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Abstract

Bimolecular rate constants of energy transfer, electron-transfer, and H-atom abstraction reaction have been determined by following the

transient absorption bands of the triplet states of rose bengal �3�RB2ÿ��� at about 1020 nm with various substrates using nanosecond laser

¯ash photolysis. For electron acceptor (1,4-benzoquinone), electron-transfer takes place via an exciplex. Exciplex formation was found to

be predominant in high viscosity solvents rather than low viscosity solvents. For electron donor (3,30,5,50-tetramethylbenzidine), the rate

constants are independent of solvent viscosity, indicating that the contribution to an exciplex formation is small. The H-atom abstraction

reactions of 3�RB2ÿ�� with H-donors show that the rate constants in water are higher than those in ethanol and in THF. The negative slopes

of the Hammett plots indicate that the reaction center of �3�RB2ÿ��� has a highly electrophilic nature, which increases with solvent polarity,

suggesting the polar transition states. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Xanthene dyes have been widely studied for their promis-

ing sensitizers for the photochemical reactions in various

solvents [1±12]. Particularly, heavy atom-substituted

xanthene dyes such as rose bengal (RB2ÿ) are notable for

their high triplet quantum yields (�T � ca. 1) and for fairly

long lived triplet states (t1/2 � 0.1±0.3 ms) [10]. As a result

of its photophysical and photochemical properties, RB2ÿ is

well-established as a sensitizer in photography [13,14], in

singlet-oxygen �1O2� formation and in the oxidation of

biological important molecules [15]. The triplet state of

RB2ÿ�3�RB2ÿ��� participates in energy-transfer, electron-

transfer and H-atom abstraction reactions.

The energy of 3�RB2ÿ�� determined from phosphores-

cence measurements (1.77 eV) [16,17] is suf®ciently high to

transfer triplet energy to molecules with a lower triplet

energy such as anthracene derivatives and b-carotene. There

have been a number of studies on electron transfer reaction

of 3�RB2ÿ�� [10,18,19]; both oxidative and reductive

quenching reactions are thermodynamically favorable with

many electron donors and acceptors [10,18,19]. H-abstrac-

tion reactions of 3�RB2ÿ�� have also been studied with

different quenchers [8,11,20,21]. In general, the electron

transfer reactions depend on the polarity and viscosity of the

solvents. It is known that the H-abstraction reactions of

aromatic carbonyl triplet states depend on solvent polarity

and substituents which affect the electronic character of the

lowest triplet state [22±24].

In the previous paper [25], we described that the triplet

states of xanthene dyes such as eosine and erythrosine

showed the intense transient absorption bands in the near-

IR region in addition to the weak one in the visible region

(ca. 600 nm). In the present paper, we have studied exten-

sively the reactivities of �3RB2ÿ�� in various solvents in

order to make clear the solvent dependence of the rates for

various reactions [26±28]. A particular focus has been

directed to both electron transfer and H-abstraction reactiv-

ity of 3�RB2ÿ�� in various solvents. Thus, the elemental

reaction processes have been con®rmed by direct observa-

tion of the decay of �3RB2ÿ�� and the rise of ion radicals or

free radicals.

2. Experimental

Rose bengal (RB2ÿ) with purity greater than 99% was

commercially supplied. The quenchers were all commer-

cially available. Most of the reagents were puri®ed by

recrystallization or distillation.
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The solutions containing RB2ÿ and quenchers were

excited by 532 nm light from a Nd:YAG laser (6 ns fwhm)

with 7±10 mJ power. For measurements of the transient

absorption spectra in the visible region, a photomultiplier

was used as a detector for monitoring the transmitted light

from a continuous Xe-monitor lamp (150 W). In the near-IR

region, a Ge-APD detector and a pulsed xenon-monitoring

lamp were employed [29]. The steady-state UV/VIS absorp-

tion spectra were measured with a JASCO/V-570 spectro-

photometer. All measurements were performed at 238C.

3. Results and discussion

3.1. Steady-state spectra

The steady-state absorption spectra of RB2ÿ in different

solvents are shown in Fig. 1. The main absorption peak

(�max) appears at 543±552 nm with a shoulder at 500±

520 nm. With decreasing the solvent polarity, the �max shifts

to longer wavelength up to 553 nm in DMF, excepting water.

The �max in aqueous solution is shorter wavelength com-

pared to those in other solvents, suggesting a strong hydro-

gen bond between the solvent and RB2ÿ. The molar

extinction coef®cients (�) are in the range of (3.6±

10.6) � 104 Mÿ1 cmÿ1. The relative intensity of the

shoulder to the peak may be a measure of aggregation in

RB2ÿ [30]. In most solvents, the ratios are in the range of

0.32±0.38, while the ratio in tetrahydrofuran (THF) is the

highest (0.48), suggesting some aggregations. In water,

since the ratio is slightly high (0.42), a weak interaction

has to be taken into consideration. Similar tendencies are

reported for the ¯uorescence maxima of xanthene dyes [31].

3.2. Transient absorption spectra

RB2ÿ can be excited by 532 nm laser light due to its

intense absorption at this wavelength. Fig. 2 shows the

transient absorption spectra observed following 532 nm-

laser excitation of RB2ÿ in ethanol. The absorption band

with a peak at 1020 nm appears immediately after the

nanosecond laser pulse. This absorption band in the region

of 600±1350 nm with a peak at 1020 nm was attributed to T±

T absorption band by its similarity with the reported T±T

absorption bands of other xanthene dyes such as ¯uorescein,

eosine and erythrosine [32,33]. The �max of the transient

spectrum of 3�RB2ÿ�� in acetonitrile and THF is slightly

blue-shifted compared to water. The intensity of the transient

absorption of 3�RB2ÿ�� in THF also decreased compared to

other solvents; this tendency is similar as the steady-state

absorption in THF.

3.3. Quenching with O2 and other triplet quenchers

3�RB2ÿ�� was effectively quenched by O2 as shown in the

inset to Fig. 2, in which the decay time-pro®les were con-

verted into ®rst-order plots. From the slope of the linear

plots, the ®rst-order rate constant (kobs
1st ) was evaluated. The

second-order rate constant for O2-quenching reaction (kO2
)

was obtained from the pseudo-®rst-order plot (kobs
1st versus

[O2]) as listed in Table 1. For O2-quenching reaction, both

energy transfer and electron transfer can be considered,

producing singlet oxygen �1O2� and superoxide radical

Fig. 1. Steady-state absorption of RB2ÿ (2.0 � 10ÿ5 M, cell � 2 mm) in

various solvents; (a) acetone, (b) 1-butanol, (c) ethanol, (d) water, (e) THF.

Fig. 2. Transient absorption spectra observed after 532 nm laser pulsing of

RB2ÿ (2.0 � 10ÿ5 M) in deaerated ethanol at 0.1 ms (*) and 1 ms (*).

Insert: decay profiles of the T±T absorption band at 1020 nm.

Table 1

Second-order rate constants for the quenching of 3�RB2ÿ�� with triplet

quenchers (kq)

Sensitizer/quencher Solvent kq (Mÿ1 sÿ1) T1
a (eV)

Thioxanthone ANb 9.0 � 109 2.82

Rose Bengal ± 1.77

ZnTPP Ethanol 5.9 � 108 1.59

Methylene blue Ethanol 7.4 � 109 1.50

O2 Ethanol 9.0 � 108 1.09

Water 1.5 � l09

THFc 7.3 � 108

a T1 values were cited from references [5,16,17,39±42].
b AN ± acetonitrile.
c THF ± tetrahydrofuran.

54 S.D.-M. Islam, O. Ito / Journal of Photochemistry and Photobiology A: Chemistry 123 (1999) 53±59



ion (O
�ÿ
2 ) as Equations 1 and 2, respectively, in polar

solvents [34±36]. In the present study, the half-oxidized

form of RB2ÿ is represented as �RB2ÿ���, but not RB
�ÿ,

because the two negative charges of RB2ÿ are localized at

the two O-atoms, while the cation radical may be deloca-

lized on the �-orbitals of molecule. It has been reported that

the quantum yield of 1O2 formation for RB2ÿ is 0.76±0.86 in

polar solvents [37,38]. Thus, energy transfer is predominant

to the electron transfer producing O
�ÿ
2 . It is notable that the

kq values of 3�RB2ÿ�� with O2 increase with solvent polarity

(Table 1).

For dyes with low T1 energy such as methylene blue and

zinc tetraphenylporphirin (ZnTPP), the energy transfer rate

constants (kent) were evaluated as listed in Table 1, in which

the value for methylene blue is close to diffusion controlled

limit (kdiff), while that for ZnTPP is ca. 1/10 of kdiff. The

higher kent values for methylene blue than that of ZnTPP

may be expected due to the interaction 3�RB2ÿ�� with

methylene blue.

Sensitization of 3�RB2ÿ�� was found when thioxanthone

(TXO) was excited in the presence of RB2ÿ with THG

(355 nm) light, which predominantly excites TXO accom-

panied by slight excitation of RB2ÿ due to its weak absorp-

tion at this wavelength. The transient absorption bands at

620 nm and 1020 nm were attributed to T±T absorption

bands of 3TXO� [43,44] and 3�RB2ÿ��, respectively

(Fig. 3). The inserted time-pro®les in Fig. 3 show the decay

of 3TXO� and rise of 3�RB2ÿ�, indicating that energy

transfer occurs from 3TXO� to RB2ÿ. The initial rise of
3�RB2ÿ�� was attributed to the direct excitation of RB2ÿ.

(3)

From the decay rate of 3TXO� on adding RB2ÿ, kent for
3�RB2ÿ�� was found to be 9.0 � 109 Mÿ1 sÿ1 in acetonitrile,

which is close to the diffusion-controlled rate constant. From

Fig. 3, the molar extinction coef®cient (�T) of 3�RB2ÿ�� can

be evaluated by comparison with the initial absorbance and

�T for 3TXO�, assuming that the quantum yield of energy

transfer is equal to unity; thus, �T of 3�RB2ÿ�� was found to

be 13 000 Mÿ1 cmÿ1 at 1020 nm.

3.4. Electron transfer to acceptor

In the presence of 1,4-benzoquinone (BQ), the transient

absorption bands characteristic to the radical anion of BQ

(BQ
�ÿ) appeared at 460 nm [11,44] with the decay of

3�RB2ÿ�� at 1020 nm indicating that electron transfer occurs

from 3�RB2ÿ�� to BQ (Fig. 4). The inserted time-pro®les in

Fig. 4 show the rises of BQ
�ÿ at various concentration

of BQ. The transient absorption band of (RB2ÿ)
�� at

460 nm may overlap with the absorption of BQ
�ÿ at this

wavelength [12]. The transient absorption band of (RB2ÿ)
��

was con®rmed by electron transfer from 3�RB2ÿ�� to p-

dinitrobenzene (DNB) in ethanol by observing the transient

absorption bands of (RB2ÿ)
�� at 460 nm and DNB

�ÿ at ca.

900 nm.

Electron transfer for 3�RB2ÿ�� with BQ was studied in

various solvents with changing polarity and viscosity; the

values of the rate constants (kq) are listed in Table 2. These

rate constants are obtained from a plot of the pseudo-®rst-

order decay rate constants for 3�RB2ÿ�� as a function of

[BQ] in the low concentration range. The rates are depen-

dent on viscosity of solvents (�) rather than dielectric

constant. With increase in viscosity, the kq values decrease

from 8.6 � 109 Mÿ1 sÿ1 in acetone to 1.8 � 109 Mÿ1 sÿ1 in

1-butanol. In Fig. 5, the log kq and log kdiff are plotted with

log � [45] according to

Fig. 3. Transient absorption spectra observed after 355 nm laser pulsing of

thioxanthone (1.0 � 10ÿ5 M) in the presence of RB2ÿ (6.0 � 10ÿ5 M) at

0.1 ms (*) and 1 ms (*) in Ar-saturated AN. Insert: time-profiles at

620 nm and 1000 nm.

Fig. 4. Transient absorption spectra observed after 532 nm laser pulsing of

RB2ÿ (2.0 � 10ÿ5 M) in the presence of 1,4-benzoquinone (BQ)

(3.0 � 10ÿ4 M) in deaerated ethanol at 0.25 ms (*) and 2.5 ms (*).

Insert: time profiles of BQ*ÿ at 460 nm.
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kq � A�ÿ� (4)

where � is the viscosity dependency. Values for � ranging

from zero to unity have been reported [46] for a number of

bimolecular chemical reactions. From the slope for kdiff,

� � 1, whereas for BQ, � � 0.6. This implies that the kq

values for BQ are considerably diffusion dependent. The kq

values are very close to kdiff values in high viscosity solvents,

while the kq values in low viscosity solvents are smaller than

kdiff. In high viscosity solvents, the exciplex is presumed to

be long lifetime. In low viscosity solvents, on the other hand,

the lifetime of exciplex may be low. In general, electron

transfer may take place on the basis of the free energy

change of the reaction (�G8), which can be evaluated by the

oxidation and reduction potentials and energy of excited

state in adding solvation energy by using Rehm±Weller

equation [47]. In the case of 3�RB2ÿ�� and BQ, �G was

evaluated to be ÿ0.35 eV in ethanol and ÿ0.48 eV in

acetonitrile which may predict slightly lower electron trans-

fer rate than kdiff.

In high viscosity solvents such as 1-BuOH, the relation of

kobs
1st versus [BQ] shows a negative curvature as shown in

Fig. 6, which is the evidence [48,49] for the formation of

triplet exciplex Eq. (5)[8,11,50±52].

3�RB2ÿ�� � BQ@
ka

kÿa

3��RB2ÿ������BQ�ÿ��

!kd �RB2ÿ��� � BQ
�ÿ; K � ka

kÿa
(5)

The Eq. (6) can be derived from the Eq. (5) as follows

[50].

1

kobs
1st

� 1

kd

� 1

Kkd�BQ� (6)

On applying Eq. (6), kd can be evaluated from the inter-

cept of the reciprocal plot (inset in Fig. 6) to be

3.0 � 107 sÿ1 from the slope, K � ka=kÿa was evaluated

to be 65 Mÿ1. From the slope in the low concentration region

showing linearity in Fig. 6, kq can be obtained to be

1.7 � 107 Mÿ1 sÿ1, which is predicted to be equal to Kkd

at low [BQ] region. The Kÿa value is calculated to be

2.6 � 107sÿ1 on assuming kq � ka in high viscosity solvents.

Thus, kq is almost equal to Kkd (�1.9 � 109 Mÿ1 sÿ1). This

implies that at low concentration region of [BQ], the elec-

tron transfer via exciplex is the rate-determining step, while

at high concentration region of [BQ], dissociation processes

of exciplex become rate-determining step.

In low viscosity solvents such as acetone, the pseudo-®rst-

order decay rate constants show almost a linear relationship

with BQ concentration. This may be due to the large values

of kd and kÿa leading low ef®ciency of exciplex formation in

low viscosity solvents.

3.5. Electron transfer from donor

On addition of an electron donor such as 3,30,5,50-tetra-

methylbenzidine (TMB), the quenching of 3�RB2ÿ�� was

Table 2

Second-order rate constants for the quenching of 3�RB2ÿ�� with 1,4-

benzoquinone (BQ) and TMB (kq)

Solvent Viscosity (cP) kq (Mÿ1 sÿ1)

BQ TMB

AN 0.345 7.1 �109 1.2 � 109

THF 0.550 4.1 �109 1.8 � 109

Acetone 0.304 8.6 �109 9.2 � 108

DMFa 0.924 3.4 �109 5.8 � 108

Water 1.002 3.7 �109 ±b

Ethanol 1.078 3.6 �109 1.7 � 109

BNc 1.240 2.7 �109 5.6 � 108

DMSOd 1.996 2.4 �109 5.7 � 108

1-butanol 2.948 1.8 �109 9.5 � 108

a DMF ± N,N-dimethylformamide.
b TMB is not soluble in water.
c BN ± benzonitrile.
d DMSO ± dimethyl sulfoxide.

Fig. 5. Variation of bimolecular rate constants (log kq) as a function of the

solvent viscosity (log kq) for 3�RB2ÿ��-BQ system in various solvents.

Fig. 6. First-order decay rate constants (kobs
1st ) of 3�RB2ÿ�� in 1-butanol as a

function of [BQ]. Insert: 1=kobs
1st vs. 1/[BQ].

56 S.D.-M. Islam, O. Ito / Journal of Photochemistry and Photobiology A: Chemistry 123 (1999) 53±59



observed with the appearance of TMB
�� at 880 nm.

(7)

From the initial absorbance of 3�RB2ÿ��, maximal

absorbance of TMB
��, and their � values, the quantum yield

of the electron transfer (�elt) can be evaluated as 0.24 in

EtOH. The kelt values can be evaluated by multiplying the

quenching rate constants (kq) for these reactions with �elt.

The kq values summarized in Table 2 represent the maximal

value of kelt in each solvent. The kq values are lower than the

kdiff values and seem to be independent of viscosity of

solvent (Table 2); this implies that the kelt values are far

less than kdiff. Although the plot of log kq versus log � shows

a few scattered points, the value of � was found to be 0.2

which was much lower than that of kdiff. The kq values

depend on �G0 values; �G0 values (ÿ0.12 eV in benzoni-

trile) are less negative, which predicts kq < kdiff . The pos-

sibility to form the exciplex between TMB and 3�RB2ÿ��
may be low.

3.6. H-abstraction reactions

By the laser photolysis of RB2ÿ in the presence of 1,4-

hydroquinone (HQ), an absorption band appeared at 405 nm

with the decay of 3�RB2ÿ��. The 405 nm band can be

assigned to HOC6H4O
�
, [53] suggesting that H-atom

abstraction reaction by 3�RB2ÿ�� takes place. The rate

constants (kH) with substituted phenols as typical H-atom

donors in three different solvents are summarized in Table 3.

It is notable that a-tocopherol is highly reactive with
3�RB2ÿ�� compared with phenol. For each H-atom donor,

the kH values increase according to the order: water > -

ethanol � THF (Table 3).

The H-abstraction reactivity of 3�RB2ÿ�� decreases with a

decrease in the electron-donor ability of X in 4-XC6H4OH.

Similar substituent effects of phenol derivatives were

reported for the reaction of safranine-T [54]. To investigate

the solvent effect on the substituent effect, the Hammett

plots of log kH against ��-constants for the reactions of
3�RB2ÿ�� with 4-XC6H4O-H according to Eq. (8) are shown

in Fig. 7 in three different solvents.

��log kH� � ���� (8)

Although the kH values for para-substituted phenols were

also found to be higher compared to meta-substituted phe-

nols (Table 3), the latter deviates from the lines connecting

para-substituted phenols in the Hammett plots. In water, the

kH values for X � ±NH2, ±OH, and ±OCH3 are similarly

close to kdiff in water (� 4.5 � 109 Mÿ1 sÿ1), reaching an

upper limit. The negative slopes (��) of the Hammett

relation indicate the electrophilic nature of the reaction

center of 3�RB2ÿ�� with respect to 4-XC6H4OH [55,56].

The �� values were evaluated to be ÿ5.0 in water, ÿ4.2 in

ethanol and ÿ3.8 in THF, which indicates that the electro-

philic nature of 3�RB2ÿ�� increase with solvent polarity.

Since the H-atom abstraction reaction is considered to occur

at >C=O of RB2ÿ, the electrophilic nature of 3�RB2ÿ��
suggests that the triplet state of >C=O behaves as >C

�
±O

�

in which O atom is electron de®cient. Negative �� values for
3�RB2ÿ�� is larger than those of eosine (ÿ3.6 in ethanol) and

erythrosine (ÿ3.7 in ethanol) [25], suggesting the high

electrophilic nature of 3�RB2ÿ��. The large negative ��

values suggest that the transition state is quite polar; i.e.,

as shown in Eq. (9), the contribution of the electron

(charge)-transfer character to the transition state is very

large.

(9)

It is notable that although the H-abstraction reactions

from thiophenols were observed for the triplet states of

Table 3

Second-order rate constants for the quenching of 3�RB2ÿ�� with H-atom

donors (kH) in ethanol

H-atom donors kH
a (Mÿ1 sÿ1)

�� Water Ethanol THF

4-aminophenol ÿ1.11 2.5 � 109 7.7 � 108 1.8 � 109

3-aminophenol ÿ0.16 2.4 � 109 6.7 � 107 3.5 � 107

1,4-hydroquinone ÿ0.85 2.3 � 109 8.8 � 107 1.7 � 108

4-methoxyphenol ÿ0.65 1.8 � 109 8.3 � 106 8.7 � 106

3-methoxyphenol 0.05 2.2 � 107 6.2 � 105 1.1 � 106

4-methylphenol ÿ0.26 2.0 � 107 3.6 � 105 9.3 � 105

Phenol 0 9.6 � 105 1.3 � 104 8.6 � 104

a-tocopherol ±b 1.5 � 108 1.6 � 108

a For other derivatives, the rate constants can be estimated from the plots in

Fig. 7.
b a-tocopherol is not soluble in water.

Fig. 7. Hammett plots of log kH vs. ��-constants of 4-XC6H4OH for the

reactions with 3�RB2ÿ�� in (a) water, (b) ethanol and (c) THF.
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eosine and erythrosine [25], 3�RB2ÿ�� do not show reactivity

to thiols.

Solvent mixture effects were observed in the kH values for

the reactions of 3�RB2ÿ�� with 4-methoxyphenol and hydro-

quinone, when the reactions were performed in water-THF

mixture and acetonitrile(AN)-THF mixture (Table 4). The

log kHs are plotted against THF fraction as shown in Fig. 8.

The kH values decrease with addition of THF in the mixtures

due to the decrease in polarity. In the case of 4-methox-

yphenol, the variation of log kH with THF in water-THF

mixture shows almost a linear relationship according to the

dielectric constant change of the mixture (Fig. 8), which

implies that the solvent composition in the bulk solution is

same as that of the solvation shell surrounding the reactants

[4-methoxyphenol and 3�RB2ÿ��]. On the other hand, a

downward deviation from the linear line a is shown for

HQ (Fig. 8), which suggests that THF-fraction in the solva-

tion shell surrounding the reactants [HQ and 3�RB2ÿ��] is

higher than the bulk composition. In the case of AN-THF

mixture, polar AN in the solvation shell surrounding the

reactants is easily expelled only by the addition of ca. 20%

THF.

4. Conclusions

The T±T absorption band of RB2ÿ in the near-IR region,

where the absorption and emission of RB2ÿ do not disturb,

was quite convenient to follow many kinds of reactions of
3�RB2ÿ�� in various solvents. In the electron transfer reac-

tion with BQ, the exciplex formation was con®rmed by BQ-

concentration effect in high viscosity solvent. Hammett

plots of H-atom abstraction reaction indicates the electro-

philic nature of the reaction center of 3�RB2ÿ��, which is

higher than those of eosine and erythrosine. Solvent mixture

also affects the reaction rates, revealing that the solvation

shell of polar solvent surrounding the reactants is destroyed

by nonpolar solvent. Thus, substituent effects and solvent

effects based on the rate constants obtained from the direct

observation of 3�RB2ÿ�� in the near-IR region afford a lot of

useful information about reaction processes.
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