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Photoinduced Energy and Electron Transfer between Ketone Triplets and Organic Dyes

1. Introduction
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An der Bahn 80, 37520 Osterode, Germany, and Hahn-Meitner-Institut Berlin GmbH, Glienicker Str. 100,
14109 Berlin, Germany

Receied: June 13, 1996; In Final Form: October 10, 1996

Cationic organic dyes (phenosafranine, safranine Tt{Sfhiopyronine, and methylene blue) are efficient
guenchers of the triplet states of aromatic ketones. The triplets of benzophenone (BP), xanthone, thioxanthone,
benzil, andN-methylacridone are quenched by the dyes via energy transfer, generating triplet excited dyes
(typically ky = 5.5 x 10° M~ s71 for 3BP" + ST' in acetonitrile solution). Regarding Michler's ketone,
p-(dimethylamino)benzophenone, and 3,6-bis(dimethylamino)thioxanthone, the mechanism of triplet quenching
is solvent-dependent. Electron transfer occurs in polar solvents like acetonitrile, and energy transfer is the
dominant reaction pathway in less polar solvents, such as dichloromethane. Delayed fluorescence of the dye
caused by heterotripletriplet annihilation involving ketone and dye was detected upon studying the reaction

of the dyes with triplet excited ketones (BP, xanthone, thioxanthone, and benzil). By applying two successive
laser pulsesiex = 532 and 308 nm, respectively), the rate constant of the read#ibh + 3(ST")" was
determinedky,; = 1.1 x 101° M1 s,

CHART 1: Structures of the Dyes

Cationic organic dyes have received considerable attention ~
in connection with commercial applications: They are em- /©:+;©\ (CH N(CH)
ployed, e.g., as laser dyes, dyes for textiles, and initiators for (€ Holz 32 o
photopolymerizatiod=2 In many of these applications, the me‘hy'e“e biue (MB* thiopyronine (TP")
electronically excited triplet state of the dye is of particular

_ _ . N HaC Ng CHs
importance. Mostly, however, the quantum yield of triplet /O;:@\ :@;ﬁ
ion i i iti NH; Nig NH, NH; N NH,

formation is rather low, and therefore, triplet sensitizers are

employed.

In this work, we report on the reaction of cationic organic ©

dyes with certain ketones that frequently serve as triplet

phenosafranine (PS™) safranine T (ST*)

sensitizers. In this case, two photophysical pathways are

possible, triplettriplet energy transfer (eq la) or electron
transfer (eqs 1b and 1c). The predominant pathway depends

3K* + Dt

on the physical and photochemical properties of both dye and
ketone. The structures of the cationic dyes used in this work
are shown in Chart 1.

2. Experimental Section

methylacndone (MAC), Michler’s ketone (MK), anp-(di-
methylamino)benzophenone (ABP) were recrystallized from
ethanol and benzene. 3,6-Bis-(dimethylamino)thioxanthone

— Sk + 3y (1a) (ATX) was synthesized as described in ref 5 and recrystallized
ke 3 times from ethanol.

— KT (1b) 2.2. Measurements.Quantum yields of dye bleachirbaye
K ke + D2+ (10) were determined by continuous irradiation at 365 nm in a

previously described set§gontaining a high-pressure mercury
lamp (HBO 200, Narva, Berlin) operated in conjunction with a
metal interference filter (UVIF 365, Zeiss, Jena). The absorbed
dose was determined by ferrioxalate actinométty.

The excitation source utilized for flash photolysis studies was
either a ruby laser operated in conjunction with a frequency
doubler gex = 347 nm; flash duration ca. 15 ns) or a frequency-

2.1. Materials. Methylene blue (MBCI™) (Aldrich), phe- doubled or -tripled Nd-YAG laseri¢, = 532 and 355 nm,
nosafranine (PSCI7) (Fluka), and safranine T (STI™) (Al- respectively; flash duration ca. 15 ns). Time-resolved emission
drich) were recrystallized from ethanelvater (4:1, v/V).  spectra were recorded using an optical multichannel analyzer
Thiopyronine (TPCI") (Fluka) was recrystallized 3 times from  (Princeton Applied Research) with a 10-ns gate. The computer-
ethanol. Hydrogen chloride bonded to crystalline thiopyronine controlled flash photolysis setup (Nd-YAG laser) has been
(TP*CI~ x ¥,HCI) was removed by heating at 168G in vacuo described elsewhefe Actinometry forie, = 347 and 355 nm
at 0.1 Torr* Benzophenone (BP) (Aldrich) was purified with  was performed using the benzophenone/naphthalene triplet
the aid of neutral AlO; using n-hexane-ether (2:1, v/v) as  systeml® Prior to irradiation, the solutions were bubbled with

eluent. Xanthone (X), thioxanthone (TX), benzil (B2 argon for 20 min in order to remove oxygen. Second-order
rate constants were determined by laser flash photolysis (error
T Columbia University. limit: +10%)
* Polychrome GmbH. ) T . .
5 Hahn-Meitner-Institut Berlin GmbH. Redox potentials of the dyes were measured using a cyclic

® Abstract published imAdvance ACS Abstractfecember 15, 1996.  voltammeter (GWP 673 at 100 mV~Y using platinum

S1089-5639(96)01744-6 CCC: $14.00 © 1997 American Chemical Society
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Figure 1. Transient optical absorption spectra recorded (a) at the end t (us) / £ us)
of the flash, (b) at 2.%s, and (c) 1Qus after irradiation of an argon- F
saturated acetonitrile solution containing BP1.0~3 M) and PS (4 e % 1 pst
x 1075 M) with a laser flash {ex = 347 nm; 23°C; Daps= 5 x 106 o L (PS™)
einstein LY. Insets: Kinetic traces recorded at different wavelengths . Y
following the laser flash ([BPE 1 x 1072 M; [PS'] = 2 x 1075 M; 6 s %
Daps= 6.2 x 1078 einstein LY). = . %
< 3BP . "
electrodes and SCE as reference. Tetrabutylammonium hexa- 47 2 e i
fluorophosphate (Fluka) was employed as the electrolyte for 5 M"’ : ™
x 10~ M solutions of the dye in acetonitrile. Ferrocene served 2 ":’ -\vo \
as the internal standaré4” = 0.42 V SCE)!! T I , T ,
450 500 550 600 650
3. Results and Discussion A (nm)

. . . Figure 3. Transient optical emission spectra recordedi after
3.1. Reaction of Ketqnfe Trlplgts with PSL 3.L1. The irradiation of an argon-saturated acetonitrile solution containing BP (1
BP—PS' System. Acetonitrile solutions containing BP and PS 103 1) and PS (2 x 105 M) with a laser flash {ex = 355 nm).

were irradiated at 347, 355, or 365 nm. At these wavelengths, |nsets: Kinetic emission traces recorded at different wavelengths
the light is almost exclusively absorbed by BP. Continuous following the laser flashAex = 347 nm; 23°C; Daps = 6.2 x 107°
irradiation atlex = 365 nm resulted in a slight decrease in the einstein 7).

PS” concentration corresponding to a quantum yield of about The bands at 420 and 450 nm correspond to the phosphorescence

0.01. Interestingly, flash photolysis &x = 347 nm revealed 3 . - . .
that BP triplets react effectively with PS Transient optical ec,)ép*BF’;, 3V\2/2'Ch dch_ays squlta;zous_ll_);] W'tt)h tge abso(;pégg of
absorption spectra recorded at various times after the laser flash a nm (Figures 1 and 3). € band aroun nm

are shown in Figure 1. The spectrum recorded at the end Ofstrongl_y _resemb_les the steady-state fluorescence of iRS
the flash possesses strong absorptions at about 510 and 320 mﬁcetonltnl_e solutlon}(exd= 500 _nm), forr]med after_tEerl:lasah (see f
corresponding to BP triplefd. The ground-state absorption of L%S;t in Figure 3). I_ts ecay Is synchronous with the decay o
PS' (Amax = 518 nm) bleaches simultaneously with the decay and the blea(?hlng .Of the dy% (Figures 1 and 3). Tt:erefore,
of the BP triplet absorption at 320 nm. The bleaching process the 51'-35-nm* band is gttnbu_ted to “*delayed fluorescence” emitted
is paralleled by a buildup of a new absorption at 800 nm from Y(PS")’, the excited singlet state of PS Generally, three

corresponding t8(PS')".13 Accordingly, 8P is quenched by ;jhiffeorlert mgilhanisms can_beﬂ?iscussgd regarding the origin of
PS" via triplet—triplet energy transfer (eq la). Furthermore, € delayed fluorescence In this case.

absorptions characteristic of redox intermediates of either 3(P§)* + 3(P§)* — PSS + 1(P§)* )
reaction partner were not observed. Importantly, after a certain

time, the absorption of ground-state P8 regenerated by a 3BP)* + PS” — BP + YPSH*

first-order process corresponding to a triplet lifetinfe= 25 (BP) s ( S+) 3)
us, quite similar to the previously reported vahiekBF = 5.5 3BP)* + 3(PS")* — BP + {PS)* 4)

x 10° M~1 s71, the rate constant of the reactiéBP* + PSF,

was obtained by a pseudo-first-order kinetic treatment of the Accordingly, }(PS")" can be generated by homotripidtiplet

changes in the absorption &8P at 320 nm (Figure 2). annihilation involving®(PSh" (eq 2), by triplet-to-singlet energy
The emission spectrum recorded with the system BP/PS transfer from¥(BP) to PS™ (eq 3), and by heterotripletriplet

consists of three bands at 420, 450, and 555 nm (Figure 3).annihilation involving®(BP)" and3(PS")" (eq 4). Provided the
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delayed fluorescence originated fré(RS")", formed according hex' -0.1 e‘
to eq 2, its decay should follow the decay of the optical 0.05+ Pex
absorption off(PS")*. However, the lifetime of the delayed \ 027
fluorescence was found to be much shorter than25 us, the 0004aet " ———
lifetime of 3(PS"). Moreover, delayed fluorescence was not 2 0 2 4 6 8 2 0 2 4 6 8
observed whef(PS")" was generated by irradiation of P&t t(ks) t(ks)

Aex = 532 nm in acetonitrile solution containing no other Figure 4. Double-laser experiment. Kinetic traces recorded at 320 nm

compound. Provided the mechanisms according to eq 3 or eq(a—c) and 520 nm (et) following laser flash photolysisigs" = 532

4 would be operative, the decay rate of the delayed fluorescencelgcf)“n?t afi%xizn =B S(g T(T% |\3|3 ;igd asqgta(g-satllérr%t'e\zﬂd) ic?tonéggen nsqo(lgtion
* . X X . = )

should correqunq tO. that of(BPY, which was ac“.‘a”y d); Aex =%08 nm (b, e); double-laser experimet&fx: 532 nm;Aed

observed. To distinguish between these two mechanisms, theZ'35g nm; delay 1.2 ms (c, f).

dependence df, the intensity of light emitted ater, = 555

nm, onle the intensity of the exciting light, was measured. In -\ herek, . is the pseudo-first-order rate constant of the decay

the case of triplet-to-singlet_energy transfer, shou_ld de_pend of the absorption at 320 nm obtained after deconvolution with
linearly onlex (Iem O ley), and in the case of heterotriptetriplet respect of the absorption 3{ST)", ko is the deactivation

annihilation,lem should depend exponentially & (lem O lexd). constant of¥(BPY in the absence of the dydg(BP) is the
The experimental results revealed an exponential dependencebimolecular rate constant of quenching %BP) by ground-
and thderbefor:ei it \{v_asl ?tqnletjded_mai_the delayed emission Sstate dye, andk, is the bimolecular rate constant of the
caused by heterotriptetriplet anninriation. . " heterotriplet-triplet annihilation (eq 4). In this waky = 1.1
Itis of parncular Interest to compare the_ rea_ctlon§(ﬂ.ﬁP) x 10*M~1 s 1was determined. The high value indicates that
with PS' in the ground state (eq 1a) and with™Pi8 the triplet _the dye triplet is more reactive towadgBP) than the dye
state (eq 4). To determine the rate constant of the latter reaction,g; glet
the following experimentwas carried out (see Scheme 1): A 312 The MK—PS" Svstem. The electronic characteristics
solution containing both BP and dye was at first irradiated with ; h o | ; y i 'f hat of ]
a 532-nm light flash to generate dye triplets and subsequently,ﬁs tcitgﬁei;iiig 12 tm:)‘fe?leféit;%ml\/fKaél\c/)l K§)Pis Bp?gﬁgstio
delayed by 1us, with an additional 308-nm light flash to v X .
generate benzophenone triplets. Such experiments require high-upder‘ilo t_atlelctror]-ttr_ansfer rt?[a_ct!onst.) chgllz’ ’\f/llishtahot_olyss
intensity laser pulses to convert sufficient ground-state molecules©' acetonitriie solutions containing both Fand M allex =
into the triplet state. Another prerequisite is a high quantum 347 Nm revealed tha¥(MK)" reacts with PS via electron
yield of triplet formation: i.e.,®isc must be large. ST, a ;ransfg (eq 1b) _and not via energy transfer*(eq 1a). Ev_|dently,
derivative of PS (see Chart 1), undergoes intersystem crossing ('\tAK) ree;ctst g‘(t&l'z)s muihgfastigga&(?f)_. 1)A :atherlh]lgh
with a larger quantum yield than P$* Since, moreover, ST rate constan = lox S ), typical for
exhibits a quenching behavior similar to that of'R&2P(PS") electron trafnshfer, Wasd foundblby E_seudc;;ga-ordsrg);g]etlc
= kgP(STH)), it was chosen for these experiments. Ground- tréatment of the ground-state bleaching o obs =

state ST was converted into the triplet state with a ca. 50% "M, which follows synchronously the decay of the weakTr
yield (Scheme 1). The exact degree of conversion was obtained@Psorption of MK at 650 nm. Typical kinetic traces recorded
from the change in the optical density at 520 nm (Figure 4d). during the fI_ash photonS|s_ experiments are presented in Figure
The decay of(BP) that also reacts with ground-state dye was o Interestingly, a transient absorption &js = 800 nm
monitored at 320 nm (Figure 4b). Typical kinetic traces indicating the formatlon_ of(PShH* was not dete_cted. On the
illustrating the changes in the optical density both at 320 and Other hand, an absorption &gss = 440 nm attributed to PS
520 nm induced by irradiating a solution with pulses from both radicals (the semireduced form of the #jeyrew in after the -
lasers are shown in Figure 4c and 4f. Because of the (Weak)flash (see Flg_ure 5b). The rate of the formation of the absorpn_on
absorption of(ST*)" at 320 nm (Figure 4a), it was necessary at_440 nm (Figure 5b) corresponds t_o the rate of dye bleaching
to deconvolute the decay curves recorded at 320 nm (Figure(Figure 5a) as expected on the basis of the occurrence of
4c). Upon performing experiments at different'Sdoncentra-

tions with and without application of the pump pulse of 532- MK)" + PS"— MK** + PS (6)

nm light and applying a pseudo-first-order kinetic treatment

regarding the decay in the absorption at 320 nm, the bimolecular  The pSradical decayed, in the present case, with a half-life
rate constant of the heterotriptetriplet annihilation was  of about 20Qus. As can be seen from the traces in Figure 5c
determined with the aid of and 5d, the absorption of ground-state"R8covers simulta-

' neously with the decay of the absorption off A8dicating the
kexp320= ko + kq[STJr] + kht[3(ST+) ] (5) occurrence of back electron transfer



Transfer between Ketone Triplets and Dyes

b
@| _ 24 Pse L0
o E
- ]
x .
:
o
o <
T T T T T
T T T T 0 2 4
0 4 8
o o
2 2 10
x >
[= [=]
ol [« T
< P
T T T T 0 T T T

0 200 400

t {us) t (us)
Figure 5. Kinetic traces recorded at different wavelengths following
laser flash photolysisigx = 347 nm; 23°C; Daps(107° einstein L) =
15 (a, ¢), 2.8 (b, d)) of an argon-saturated acetonitrile solution
containing MK (4x 107% M) and PS (4 x 107 M).

400 800 0 200 600

MK** + PS — MK + PS" 7)
The remarkable photostability of the acetonitrile solution
against continuous irradiation at 365 nm is in accordance with
this result. The quantum vyield of dye conversion is very low

(Pgye = 0.005).

Notably, the mechanism of the reactiéfMK)* + PS' is
solvent-dependent. Triplet-triplet energy transfer is the domi-
nant reaction pathway when the reaction is performed in the
less polar solvent dichloromethanecaioniniie = 35.9;
Edichloromethane = 8.9Y7). Flash photolysis experiments with
dichloromethane solutions revealed that in this case, the
absorption of3(PSH)* at 800 nm is formed, indicating the
occurrence of

MK)" + PS"— {(MK) + 3PS (8)

The lifetime of 3(PS")”" is about 25us. It is equal to the

lifetime of the recovery of the ground-state absorption of PS

As can be seen from Figure 6a, the recovery is not quantitative.
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Figure 6. Kinetic traces recorded at different wavelengths following
laser flash photolysisi{x = 347 nm; 23°C; Daps= 3 x 107° einstein
LY of an argon-saturated dichloromethane solution containing MK
(4 x 10 M) and PS (4 x 1075 M).

TABLE 1: Characterization of Dye Cations?

PS ST* TP* MB*
ES, eV 2.34 2.36 2.2p 1.8%
ET, eV 177 1.78 1.80¢ 1.5¢°
Ered’? €V —0.66 —0.6# —0.3¢
St 25 80 36¢
kP 10°PMtst 55 55 6.7 8.5

aES: singlet energy.E™: triplet energy. Ed/% reduction potential
(SCE). 3t triplet lifetime. k: rate constant of the reacticBP" +
dye in acetonitrile? Reference 14SReference 229 Reference 4.
¢ Measured in this work. Reference 239 Reference 20.

TABLE 2: Characterization of Ketones

k,1®m1st?

ketone ET,eV ExY2V AgGPeV CHCN CHCl, |
BP 3.0 2.39 0.05 55q 1.0

3.2 1.8 —-0.74 7.4q 0.6
X 2.8 1.69 —0.45 6.2q 0.45
BZ 2.4 2.0 0.26 5.8q 0.3
MAC 2.6° 1.47 —-0.47 54q 0.0
ABP 2. P 1.08 —0.96 12 e 9q,e 0.0
MK 2.7° 0.95 —1.09 13 e 8.7q9,e 0.0
ATX 2.7 1.10 —-0.94 8.7e,q 0.0

aET: triplet energy. Ex2 oxidation potential (SCE).ARrG: free
reaction enthalpy for reduction of Py ketone triplets. k: rate
constant of the reaction of PSt+ ketone triplets in acetonitrile and
dichloromethane. g: dominant energy transfer. e: electron transfer.
g,e: energy and electron transfer equally importdntrelative intensity
of the delayed fluorescence of Pformalized to BP)° Calculated
by ARG = Ext/4ketone)— Ef4PSt+) — ET(ketone).c Reference 24.

The trace approaches a saturation value definitely lower thand Reference 252 Reference 26.Determined from the phosphorescence
zero, indicating the occurrence of a dye-consumptive deactiva- spectrum at 77 K in ether/ethanol/toluene gldsReference 5" Ref-

tion reaction. In this connection, it is noticeable that, in
dichloromethane solution, also the formation of*R&as

erence 27 Measured in this work.

evidenced. The transient absorption at 430 nm (see kinetic traceM ~* s~ measured in PC is lower thag"< andk"&F measured

in Figure 6b) contains, apart from the absorption attributed to
3(MK)*, also a portion attributed to the radical ‘PSThis

in acetonitrile because of the higher viscosity of this solvent
(7pc = 2.53 P Nacetonitiie= 0.36 cP7).

suggests that electron transfer occurs in dichloromethane Hetero-T-T annihilation, evidenced by delayed fluorescence
solution. The simultaneousness of the two deactivation reactionsof PS+, was only found with solutions containing BP, X, TX,

is also reflected by the magnitude of the rate constant of the
quenching reactioAMK)" + PS". ky(MK) =8.7 x 10° M1
s tin dichloromethane is lower thdg(MK) = 1.3 x 10*°M~1
st in acetonitrile, but it is higher thaky(BP) = 5.5 x 1(°
M~1s I measured for the reactid(BP) + PS' in acetonitrile,
which solely involves energy transfer.

3.1.3. Other Ketones.The results concerning the reaction
of PS" with various other ketones in the excited triplet state

are summarized in Table 2. Electron transfer was observed only

with MK and ABP in the strongly polar solvent acetonitrile. In

the cases of the other ketones, triplet quenching occurs via

energy transfer with rate constants ranging from 5.30° to
7.4x 10®M~1s™L The slightly higher rate constant measured
in the case of ATX indicates a contribution of electron transfer.
Notably,3ATX" reacts with PS exclusively via electron transfer

in propylene carbonate (PC), a solvent more polar than
acetonitrile épc = 65'8). The rate constaik*™* = 1.4 x 10°

or BZ. Obviously, only the triplets of these ketones are capable
of reacting with PS triplets. So far, it has not been elucidated
why triplets of the other ketones examined in this work do not
undergo hetero-FT annihilation. A straightforward correlation

of the aptitude to this reaction and the triplet energy of the
ketones could not be established. Actually, such a correlation
seems feasible on the basis of the fact that in the cases of several
ketones (BP, X, TX, BZ), the relative intensity of the delayed
fluorescence decreases in the same order, naniBR) > 1(X)

> |(TX) > I(BZ), as the triplet energyE"(BP) > ET(X) >
ET(TX) > E'(BZ). However, in the cases of other ketones
(MAC, ABP, MK) possessing triplet energies higher than that
of BZ, delayed fluorescence is not observed at all.

3.2. Reaction of Ketone Triplets with MB". Low quantum
yields of dye bleaching®ysBF = 0.004 and®ysM< = 0.015)
were obtained upon continuous irradiation of ketones at 365
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Figure 8. Kinetic emission traces recorded at different wavelengths
following laser flash photolysisifx = 347 nm; 23°C; Daps = 6 x
107°% einstein ) of an argon-saturated dichloromethane solution
0.01 containing BP (1x 1073 M) and MB" (5 x 10~° M).

due to redox intermediates were not observed. Importantly, the
initial absorption of MB is regenerated within about 3%
(not shown in Figure 7). In this connection, it is notable that
a triplet lifetime of similar magnitude was found f&MB*)"
by Kamat and Lichtirf® The recovery of the ground-state
absorption of MB shows that irreversible processes leading to
permanent dye bleaching do not occur. Pseudo-first-order
kinetic treatment of the changes in the absorptio?B&f yielded
the rate constant of the reactiéBP" + MB:k;f” = 8.5 x 1(°
M~1s L This rate constant is only slightly larger than that of
the reactior®BP" + PS" (Table 2).

The rate constant of the reacti8MAC* + MB™ could not
be determined because the absorptionSMAC* and MB"

A O.D.
o

-0.01

-0.02

0 2 4 6 (ground state) are strongly overlapping. But the appearance of

t(us) the absorption of(MB*)" at 770 nm confirms the energy-
Figure 7. Transient optical absorption spectra recorded (a) at the end transfer mechanism concerning the reacfittAC* + MB™.
of the flash, (b) at 0.3s, and (c) 1Qs after irradiation of an argon-  1ha reactioMK”* + MB*, on the other hand, proceeds via

L . > ¢ 3 .
?; tir?t(er% %esa?ﬁtrgel:gft;ggﬁ 2nta_'m3rf7iif.%gcml)3 abnd_ '\QBX electron transfer (in acetonitrile solution). The rate constant is
ex — ’ ’ abs —

10°¢ einstein LY. Insets: Kinetic traces recorded at different high: kMK = 1.5 x 10" M~* sL. MB*, generated by this

wavelengths following the laser flash ([BR1 x 10°3 M; [MB*] = reaction, was evidenced by its characteristic absorption at 430

5 x 1075 M; Daps= 5.7 x 1078 einstein L-%). nm2° On the other hand(MB™)*, which should be formed by
energy transfer, was not detected in this case.

nm in Ar-saturated acetonitrile solutions containing BP or MK, In analogy to the PSMK system dealt with in section 3.1.2.

respectively. the mode of reaction pathway (electron or energy transfer) is

Laser flash photolysis experimentsiat = 347 nm revealed expected to be influenced by solvent polarity. It turned out
results similar to those found in the case of A@tone systems.  that in the weakly polar solvent dichloromethane, the reaction
Since MB' possesses a more positive reduction potential than 3MK* + MB™ proceeds predominantly via energy transfer as
PS' (Table 1), the reaction enthalpy of the reduction of the was evidenced by the formation 8MK*, detected by its
dye by ketone triplets, calculated with the aid of the Rehm  characteristic absorption at 770 nm. Moreover, a rather strong
Weller equation, is more negative. Consequently, electron absorption at 430 nm due to MBras observed, indicating that
transfer was expected to be the favorable reaction mode.electron transfer also occurs. Apparently, the partitioning is in
However, in comparing the reaction of MBand PS with favor of electron transfer in the present case. In this respect,
ketone triplets, only marginal differences regarding the competi- the MB*/MK system differs from the PSMK system where
tion between energy and electron transfer were detected. Thethe energy transfer pathway is favored in dichloromethane. The
ketones examined in this case were BP, MAC, MK, and ATX. difference probably reflects differences in the reduction potential,
In acetonitrile solution, energy transfer was observed for the which in the case of MB is somewhat more positive than that
reaction of MB™ with 3BP" and3MAC" and electron transfer  of PS" (see Table 1).
for the reaction MB + 3MK”. Both reaction pathways seem Heterotriplet-triplet annihilation, according to eq 4, was also
to be involved in the reaction MB+ SATX". In analogy to observed with the system BP/MB as is seen from kinetic trace
the system PSMK, the mode of the reaction pathway changed b in Figure 8, delayed fluorescence originating from reaction
from electron transfer to energy transfer when the reactiodf MB  3BP" + 3(MB™)" is emitted from!(MB™)" at 677 nm. The
+ 3MK" was performed in dichloromethane instead of aceto- emission at 450 nm (trace a in Figure 8) is due to the
nitrile. phosphorescence éBP".

Typical results concerning the system MBP are presented 3.3. Reaction of Ketone Triplets with TP". TP' possesses
in Figure 7, where transient absorption spectra recorded atphotophysical properties similar to those of'Rid MB* (Table
various times after the 15-ns flash are shown. The absorption1), which suggests also that its reactivity toward ketone triplets
bands at 320 and 510 nm, which are formed during the flash, should be similar. This was confirmed by laser flash photolysis
are attributed to®BP'. The absorption ofBP" decreases  experiments atex = 347 nm. It turned out, for example, that
simultaneously with the bleaching of the ground-state absorption TP, in analogy to PSand MB', reacts with*BP" via triplet—
of MB™ (around 600 nm) and the growth of the-T absorption triplet energy transfer. Moreover, delayed fluorescence was
of 3(MB™)" at 800 nm¥® The kinetic traces, shown as insets in  emitted from(TP*)", thus demonstrating the occurrence of
Figure 7, demonstrate the simultaneousness of these processeheterotriplet-triplet annihilation also in this case.

The formation of the absorption of(MB™*)" suggests the Different reaction pathways were observed for the reaction
occurrence of energy transfer (eq 1a). Obviously, absorptions3MK™ + TP* in acetonitrile and dichloromethane solution. In
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