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Abstract

The photoinduced electron transfer between either cationic 5,50-dichloro-3,30,9-triethylthiacarbocyanine (1) or a structurally

similar anionic dye (2) and appropriate donors, e.g. ascorbic acid, and acceptors, e.g. methyl viologen, was studied by ns-laser

photolysis. In aqueous solution the dyes in the ground state are present as an equilibrated mixture of dimers and monomers, whereas

the triplet state is mainly populated from dimers. The triplet states of both dimers and monomers are quenched by electron donors

or acceptors and the rate constant for quenching is generally 2–4 times higher for dimers than for monomers. The kinetics of triplet

decay and radical formation and decay as a result of primary and secondary electron transfer were analyzed. While the one-electron

reduced dimer decays due to back reactions, the one-electron oxidized dimer rapidly dissociates into the monomer and the mo-

nomeric dye radical. For the dimeric dye/donor/acceptor systems the primary photoinduced electron transfer occurs either from the

donor or to the acceptor yielding the dimeric dye radicals. The one-electron reduced dimer can be efficiently oxidized by acceptors,

e.g. the rate constant for reaction of the dimeric dye radical of 1 with methyl viologen (photoreductive pathway of sensitization) is

1:6� 109 M�1 s�1. The photooxidative pathway of sensitization is more complicated; after dissociation of the dimeric dye radical,

the monomeric dye radical is reduced in a secondary electron transfer from ascorbic acid, e.g. with a rate constant of 1� 109 M�1

s�1 for 2, yielding the monomer. On increasing the donor concentration the photooxidative pathway of sensitization is switched to a

photoreductive one.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Photoinduced electron transfer (PET) is the subject of
numerous investigations which have been intensively

carried out in the last two decades [1–4]. As a result of

these studies a general pattern of PET has been estab-

lished and basic concepts have been worked out [5,6]. A

majority of publications on PET is related to monomers

in solutions, where the triplet state of different com-

pounds or dyes plays a key role [7–10]. In the last years

much attention has been paid to the photochemistry of
supramolecular systems and in particular of dimers as the

simplest aggregates and higher aggregates [11–14]. A
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specificity of dimers is the enhancement of the quantum

yield of intersystem crossing (Uisc) with respect to that for

monomers [12,13,15,16]. The study of PET with dimers is
of keen interest and the role of dimers in the primary

photoreactions of photosynthesis has been discussed [17].

A main area of application of PET with aggregates of

cyanine dyes is spectral sensitization of silver halide

photographic emulsions [18]. Cyanine dyes are versatile

compounds, forming dimers and higher aggregates in

both solutions and on surfaces. They are attractive not

only for spectral sensitization, but also for a variety of
other technical applications, e.g. electroluminescence

and non-linear optical devices [18–25]. Specific proper-

ties of monomeric cyanine dyes are a low Uisc and effi-

cient trans ! cis photoisomerization which complicates

the study of electron transfer via the triplet state [26–28].

However, population of the triplet state appears to be

possible for cyanine dyes with bulky substituents e.g. a
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Fig. 1. Absorption spectra of 1 and 2 in aqueous and ethanol solution.
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methoxy group in meso-position at the polymethine

chain [29–31]. For this case the trans ! cis photoiso-

merization is sterically hindered to some extent, thereby

facilitating population of the triplet level. For cyanine

dyes with low Uisc the triplet state properties are usually
studied upon sensitized excitation using energy transfer

from appropriate triplet donors. This has been reported

for thiadicarbocyanines in acetonitrile [9] and carbocy-

anine in non-polar organic solvents [8]. PET was studied

only for a few monomeric cyanines upon direct or sen-

sitized excitation and the electron transfer was shown to

proceed via the triplet state [8,9,31].

The triplet state properties of cyanine dimers, com-
pared with those of monomers, have been studied in less

detail. Dimerization of certain cyanine dyes takes place in

water [12,13,18,19], as well as in the presence of synthetic

polyelectrolytes, such as polyacrylic acid, polymethacry-

lic acid or polystyrene sulfonate [29,30,32–35]. Recently,

we have shown a significant enhancement of Uisc for

monomethine and thiacarbocyanine dyes upon dimer-

ization in water and in the presence of polyelectrolytes
[12,13,30]. As regards to PET for cyanine dimers, there is

only a brief information, where the triplet state of dimers

for 9-ethylthiacarbocyanine was shown to be quenched

by ascorbic acid (AA) and p-benzoquinone via electron

transfer, giving rise to the formation of dye radicals [30].

In this paper we present the results of the electron

transfer between cyanine dimers and monomers in the

triplet state and appropriate electron donors/acceptors
as well as between donors and acceptors mediated by the

dimeric triplet state. We used a cationic (5,50-dichloro-
3,30,9-triethylthiacarbocyanine) and an anionic (5,50-di-
methoxy-3,30-disulfopropyl-9-ethylthiacarbocyanine)
dye, 1 and 2, respectively. These dyes are positively (1)

and negatively (2) charged and exhibit different contri-

butions in the triplet state quenching reactivity. The

dyes are water soluble and efficient spectral sensitizers
due to alkyl meso-substituents at the polymethine chain.

The presence of Cl and OCH3 as substituents in aro-

matic residues promotes dimerization for 1 and 2, re-

spectively. Methyl viologen (MV2þ), p-benzoquinone,

9,10-anthraquinone-1,5-disulfonate (AQ0), 2,4-dinitro-

benzene-sulfonate (NO)2B, nitrobenzene, p-nitroace-

tophenone (p-NAP) and Fe(CN)3�6 were used as

acceptors and AA, p-hydrobenzoquinone and amines as
donors. The photooxidative and photoreductive path-

ways of sensitization by cyanine dimers in the triplet

state are outlined and the data on the triplet state

quenching of dimers by the electron acceptors and do-

nors are compared with those for monomers.
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2. Experimental

The cyanine dyes 1 and 2 were the same as used

previously [8,30]. MV2þ, p-benzoquinone, AQ0, (NO)2B,

nitrobenzene, p-NAP, K3Fe(CN)6, AA, p-hydrobenzo-
quinone, 1,4-diazabicyclo[2.2.2]octane (DABCO),

ABCO and EDTA were used as commercially available

(Merck and Aldrich). Water was from a millipore (milli

Q) system. For laser photolysis with dimers the concen-

tration of aqueous dye solutions was mostly 10–20 lM,

whereas for laser experiments with monomers the con-

centration in ethanol or ethanol–water mixture (1:1, v/v)

was around 50 lM. The solutions were freshly prepared
by diluting from stock solution in ethanol (1 mM).

Buffers were only applied for AA at pH 9.6–10. A diode

spectrophotometer (HP 8453) was used for the steady-

state absorption spectra. For the time-resolved absorp-

tion measurements the laser set-up, including the second

harmonic from aNd:YAG-laser (J. K. Lasers, kexc ¼ 530

nm) and two transient digitizers (Tektronix 7912AD and

390AD), was the same as used previously [8,30]. The
experimental error in the quenching rate constants is

typically �10%. Note that the kinetics of bleaching re-

covery coincides with those of absorption decay at ap-

propriate wavelengths, which latter, however, are more

informative. The samples, unless otherwise indicated,

were purged with argon prior to the photolysis mea-

surements which refer to 24 �C.
3. Results

3.1. Ground state

The absorption spectra of dyes 1 in ethanol–water

mixture (1:1, v/v) and 2 in ethanol (Fig. 1) are charac-

terized by intense bands with maxima at km ¼ 553 and
565 nm, respectively, which are due to monomers. In

aqueous solution the spectra of 1 and 2 show maxima at
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Fig. 3. Transient absorption spectra of 1 in aqueous solution, pH 3.2,

in the presence of MV2þ (1.5 mM) and AA (0.04 mM) at 0.1 (d), 1

(M), 12 (j) and 40 ls (}) after the pulse; insets: kinetics at 390, 460

and 540 nm.
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kd ¼ 510 and 522 nm, which are assigned to the re-

spective dimers, and less intense peaks at km from the

monomers. Thus the dyes are present as equilibrated

mixtures of monomers (Cþ
m/C

�
m) and dimers (C2þ

d /C2�
d )

for 1 and 2, respectively [12,30].
The ratio of absorbencies of dimers to monomers for

dye concentration of 20 lM at the laser excitation

wavelength of 530 nm was estimated to be 3.5 for 1 and

15 for 2 from deconvolution of the absorption spectra in

aqueous solutions. Thus the laser pulse is predominantly

absorbed by the dimers.

3.2. Triplet state of dimers

Upon laser excitation of 1 and 2 in water the transient

absorption was observed which we assigned to the

triplet state. Generally, Uisc of cyanine dimers is strongly

enhanced with respect to the monomers. In particular,

Uisc of the dimer of 1 was estimated to be 0.04 versus

0.01 for the monomer [30]. The dimer of 1 absorbs more

light from the 530 nm pulse than the monomer and,
taking into account a higher Uisc for dimers, it is rea-

sonable to assign the observed triplet with a lifetime (sT)
of 20 ls mainly to the dimer [30]. T–T absorption for 2

in water with sT ¼ 16 ls is also due to that of the dimer

[8]. The T–T absorption spectra of dimeric 2 and 1 in

aqueous solution at 0.1 ls after the laser pulse are dis-

played in Figs. 2 and 3, respectively. At 0.1 ls in the

presence of p-NAP or MV2þ and AA the triplet makes
no progress in PET and consequently the T–T absorp-

tion does not interfere with the spectra of radicals which

are formed at longer times. The T–T absorption spectra

are characterized by the maximum at 540 (1) and 555

nm (2) and by a photobleaching at 505 (1) and 515 nm

(2). Dimers of 1 and 2 are converted into monomers on

addition of ca. 25% ethanol and this is accompanied by

a decrease of the triplet yield [12].
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Fig. 2. Transient absorption spectra of 2 in aqueous solution, pH 7, in

the presence of p-NAP (0.08 mM) at 0.1 (d), 0.7 (,) and 8 ls (j) after

the pulse; insets: kinetics at 350, 460 and 560 nm.
3.3. Oxidation of dimers upon PET

In order to study the electron transfer from excited

dimers, several electron acceptors were applied, and the

triplet state was found to be quenched in their presence.
The rate constants for quenching (kq), obtained from the

linear dependences of 1/sT at 540 nm versus [acceptor],

are compiled in Table 1. Quenching of the dimeric triplet

state is accompanied by the formation of radicals of

dyes and acceptors as products of electron transfer re-

action. For example, for 2/p-NAP with kq ¼ 1:1� 1010

M�1 s�1 the transient absorption spectra show triplet

decay and formation of two radicals, p-NAP�� with
maximum at 350 and the dye radical with kmax ¼ 480

nm (Fig. 2). Using the absorbencies of the two radicals

and e350 ¼ 1:8� 104 M�1 cm�1 for p-NAP�� [36], the

molar absorption coefficient of the dye radical was

found to be e460 ¼ 1:7� 104 M�1 cm�1. The spectra of

2/MV2þ show formation of MV�þ with maxima at 390
Table 1

Quenching rate constant (�108 M�1 s�1) of the triplet state and radical

of dimeric 1 and dimeric triplet of 2 by electron acceptorsa

Acceptor Triplet 1 Radical 1b Triplet 2

p-Benzoquinone 68c –d 85

p-NAP 47 95 108

AQ0 –e –e 7.2

MV2þ 1.7 16 145

Nitrobenzene 50 80 62

(NO)2B 33 62 27

Fe(CN)3�6 –e –e 9.8

a In aqueous solution.
bRadical formation with AA.
c Taken from [30].
d Thermal reaction.
e Formation of J-aggregates.
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and 600 nm and likewise the dye radical, kq ¼ 1:5� 1010

M�1 s�1. A value of e460 ¼ 2:0� 104 M�1 cm�1 for the

dye radical was evaluated using the absorbencies of the

two radicals and e396 ¼ 4:2� 104 M�1 cm�1 for MV�þ

[37]. This is close to that measured for the 2/p-NAP
system.

An analogous case with similar spectra (kmax ¼ 465

nm for the dye radical, Fig. 3) results from triplet

quenching of 1 by MV2þ, where, however, the rate

constant is much smaller, kq ¼ 1:7� 108 M�1 s�1, than

for 2. Closer inspection of the 2/acceptor systems reveals

a change in absorption around 560 nm; the DA560 value

increases after ca. 3 ls prior to slow decay (see Fig. 2,
inset). The 560 nm band was detected with 2 and all

acceptors examined. A similar behaviour of absorption

changes was also established for the 1/acceptor systems.

3.4. Reduction of dimers upon PET

Several electron donors were used to study the elec-

tron transfer to excited dimers. The triplet state of di-
meric 1 with a maximum at 540 nm is quenched by AA,

kq ¼ 4� 108 M�1 s�1. In contrast to 1 [30], quenching

by AA does not occur for 2 at pH 3.2. However, suffi-
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Fig. 4. Transient absorption spectra of 2 in aqueous solution, pH 10, in

the presence of AA (14 mM) at 0.1 (d), 5 (,) and 40 ls (j) after the

pulse; insets: kinetics at 440 and 560 nm.

Table 2

Quenching rate constant (�108 M�1 s�1) of the triplet state and radicals of

Donor Triplet dimer 1 Radical dimer 1 Triplet dim

AA 4 (1.1)b 35 0.14c

p-Hydrobenzoquinone 0.08 1.6 <0.01

DABCO <0.01 0.06 <0.01

ABCO <0.01 <0.01 <0.01

EDTA <0.01

a In aqueous solution and water–ethanol (3:1) for dimer and monomer, re
b For monomer, taken from [30].
c For pH 10.
cient quenching by AA with kq ¼ 1:4� 107 M�1 s�1

occurs at pH 10. The transient absorption spectra under

these reductive conditions with kmax ¼ 440 nm for the

dimeric dye radical (trianion) of 2 are shown in Fig. 4.

The kinetics of triplet decay, bleaching recovery and dye
radical grow-in are the same. For p-hydrobenzoquinone

kq is smaller and DABCO or ABCO do not quench at all

(Table 2).

3.5. PET with monomers

Electron transfer from and to excited monomers were

examined with the same acceptors and donors as for the
case of dimers. Although Uisc of cyanine monomers 1

and 2 is low, the triplet state is populated upon direct

excitation of the monomer (50 lM) in ethanol–water or

ethanol solutions with intense (50 mJ) laser pulses,

where measurable T–T absorption from monomers was

detected. Fig. 5 shows the T–T absorption spectra for 1

at 0.1 ls after the laser pulse; the T–T spectrum is not

overlapped with the spectra of radicals which were
formed at 2–3 ls in the presence of p-NAP.

The rate constant of quenching was obtained from

the linear dependence of 1/sT at 650 nm versus the ac-
1 and 2 by electron donorsa

er 2 Radical dimer 2 Radical monomer 1 Radical monomer 2

10 23 6.6

0.1 3.6 0.25

<0.01 �0.14 0.03

<0.01 <0.01 <0.01

spectively; radical formation with MV2þ.
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Fig. 5. Transient absorption spectra of 1 in ethanol–water mixture (1:1,

v/v) in the presence of p-NAP (0.12 mM) at 0.1 (d), 0.3 (M), 1 (j) and

5 (}) ls after the pulse; insets: kinetics at 460 and 670 nm.
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ceptor concentration. The values for p-NAP are

kq ¼ 6� 109 M�1 s�1 for both dyes. For MV2þ

kq ¼ 1� 108 M�1 s�1 for 1 and 6� 109 M�1 s�1 for 2

and those for the other acceptors are in between

(Table 3). Fig. 5 shows spectra with kmax ¼ 465 nm for
the monomeric radical of 1, produced as a result of

electron transfer to p -NAP. In principle, both an oxi-

dative and a reductive electron transfer step may gen-

erate dye radicals. However, electron donors used in this

work practically do not quench the triplet state of mo-

nomeric 1 and 2 with the exception of 1 by AA, in

contrast to electron acceptors [30].

3.6. Photooxidative sensitization

On addition of AA in small concentration (0.01–0.05

mM) to the dimer 1/MV2þ system, the decay of the dye

radical is accelerated and accompanied by an increasing

of absorbance at 540–560 nm, whereas the MV�þ signal

at 390 nm remains almost constant (Fig. 3). From the

linear dependence of the rate constant of radical decay
versus the AA concentration, kq ¼ 3:5� 109 M�1 s�1

was obtained (Table 2).

A similar behaviour was also found for dimeric 2 in

the presence of MV2þ and AA. The rate constant of

reaction of the dye radical with AA is kq ¼ 1� 109 M�1

s�1 (Table 2) and the time-dependent change is around

560 nm. The DA560 value increases within 15 ls (prior to
slow decay) and depends on the AA concentration,
strongly enhancing by increasing the AA concentration

in the 0–0.1 mM range for 2 (Fig. 6, insets 1, 2) and 1,

whereby the plateau value is nearly twice that in the

absence of AA. For a 50% change an AA concentration

of 0.04 mM is required and at [AA] > 0.2 mM the DA560

value decreases within 0.1 ms (Fig. 6, insets 2, 3).

A rise time of absorbance at 560 nm as short as 50 ns

was obtained for dimeric 2 in the presence of MV2þ (12
mM) and AA (3 mM) under conditions of complete

quenching of the dimeric triplet and the monomeric
Table 3

Reduction potential of acceptors, free energy change and rate constant (�10

and 2 and the radical of 1a

Acceptor Ered
b (V) 1, DGet (kJ mol�1) 2, DGet

p-Benzoquinone 0.1 )69.5 )94.6
p-NAP )0.36 )25.1 )50.2
AQ0 )0.38 – )48.2
MV2þ )0.44 )17.4 )42.5
Nitrobenzene )0.49 )12.5 )37.6
(NO)2B

f

a In water–ethanol (3:1).
b Taken partly from [44].
cRadical formation with AA.
dTaken from [29].
e Thermal reaction.
f 2,4-Dinitrobenzene-sulfonate.
radical. The rate constant of the pseudo-first-order

grow-in kinetics at 560 nm increases from 1:5� 105 s�1

at 24 �C to 9:1� 105 s�1 at 57 �C for the 2/p-NAP/AA

(0.15 mM) system. The activation energy for the reac-
tion of dye 2 radical with AA is 48 and 44 kJ mol�1 for

p-NAP and MV2þ, respectively. When other donors

are applied, the rate constant is much smaller (Table 2).

The steeper decrease of DA560 with [AA] at pH 10

with respect to pH 3.2 is supported by the more effi-

cient quenching of the dimeric triplet at pH 10 (see

above).

Radicals derived from reaction of monomeric dyes
with MV2þ were found to be quenched by electron do-

nors. For 1/MV2þ and AA the value is kq ¼ 2:3� 109

M�1 s�1 which is almost six and over hundred times

larger than that for quenching by p-hydrobenzoquinone
and DABCO, respectively. Radicals from monomeric 2/

MV2þ exhibit smaller kq values with the same donors

(Table 2).
8 M�1 s�1) for electron transfer with the triplet states of monomeric 1

(kJ mol�1) Triplet 1, kq Triplet 2, kq Radical 1, kqc

20d 26 –e

63 59 73

6.2

1 60 17

7.8 4 40

27 13 33
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3.7. Photoreductive sensitization

On addition of the electron acceptors to the dimeric

1/AA or 2/AA systems, the decay of the dimeric dye

radical is accelerated, resulting in the formation of
radicals of acceptors. The transient absorption spectra

of the 1/AA/MV2þ system (Fig. 7) reveal that the re-

sulting dye radical with kmax ¼ 430 nm reacts with

MV2þ, kq ¼ 1:6� 109 M�1 s�1, which is significantly

smaller than kq for the 1/AA/p-NAP and 1/AA/nitro-

benzene systems (Table 1). The kinetics of decay of the

radical of 1 and bleaching recovery are the same. The

dimeric dye radical 2 also reacts with MV2þ with a
larger value of kq ¼ 7:8� 109 M�1 s�1 at pH 9.6.

The decay of the monomeric dye radical derived from

the reaction of 1 with AA is accelerated in the presence

of acceptors with kq ¼ 7:3� 109 M�1 s�1 and

kq ¼ 4� 109 M�1 s�1 for p-NAP and nitrobenzene, re-

spectively (Table 3).
4. Discussion

4.1. Ground and triplet states properties

A general property of cyanine dyes in the ground

state is their ability to form dimers and higher aggre-

gates, e.g. J-aggregates [14,18–23]. Dimerization can be

considered as the first step for aggregation and dimers
were shown to be units to form J-aggregates [38,39]. The

ability of dyes to dimerization is governed by a specific

structure of cyanine molecules containing different at-

oms, e.g. chlorines or groups in aromatic residues and

methyl/ethyl substituents in the meso-position at the

polymethine chain. A high solubility in water as a pre-
requisite for dimerization of cyanine dyes is usually

reached by the presence of sulfoalkyl (e.g. sulfopropyl)

groups at the N-atom.

The equilibrium between monomers and dimers (1) is

characterized by the dimerization constant K ¼ [Cd]/
[Cm]

2 which is 2:8� 105 M�1 for 2 [12].

Cþ
m=C

�
m þ Cþ

m=C
�
m �C2þ

d =C2�
d ð1Þ

The dimer concentration was calculated [12,40] to

change from 3.3 to 7.4 lM, using a total concentration

([Cm] + 2[Cd]) of 2 in the range of 10–20 lM.

A smaller singlet–triplet splitting in dimers [15,16]

with respect to that for monomers, forbidden character

of the lower exciton state for dimer with a parallel ori-

entation of monomers [12] (face-to-face) and the hin-

drance for photoisomerization in dimers result in an
enhancement of Uisc and give rise to the population of

the triplet state of dimers upon direct excitation in the

visible spectral part. This makes possible to study the

quenching efficiency of triplet dimers and the production

of radicals in PET. Generally, the triplet state of

monomers and dimers can be populated upon sensitized

excitation via T–T energy transfer from an appropriate

triplet donor. However, many water soluble donors
absorb only in the UV. Upon UV pulse irradiation of

solutions containing triplet energy donors, cyanine dyes

and electron donors/acceptors, the excitation of the

electron donor/acceptor cannot be excluded. In this case

the formation of reactive species from the electron do-

nor/acceptor is possible which can serve as quenchers of

both the triplet and dye radicals.

It is important to note that a specific feature of the T–
T absorption spectra of the dimers of 1 and 2 is the close

positions of the T–T maximum and the maximum in the

ground absorption of monomers. One might assume

that the observed transient absorption is not due to T–T

absorption but related to the ground absorption of

monomers which are formed as a result of photodisso-

ciation of dimers. However, this is not the case because

the transient absorption as well as the bleaching were
found to be quenched by dissolved oxygen (as well as by

the electron acceptors and donors). This is strong evi-

dence in favour of the triplet nature of the transient. So

far the close positions of the two T–T maxima is just

accidental. The same was also found for monomethine

dimers [13].

Application of the 530 nm laser pulse results in the

excitation of both dimers and monomers of 1 and 2 in
aqueous solution, yielding the triplet state of dimers in

higher concentration than of monomers. As a conse-

quence, an equilibrium between the monomers and di-

mers is perturbed and one might expect the shifting of

(1) towards the dimers. This should be recognized as

bleaching of monomers around 560 nm. However, such

a bleaching was not observed but an T–T absorbance at

540–580 nm which is typical for the dimers (Figs. 2 and
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3). Moreover, the equilibrium is maintained with a re-

laxation time in the submillisecond scale (see Section

4.3) which is much longer than the lifetime of the di-

meric triplet. Population of the short lived dimeric

triplet does therefore not influence equilibrium (1).

4.2. Pathways of PET between dyes and acceptors/donors

The quenching of the triplet state of dimers by ac-

ceptors is due to one-electron oxidation, resulting in the

formation of dyes and acceptors radicals, thereby pro-

ducing initially a trication radical of 1 and an anion

radical of 2 from dimeric dyes, respectively

3�C2þ
d =3�C2�

d þA ! ½C�3þ
d =C��

d � þA�� ð2Þ

Both radicals appeared to be short-lived due to fast re-
action of dissociation (3) with the formation of the

monomeric radicals and ground state monomers

½C�3þ
d =C��

d � ! C�2þ
m =C�

m þ Cþ
m=C

�
m ð3Þ

The argument for reaction (3) is the appearance of an

absorbance around 560 nm which is characteristic for
the monomeric dyes. It is interesting to note that the

fast formation of monomers as a result of one-electron

photooxidation of dimers gives rise to the perturbation

of equilibrium (1) between cyanines monomers and

dimers with the following relaxation in the submillisec-

ond time scale. Similar unstable dimeric cation radicals

with a rate constant of dissociation of larger than

5� 106 s�1 have been reported for rhodamine 6G dimers
[41].

Quenching of the triplet state of dimers by the donors

is due to one-electron reduction, resulting in the for-

mation of dyes and donors radicals via reaction (4)

3�C2þ
d =3�C2�

d þD ! C�þ
d =C�3�

d þD�þ ð4Þ

In contrast to the extremely short-lived (�50 ns) oxi-
dized dimers (C�3þ

d /C��
d ), the reduced dimers (C�þ

d /C�3�
d )

are more stable which makes them possible to react with

different substrate, e.g. electron acceptors. Reactions (2)

and (4) of the dimeric triplet with electron acceptors and

donors are illustrated in Scheme 1.

Quenching of the triplet state of monomeric cyanines

by the acceptors examined takes place via reaction (5),

yielding dyes and acceptors radicals

3�Cþ
m=

3�C�
m þA ! C�2þ

m =C�

m þA�� ð5Þ

whereas for monomeric cyanine/donor systems the

quenching of the triplet state was found only for 1 by

AA via reaction (6)

3�Cþ
m=

3�C�
m þD ! C�

m=C
�2�
m þD�þ ð6Þ

In contrast to dimers, monomers generally exhibit a low

efficiency to react with the electron acceptors/donors, as

reflected in smaller kq values (Tables 1 and 3). Reactions
(5) and (6) of the monomeric triplet with the acceptors

and donors are shown in Scheme 2.
There are several factors that govern the quenching

rate constant. The redox potentials of reactive couples

influence kq via the free energy change (DGet) for elec-

tron transfer. The Coulombic interaction for charged

reactants also influence the quenching rate constant via

both DGet and the diffusion rate constant of the for-

mation and dissociation of the encounter complex. In

the DGet calculations the triplet energy level ET of mo-
nomeric 1 and 2 was estimated to be 1.8 eV

DGet ¼ Eox � Ered � ET þ DW

where DW ¼ W ðprodÞ � W ðreactÞ, accounts for the

electrostatic work required to bring together the re-

spective charged products and reactants to a sufficiently
close distance [42,43]. The oxidation potentials (versus

NHE) are Eox ¼ 1:18 and 0.92 V for monomers of 1 and

2, respectively [21]. The values of Ered of the acceptors

[44] and DGet are compiled in Table 3.

From the comparison of kq for 1 and 2 with the same

acceptor it follows that the DGet value of the redox

couple is more negative for 2 than 1. The kq value for 2

with MV2þ is 60 times higher than for 1 due to attractive
Coulombic forces between oppositely charged reactants,

W ðreactÞ ¼ DW ¼ �3:7 kJ mol�1, along with more

negative DGet value for 2 ()39.6 versus )17.4 kJ mol�1).

For the calculation of W(react) a dielectric constant of

water of 80 and the interionic distance of 0.95 nm

(corresponding to two water molecules between the

ions) were used [45]. Generally, a high kq values corre-

spond to negative DGet values for all systems examined,
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although a close correlation between kq and DGet in

terms of the Rehm–Weller relationship [42,43] was not

found. Possible reasons are that the applied acceptors

do not belong to a homogeneous family and that the

intrinsic barrier for PET may be varied.
The rate constant for triplet quenching of dimers

depends roughly on DGet; the kq shows a trend to be

increased with decreasing Eox. The reactivity of the di-

meric triplet of 1 or 2 towards a neutral acceptor, such

as p-benzoquinone, is 3–4 times larger than of a

monomer (Tables 1 and 3). This can be attributed to a

lower Eox of the dimer. The effect of charges on the kq
value is demonstrated for dimer/acceptors systems. For
2/MV2þ, i.e. dianionic dimer 2 and dicationic acceptor,

kq is largest and the estimated DW term is )5.6 kJ mol�1

therefore DGet becomes more negative. At the same

time, kq is smallest for the dicationic dimer 1 and MV2þ,
where repulsive Coulombic forces are acting between

similarly charged reactants and DW is )1.6 kJ mol�1.

The twofold enhancement of kq for the dimer 2/

MV2þwith respect to the monomer 2/MV2þ system is
also reflected by a smaller Coulombic attractive force

for monomers. However, the lowering of the oxidation

potential of the dimer may be the reason for the

more negative DGet value. The Coulombic repulsive

force seems to account for the low efficiency of elec-

tron transfer from the dimeric triplet of 2 to AA (Table

2). The thermal reaction of electron transfer between

monomeric dyes and acceptors is endergonic, e.g.
DGther

et ¼ 1:5 V for 1/p-NAP and 1.39 V for 2/MV2þ and

does not occur as well as between monomeric dyes

and donors and between dimeric dyes and acceptors/

donors.

4.3. Pathways of photooxidative and photoreductive

sensitization

Data presented in Section 3.6 and 3.7 imply that for

triple systems consisting of dimeric dyes and electron

acceptors and donors the primary reaction is either

photooxidation (2) or photoreduction (4) of dyes. Both

reactions are competing and the condition for domi-

nating one reaction over another is determined by the

value of the product of the quenching rate constant and

acceptor/donor concentration. The secondary reaction is
thermal reduction (7) or oxidation (8)

C�2þ
m =C�

m þD ! Cþ
m=C

�
m þD�þ ð7Þ

C�þ
d =C�3�

d þA ! C2þ
d =C2�

d þA�� ð8Þ

One could expect that the photooxidative pathway of

sensitization should include the primary oxidation of the

triplet dimers which is followed by the secondary ther-
mal reduction of one-electron oxidized dimers, yielding

formation of the ground state dimers. However, the

photooxidative pathway for dimers 1 and 2 appears to
be more complicated. The primary reaction is oxidation

(2) of the triplet dimers, giving rise to the production of

one-electron oxidized dimers [C�3þ
d /C��

d ]. The [C�3þ
d /C��

d ]-

type radical appears to be very unstable with a lifetime

of ca. 50 ns and dissociates into the monomeric radical
and a ground state monomer (3). In the following step

the monomeric radicals of 2 are reduced by the electron

donor (7), resulting in the formation of monomers. The

activation energy for reaction (7) with AA is 48 kJ mol�1

for p-NAP/AA and 44 kJ mol�1 for MV2þ/AA and the

values are within experimental error. Additional support

in favour of electron transfer between a donor and a

monomeric dye radical results from similar kq values for
the dimer and monomer of the 1/MV2þ/donor and 2/

MV2þ/donor systems (Table 2). When reaction (7) is

completed the concentration of monomers is in excess,

and thus equilibrium (1) appears to be perturbed. Fi-

nally, the equilibrium is maintained in the submillisec-

ond relaxation process due to dimerization and the

initial concentration of dimers is restored. Thus the

specificity of photooxidative pathway of sensitization by
triplet dimers is the participation of the monomeric dye

radical as reactive intermediate, playing a key role in

photosensitization.

Steps (2), (3) and (7) are the reactions which control

the photooxidative pathway for [AA] < 0.2 mM. How-

ever, for [AA] > 0.2 mM the decrease of DA560 value is

suggested to be due to reaction (9), which competes with

(7)

½C�3þ
d =C��

d � þD ! C2þ
d =C2�

d þD�þ ð9Þ

The photooxidative pathway of sensitization of
monomers consists of primary (5) and secondary steps

(7) and is supported by relatively large rate constants of

reaction (7) for 1 and 2 with AA (Table 2). The rate

constant for 1/MV2þ with AA is almost 3 times larger

than that for 2/MV2þ with AA and is due to the Cou-

lombic attractive force between the dication radical C�2þ
m

of 1 and the anion of AA.

The photoreductive pathway of sensitization includes
steps (4) and (8). Taking into account a smaller effi-

ciency for quenching of the dimeric triplet by donors

than acceptors, the photoreductive pathway takes place

at relatively high donor and low acceptor concentra-

tions, e.g. for 2 in the presence of AA (14 mM) and

MV2þ (0.01 mM) and for 1 in the presence of AA

(4 mM) and MV2þ (0.1 mM). At these concentrations

the product of kq for the dimer 1 triplet and [AA]/
[MV2þ] is 100, whereas this value is reduced to 0.06

for 0.04 mM AA and 1.5 mM MV2þ. Thus the pho-

tooxidative pathway of sensitization which is opera-

tive for the latter is switched to photoreductive one

for the former. Reactions (7)–(9) and (4), (8) which

constitute the respective photooxidative and photore-

ductive pathway of sensitization are summarized in

Scheme 1.
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The monomeric triplet state of 1 also reveals a re-

ductive mechanism of photosensitized electron transfer

(Scheme 2) in accordance with reactions (6) and (10)

C�

m=C
�2�
m þA ! Cþ

m=C
�
m þA�� ð10Þ

For reaction (10) DGet is negative, varies from )0.31 to

)0.45 V and correlates to the high kq values. For cal-

culations of DGet the reduction potentials Ered ¼ �0:81
and )1.08 V (versus NHE) were used for 1 and 2, re-

spectively [21]. For monomeric 1/AA/acceptor systems
kq is generally smaller than for the dimeric systems. A

similar photoreductive pathway has been studied for the

eosin-Y monomer in methanol with triethanolamine as

donor and MV2þ as acceptor [46].
5. Conclusion

Dimeric and monomeric thiacarbocyanine dyes in

aqueous solution react in the triplet state with electron

donors or acceptors, thereby yielding dimeric and mo-
nomeric radicals, respectively. The rate constants, which

are generally 2–4 times higher for dimers than for

monomers, approach the diffusion controlled limit in

some cases. The electron transfer between donor and

acceptor is mediated mainly by the triplet dimer. The

photooxidative and photoreductive pathways are con-

trolled by the redox properties of the dye, donor and

acceptor as well as their concentrations. The reductive
pathways are analogous for monomers and dimers, in

contrast to the oxidative one, where the first step is di-

meric dye radical formation. This species dissociates

into a monomeric dye and a monomer radical, of which

the latter converts into the dye by secondary electron

transfer from a donor. The photochemically perturbed

monomer–dimer equilibrium is restored in the submil-

lisecond range.
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