of Semimethylene
Blue upon Med1um (Work by S. Ray)

Convent1ona] flash photolysis-kinetic spectrophotometry'(f]ash—
width at half-height ~ 45 psec) was used to study yields of semimethylene
3uoult

b]ue,.MBHT, produced by the reaction of °MBHS" with Fe(H20)§+ in acidic

solution, the fraction of MBHT decaying by disproportionation:
oMt + WY X6 gt 4 MBH§+,
- and the dependence of k6 on solvent, nature of anions, pH and salt concen-

tration. Techniques were similar to those which we emp]oyed in our earlier

_ study'of the disproportionation of semithionine.] The decay of MBHY was

1. P. D. Wildes, N. N. Lichtin and M. 7. Hoffman, J. Amer. Chem. Soc.,
2288 (1975).

found to be second order and to proceed essentially quantitatively via

disproportionation under the conditions employed. This result is charac-
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teristic of the use of Fe(H 0)(25+ to quench 3

2
are obtained when CN™ and/or a,a'-bipyridyl is coordinated with Fe(II),

MBH'. Very different results

as reported in'sectipn‘v below. Stoichiometry and kinetics were monitored
at 665 nm, ) of MB". Data summarized in Table 1 establish that the

rate of-disbroportionation of sehimethy]enelb1ue does not disp]ay the

great sensiti?ity to soTvent (linear correlation with Kosower's Z function)
‘which is shdwn by the disproportionétipn of semithionine at pH 2 With
CF3SO3— as anion and = .1 M. The disproportionation of MBlH1-L is diffusion

TABLE 1

- Specific Rates of Disproportionation of
Semimethylene Blue in Various Media

MB'c171, = 2 wM; [Fe(11)]2 = .01 M

S [Acid] [Added Salt] ke,
Solvent M M 10°M “sec

Water .01 H,S0, None 1.9+,

" Water - .00 H2504' : None 2.1,
Water = - .01 H,50, - 115 K,S0, 4.6+.3
Water L0001 HyS0, 12 KHSO, 1.07+.01
Water .01 HCI .36 KC1 3.1+.1
50 v/v% aq. CH,CN .01 H,S0, ~ None 1.02¢.11
50 v/v% aq. CHyCN .01 HC1 .36 KC1 3.5+.3

50 v/v% aq. EtOH . .01 W80, . None 0.51£.02

1.7+.3

50 v/v% aq. EtOH .01 HC1 .36 KCT .

a. Impurity level of Fe(III) in Fe(II) ~ 0.4% in sulfate solutions, <0.1%
in chloride solutions. Anion same as that of acid.

controlled or nearly so under all the conditions we'have investiqated.



| - _ - . 'Further work is in prog}ess to separate salt effects on the
o | 'disproportionatin of MBH’-L from the dependence of its rate on pH. Synthesis
of'Azure A,(N,N-dimeth&] thionine),‘thionine-4-su]f0nic acid and thionine-
4,é-disqu0nic acid is in progress with the objective of comparing the
disproportionation reactions of THZT, MBH® and the half-reduced forms of
these dyes under identical coﬁditions.
2. Dependence of the Rates of Synproportionation of Methylene Blue
with Leucomethylene Blue and of Oxidation of Leucomethy]ene Blue

by Ferric upon Medium (Work by D. W. Hay)

The crossed beam apparatus which we have described previous]y2

2. P. D. Wildes, K. T. Brown, M. Z. Hoffman, D. E. Hall and N. N. Lichtin,
"The Dependence of Current Output of the VI-TL Sn0p/Pt Iron-Thionine
Photogalvanic Cell on Photostationary State Composition", "Solar Energy"

19, 579-582 (1977).

Wwas thermostatted and measurements at 25° of the kinetics of decay of the

phbtostationary state were performed and analyzed by methods which we have

3

reported.” These measurements yield values of k_6,,the synproportionation

3. P.D. Ni]dgs.and N. N. Lichtin,."Indirect Measurement of the Thionine-
Leucothionine Synproportionation Rate Constant by a Photochemical Pertur-

bation Teéhnique", J. Phys. Chem., 82, 981-984 (1978).

constant, and of k]O’ the'gross second order rate constant for oxidation

of leucothionine by ferric ion:

.
MeHGt + Bt ——C 5 omgu! + W'

k |
MBH§++ Fe(111) —10 o wu¥ + 20t + Fe(11).

Data are summarized in Table 2. We have found that the oxidation of leuco-

tionine by ferric proceeds via a 1:1Acomp1ex,4 but the method used in -the

4, T. L. Osif, N. N. Lichtin and M. Z. Hoffman, "Kinetics of Dark Back-

Reactions of Products of the Photoreduction of Triplet Thionine by Fe(Il):
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Evidence for Association of Leucothionine ahd Semithionine with Fe(III)",

J. Phys. Chem., 82, 1778-1784 (1978).

TABLE 2

Specific Rates? of Synproportionation of Leucomethylene
Blue with Methylene Blue and of Oxidation of Leucomethylene Blue
by Ferric®? in Various Media at 25°C

: [Acid]. [Added Salt] e _;‘10 E
Solvent M M M 10°M “sec M “sec
Water -010 H,50, None .05 4.1-8.6 20-40
50 v/v% Aq.CH;CN".010 H,S0, ‘None .05 1.1-2.2 800-1600
50 v/v%qu.CH3CN 'O]O.HZSO4 :8;32 ﬁ;;ggj 40 _45-.90 180-360
50 v/v% Aq.CH,CN .010 HC ‘ None .04 1.8-3.6  4000-8000
50 v/v% Aq.CH,CN .010 HCI .360 KC1 .40 12.2-24.4 27,600-55,290
- 50 v/v% Aq.CH,CN .0010 HCI - .369 KC1 .40 18.6-37.2 1,200-2,400
50 v/v% Aq.CHCN .100 HCI .270 KC1 .40 4.0-8.0 3,300-6,600
50 v/v% Aq. EtOH .010 H,SO, None .05 4.9-9.8 2100-4200

a. Twofold uncertainties in tabu1a§ed rate constants are a consequence of the
- method of.analysis of raw data.” In the case of leucothionine in watgr A
. with .0TM sulfuric acid, measurements by a totaily independent method ‘
agree well with the lower value of k]O'

S0, and FeCl, with HC1.

b. [Fe(II)]0 = .0IM in all cases; FeSO, with H, 2

[MB+]0 was varied systematically in the range %-10 uM.
work réported here Cannot'distinguish between electron transfer in an encounter
complex and in a reversibly-formed, relatively 1ong-1ived; complex.
| The data of Table 2 show that k_é and, particulerly, k]0 are more
sensitive to medium than is 2k6.' Both rea;tions, un]ike,2k6,'are many
orders of mégnitude slower than diffusion controlled. The sclvent dependence
of k]O in sulfate media may, possibly, reflect a dependence on Z associated
With electron transfer concerted wifh dissociation of protons,so that charge
is dispersed: |

' 3+ +

+ ' 2+ '
3 + Fe(H20)6 ——————~—%} ‘MBH- + Fe(H20)6 + 2H ,




since pKA ofMBHJ-r appears to be between 8 and 10.5< Possibly, the inverse

5. G. P. Roitman and A. K. Chibisov, Theor. Exp. Chem., 7. 44 (1971).

'dependénce of k]0 on salt concentration in sulfate media is another. conse-

quence of charge dispersal in the transition state. . The dependence of k]0

on pH and salt concentration in solutions of‘chloride in SO'Q/V% aq. CH.CN

3
appears to be related to inner sphefe complexation of Fe(III) by chloride,
as reercted in changes 6f the absorption spectrum of the iron salt around
340 nm with changing [C17]. AApparent]y,'inner—sphere association of Fe(IIl)
with C17 greatly accelerates fhe reaction, perhaps because chloride serves
as a bridgihg'1igand. The sharp maximum in k]0 at pH 2 with p = 0.4
suggests that at 1east:two proton transfer'processes,'characterized by
different'pKA values, must be involved. Increase in k_6 with -increasing
[C17] and ionic strength, effects opposite to those observed with sulfate,
suggests a bridging role for chloride in synproportionatfon also. The
monotonic increase of k76 with pH (with u = 0.4M) may result from increase
in-[MBH;]/{[MBH;T + [MBH§+]}with increasing pH.

. Combination of data from Tables 1 and 2 makes possible the evalua--

tion of Keq = k_6/2k6, the equilibrium constant for the disproportionation-
synproportionation process:
k . L
: Z - + 2+ +.2 . . _
Keq = k_6/2k6 —‘[MB ][MBH3 ]/[MBHA] and [H ]'15 included in Keq'

Values °f<Keq are summarized in Table 3 along with comparable va]uesffor

thionine which we have reported previous]y.3




TABLE 3
»Va]ues of Keq 6/2k for Methylene Blue and
Th1on1ne in 01M Acid around 25°C
‘ , u 106xKe a
- Solvent Acid M Meth. Blue Thionine
Water ' H,S0, .05 2.2-4.4 0.4-0.8
50 v/v% aq. CHiCN  H,S0, .05 1.1-2.2 0.9-1.8
50 v/v% aq. CH,CN CF 3S0,H- .05 ‘ 0.5-1.0
| 50 v/v% aq. CH,CN HC1 40 3.5-7.0
j - 50 v/v% aq. EtOH H,50, .05 9.6-19.2"

a. From reference 3.

3. Quench1%g of S1ng]et and Triplet Excited Methylene Blue by
Fe( H20) in Acid Solution (Work by T. L. 0sif) '

_ We previously reported that the pseudo-first order quenching of
3MBH?+ in 50 v/v% aq. CH,CN in .0IM HC1 is less than first order in FeII(HZO)2i
at high concentrations of ferrous.6 Careful repetition of this work at constant

6. T. L. Osif, S. Ray, N. N. Lichtin and M. Z. Hoffman, "Reductive Quenching
of Trfp]et and Singlet Methylene Blue by Fe2+," Extended Abstracts of the
_2nd Internat'l Conference on the Photochemical Conversion & Storage ot
Solar Energy, 8/10-]2/78, Dept..of Physica]lthemiétry, University of
Cambridge, England, ABST. 2.3, p. 17.

~ionic strength and chloride concentration using our new laser f]ash—photp]ysis

apparatus established that the reaction is clearly first order in ferrous.

)2*

Our observation7-that quenching of‘MB+(S]) by Fe(H,0 6 in .01M aqueous HCl

2
appears to result in reduction of the dye to MBH! was reexamined by following

‘ the kinetics of generation of absorption by the latter species at 880 nm
after laser-flash excitation. It was found that in the presence of, e.g.,

3 2+

.05M quencher, extrapolation of the pseudo-first order reaction of “MBH

to zero time dindicated substantial generaticn of MBHT by a process much faster
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than the quenching of the triplet. Presumably this process is -diffusion-
controlled quenching of the singlet.

V. RESEARCH ON PHOTOINITIATED PROCESSES. INVOLVING STABLE COORDINATION
COMPLEXES OF Fe(II) AND EXCITED METHYLENE BLUE (Work by T. Ohno)

Rate constants for quenching of 3MB+ and 3MBH2+, efficiencies

'of electron transfer in the qUenching.process, and kinetics and products
' 6f decay of MBH have been examined for systems in which mg* was first
. excited by 694.3 nm, ~ 50 nsec laser flashes (~ 1.2J) and quenching was

|
\ ' by coordination complexes of Fe(II) which were stab]e‘under the conditions
\ 'embloyed. Our new laser f]ash-photo]ySis apparatus was -used in this work.

Coordination complexes which have been studied include FeII(CN)g_,

FeII(CN)4(bpy)2', FeII(CN)Z(bpy)g, and Fe'l(

. bpy)§+,‘where bpy = a,a'-bipyridyl.
[ The behavior of these systems differs greatly from that of Fe(H20)§+ -
! : | methylene blue. We expect that this work will be ready for publication
! by the end of the present contract period or soon thereafter.
1. Some Pre]iminary'Aspects
So]vents were.identified in which dye and complexes wére suffi- -
ciently so]ub]e‘and stable. Negative]y charged coordiration complexes, e.qg.,
FeII(CN)g- or FeII(CN)4(bpy)2', perturbed the absorption spectrum of the
dye in a way consistent with enhanced dimérization of the dye. Such
enhancement could be a consequence of ‘electrostatic asséciation of posi-
tively charged {onsof<MB+ with the‘di- or tetranegative]} charged ions of
: complex. Association of both FeII(CN)g-and;FeII(CN)4(bpy)2' with MB* was
verified by measurement of the dependence of f1UOresceﬁce quenching upon
concentration of complex. Analysis of Stérn—Vo]mer data on the basis of
1:1 aésociatjon ofvthe énioh with the dye gave association constants in

different media which are summarized in Table 4.
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4
TABLE 4
Equilibrium Constants® for 1:1 Association of
mg* with'FeII(CN)4(bpy)2' in Various Media

Solvent HpO  Hp0-EEOH H,0  H)0-EtOH  H,0-CHyCN  H,0-DHA

1:1] 2:1 2:1 3:2
pH 2 2 6.1 6.1 6.1 6.1
[Na,S0,1.M .04  .032 .08 .02 02 .04
K, M 283 194 260 92 - 425 72

a. Calculated from Stern-Vollmer data.

2. Kinetics of Quenching'of Trip]et Methylene Blue and the
Efficiency of Electron Transfer in the Quenching Process

Kinetics of quenching of tfip]et methylene blue was measured by
monitoring regeneration‘of ground state dye through its absorbtion at

2+

645 or 665 nm, by monitoring decay of 3MBH through its absorbtion at

710 nm and by monitoring decay of 3MB+ through its absorption at 825 nm.
Wi;h Fel;(HZO)g+ or FeII(CN)g' as quenchér, decay of 3MBH+. was also
monitored at 370 nm. With only one-exception, the rate of decay of T-T
absorption agkeed with the rate.of recovery of S-S absorption. In the
 single exception, FeII(CN)Z(bpy)g in acidic 20% ethanol in WQtér;
reéovery of S-S absorption-was ~ 13% slower than decay of the T-T band.
In all caseé, péeudo;First order rate constants for decay of the triplet
(or recovery of the singlet), kd’ varied linearly with concentration of

quencher. Second order quenching constants, kq, evaluated from the -

sloptes .of plots of kd vs [quencher], are summarized in Table 5.




Rate Constants, kq> and Electron Transfer Efficiencies, f, of the
Quenching of 10 uM Triplet- Methylene Blue? by Complexes of Fe(II)
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TABLE 5 -

274

» | | ' Dye 0 Y
Quencher Eﬂ_ : Species 10" M 'sec .

| ' o W0

K[ T(e) ] 4.4°> Supn?* 14.3

K [Fe'T(CN) , (bpy)] 4.4 et 8.0
- KyLre!T(eN), (bpy)1° 4.4 A VT 1.0
K[l T(en) (bpy)] 829 Svg* 4.0

[Fe II(bpj)3][C]0 1, 4.4 SypH* .42
[re'T(1)0)150,1°  2.0° Sypu?* .0055

| 20% EXOH in H,0 y
Fe'1(CN), (bpy), 0.4 . Syt 3.39
30% EtOH in‘HZO

k,[Fell(C )4(bpy)] 2.06 . et 3.8
Ky[Fe T(en), (bpy)] 4,40 3pi?* 4.1
| Kz[Fe (CN)4(b )] 828wt 3.0

k,CFe!T(cN), (bpy)1¢ 8.2¢ o Swgt 2.8

|  60% EtOH in H0

K CFe'T(CN), (bpy)] 4.4 | B2t a2

Fe”(cm)z(bpy)2 4.4° SwBHZ* 1.7

a. Concentration of triplet equal to total concentration of dye.

b. .04M KH,PO, buffer.

c. 2 uM dye.. A

d. .02M Na28207 and .02M Na,S0,.

e. .0IN H,S0,. | -

f. From ref. 7, u = 0.2M, adjusted with Na,SO

.08

.24
.22
.07
.06

.31
.08
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7. P. D. Wildes, N. N. Lichtin, M. Z. Hoffman, L. Andrews and H. Linschitz,
"Anion and Solvent Effects on the Rate of Reduction of Triplet Excited
Thiazine Dyes by Ferrous Ions", Photochem. Photobiol., 25, 21-25 (1977).

Thé extent of electron transfer inAthe triplet-quenching process

'ﬁas calculated routinely from decrease in ébsorbance at threefwavelengths
in the S-S band of MB+, 645, 665 and 685 nm, after quenching was complete
but before décay of the product of quenching was significant. Tﬁis method
assumes that absorbance of the product, semimethylene blue, MBHT, is
negligible in this wavelength region. This assumption was supported by
observing that the difference spectrum after quenching of a selected solu-
tion was complete coincided exactly with the S-S absorption spectrum of
MB+ at a concentration cdrresponding to a fixed fraction of the initial
concentration of the dye. It was further supported by excellent agreement
among the values of.A[MB+] calculated from A0.D. data at the three wave-
lengths under a given set of conditions. Data were analyzed in terms of
the'equation,

Bt/ [Triplet] = k fTFe(11)V/ky,

by plotting [MBHT]/[Triplet] VS [Fe(II)]/kd, where [Triplet] = [MB+]0.

~In a1l cases, except for quenching by FeII(CN)Z(bpy)g in acidic 60%

- EtOH in water, the resulting plots were linear w{th an intercept at the
origin. In the ]after case, a correction had.to»be éppiied for reductive
quenching by the solvent. Values of f are presented in Table 5.

The data of Table 5 make clear that k_ for labile Fe(H20)2+

q
is much smaller, 1/2600 - 1/76, than it is for any of the four stable

complexes of Fe(II) which were studied. " The values of kq for the stable

complexes appear to be at or near the diffusion-controlled 1imit. Compari-
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son of varietion of the rate constants in water solution with the variation
calculated from the Debye equation,

| k = kozazbe /ek T[exp(z z e /ek T) - 17,
confirms that quenching is indeed diffusion-controlled, as shown in Table 6.

TABLE 6

Comparison of Observed Variation of-kq in Hy0 Solution with
Variation Calculated by Means of the Debye Equation

' ' Relative k
Reactants . Observed Calculated
Smene* - [relT(cn)1% 00 1.00
vt - [FeII(-CN)4(bpy)]2' .56 53
gt - - '
3vg* - [Fell(cN )(bpy)]2 .28 .33
3vpn2* - [re II(bpy)3]9+ .029 .03

Changes in kq with solvent for the stable complexes are also consistent

w1th diffusion-controlled processes in which k decreases with increasing
‘Droport1on of EtOH due to increased v1scos1ty while decreas1ng dielectric
constant affects the dielectric work term.

The possibility that these diffusion-controlled quenching reacticns

'1nv01ve energy transfer from triplet dye to quencher is exc]uded in most or all
of the cases by the absence of a sufficiently low-lying triplet state of the
quencher. We propose that diffusion-contro]]ed quenching.proceeds via a
reversible electron-transfer process in the encounter complex similar fo

that proposed by Rehm and WeHer.8 The data of Table 5 show that nature

"8, D. Rehm and A. Weller, Ber. Bunsen. Elect. Chem., 73, 834 (1969).

of the ligands coordinated with iron, solvent, and state of protonation of -

the triplet dye can all influence the efficiency of electron transfer, f.
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It is beyond the scope of thislreport to show_at length how these effects
can be related to the assumed quenching mechaism. However, it is worth-
while pointing out that the degree of net electron transfer can bé
correlated with relative solvation energies of‘reactants.and pfoducts,
'redéx potentia]s; and rates of self-exchange electron transfer reactions.
| 3. Decay of Semimethylene Blue After its Production by the

Quenching of Triplet Methylene Blue with Stable Coordination

Complexes of Fe(II)

Spectra of products produced by reductiVe quenching of triplet
'methylene blue resembled reported spectra of semimethylene blue, MBHf,
but varied sbmewﬁat with the nature of the iron comp]e* and the pH. In
all éases, bands were observed with peaks around 400 and 880 nm. Presumably,
associatioﬁ of MBHf with negativély charged complex ions affects the spectrum
of MBH'.

In no case did the decay of MBH? proceed via disproportionation.
Instead, réoxidation to MB+ was either complex or accompanied (when
‘[F II(CN) (bpy)]z- was used in acidié 60%'ethanoT in water) with a very
small amount of permanent bleaching. - This behavior stands in contrast to
the comp]ete; diffusion-controlled disproportionation which takes place
in the'presence of hexaaquo iron (see seétion,IV.], above).

"The kinetic order of décay of MBHT and its rate depended on the

naturevof the iron complex and the composition of the medium. With.
[F II(CN) ] as quencher in acid aqueous so]Ution, decay was first order,

,lndependent of the concehtration of the ferrous complex, with k n1.7 x 104 sec

Th1s behavior is consistent with back react1on in an MBH [FeIII(CN)6}3" ion

pair. Similar behavior was observed with [Fe (CN)4(bpy)] as quencher in

30% EtOH in water at pH 2 and 8.2, with k 3 sec!.

decay v 2 x10

At pH 8.2



| x 10

. ~
. Y
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under the 1atter conditions, unlike all other cases which were observed,

the first order rate of regeneration of MBf was slower (n 7 x 102 sec'l)

than the rate of decay of MB%T. When FeII(CN)z(bpy)g was used as .

quencher in acidic aqueous ethanol, decay of MBH"-L was second order Qith

a rate cénstant, measured by following recovery of_MB+, which was . 2.5

9 Mfl sec”). The decay of MBH! formed by quenching with FeII(CN)4(bpy)27
in 30, 50 or 60% aqueous ethaﬁo]ic solution at pH 4.4 did not follow either

clean first or second order kinetics.

VI. PREPARATION OF A REVIEW OF THE PHOTOCHEMISTRY OF METHYLENE BLUE
(Work by S. Ray) :

During the report period, the first draft of é review article
on the photochemistry, spectroscopy, photophysics and redox chemistry of

methylene blue was completed.
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