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Summary. 3-(2-Benzothiazolyl)-7-diethylaminocoumarin (C-540) has been irradiated at 254 nm in

halomethane solvents, and the ®rst order rate constant of the photo-oxidation reaction was

determined. The hydrogen bond donation of the solvents plays a substantial role in controlling the

rate of formation of the photoproduct. The linearity of the isokinetic relationship supports the

similarity of the mechanism in all solvents and emphasizes that the activation process is controlled

by diffusion of dye into the solvent cage. Moreover, the chemical oxidation of C-540 with

peroxodisulfate anion catalyzed by Ag� ions has been studied. The reaction follows second-order

kinetics, ®rst order for each individual reactant.
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Introduction

Coumarin derivatives constitute a class of compounds of high signi®cance. Their
most important applications include seed germination, the growth of photosyn-
thetic alga [1], and photomutagenic reaction with DNA bases [2, 3]. Aminocou-
marins are used as laser dyes in the blue-green region [4]. Continuous and quasi-
continuous operation of laser dyes has been achieved with dyes under different
conditions [5±7].

Coumarin-540 is considered as a laser dye for tunable pulsed operation from
510 to 570 nm [8]. The effect of molecular structure of coumarin derivatives with
an amino group in position 7 and the nature of the solvent on the solute/solvent
interactions have attracted much attention [5, 9, 10]. The formation of speci®c
hydrogen bonds between coumarin dyes and protic solvents has been considered to
explain spectral shifts and internal conversion process [7, 11, 12].

Although the photochemical aspects of C-540 have been thoroughly investigated,
information upon its photo- and chemical stability seems to be lacking. Thus, the
present paper aims at studying the photochemical reactivity of C-540 in halomethane
solvents owing to their physicochemical properties. Furthermore, the oxidation
kinetics of this dye with peroxodisulfate anions has been investigated, providing
insight into its stability.
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Results and Discussion

Photochemical oxidation

Upon irradiation at 254 nm in chloromethane solvents of the general formula
CHnCl4ÿn coumarin-540 undergoes a photochemical reaction. The decrease in the
absorbance at �max� 462/449, 458, and 456/433 nm in CHCl3, CH2Cl2, and CCl4,
respectively, is accompanied by the appearance of new bands at �max � 515; 514,
and 500 nm. The intensity of these new bands increases with increasing irradiation
time as shown in Fig. 1. Furthermore their intensity depends on the type of solvent
and follows the order CCl4 < CHCl3 < CH2Cl2.

Figure 2 shows a plot of ln �A1 ÿ At� vs. time at different temperatures, from
which the ®rst-order rate constants were calculated (Table 1). The values of the rate
constants were introduced in Arrhenius plots (Fig. 3) and the activation energies
were computed and tabulated (Table 1). From Table 1 it is obvious that the rate
constants in CH2Cl2 and CCl4 decrease as the temperature increases. This can be
explained on the basis that the photoreaction proceeds via fast formation of a pre-
equilibrium intermediate (exciplex formation) which is thermodynamically
unstable. The excited state of aromatic molecules in expected to be involved in
a charge transfer interaction with chloromethanes through exciplex formation [13,
14]. Moreover, the negative values of the activation energy in both solvents con®rm
the instability of the intermediate upon increasing the temperature [15]. In contrast,

Fig. 1. Variation of the absorption spectra of C-540 upon irradiation at 254 nm in CH2Cl2 at 25�C;

irradiation times: 0.0, 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, and 10 min in the direction of increasing the

absorbances at 514 nm
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the increasing rate constant with rising temperature in the case of CHCl3 indicates
the formation of a thermodynamically stable intermediate.

The other activation parameters (�H#, �G#, and �S#) were calculated according
to Eqs. (1)±(3) [15].

�H# � E# ÿ RT �1�
k � �kBT=h�exp�ÿ�G#=RT� �2�

�G# � �H# ÿ T�S# �3�

Fig. 2. First-order plot for the irradiation of C-540 in CH2Cl2 at different temperatures; [C-540]:

1.2�10ÿ5 M; *: 20�C, ^: 25�C, ^: 30�C, *: 35�C

Table 1. Rate constants and activation parameters for the photooxidation of C-540 in halomethanes at

different temperatures; [C-540]� 1.2�10ÿ5 M

Solvent T

(�C)

k�102

(sÿ1)

E#

(kJ/mol)

�H#

(kJ/mol)

�G#

(kJ/mol)

�S#

(J/mol �K)

CH3Cl 20

25

30

35

1.52

2.01

2.46

3.11

34.25

(�0.02)

31.77 71.33 ÿ140

CH2Cl2 20

25

30

35

1.42

0.91

0.62

0.52

ÿ56.30

(�0.09)

ÿ58.78 73.07 ÿ450

CCl4 20

25

30

35

1.23

0.74

0.38

0.21

ÿ80.80

(�0.05)

ÿ83.27 74.07 ÿ530
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The high negative values of �S# indicate that the photoreaction of C-540 in
halomethane solvents proceeds via a charge transfer complex, which is likely to be the
exciplex, as an intermediate [16]. The isokinetic relationship (�H# vs. �S#) is depicted
in Fig. 4; from its slope the isokinetic temperature was calculated to 294 K. The
isokinetic temperature is the temperature at which the photoreactions in the different
solvents have the same rate constant. Within experimental error (�3%), this value is
equal to the average of the experimental temperature (300.5 K). Moreover, the

Fig. 3. Arhenius plot for the irradiation of C-540 in halomethanes; ~: CH3Cl, *: CH2Cl2, &: CCl4

Fig. 4. Isokinetic relationship for the irradiation of C-540 in halomethanes
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intersection point in Fig. 3 at T� 291 K con®rms the hypothesis of isokinetic
relationship. Thus, it can be concluded that the photoreaction is controlled by the
diffusion of excited C-540 into the solvent cage and not by chemical reaction (electron
transfer step) [17].

It has been reported that the degree of interaction between halomethane solvents
and several electron donors follows the order of electron af®nity (EA� 1.36, 1.75,
and 2.1 eV for CH2Cl2, CHCl3, and CCl4, respectively) [13, 18±20]. This suggested
that we should obtain rate constants following the order CCl4 > CHCl3 > CH2Cl2.
However, our results reveal a decrease in the rate constant on going from CHCl3 to
CH2Cl2 and CCl4 as shown in Table 1. Thus, it seems that the electron af®nity of
these solvents is not the factor that controls the rate of the photoreaction of C-540.
This behavior can be explained on the basis of speci®c interactions between the
solvent molecules and the dye. It is well known that CHCl3 is a relatively strong
hydrogen bond donor (HBD) and forms hydrogen bonds with tertiary amines [21].
The HBD ability of halomethanes, expressed as the solvent parameter � as
introduced by Kamlet and Taft [11, 22], decrease on going from CHCl3 to CCl4
(�� 0.2, 0.13, and 0.0 for CHCl3, CH2Cl2 and CCl4, respectively). Thus, the
anomalous behaviour in CHCl3 can be attributed to hydrogen bond formation with
the dye molecules, which becomes stronger in the excited state due to increasing the
basicity of the excited dye. The formation of hydrogen bonds may lead to
stabilization of the charge transfer intermediate responsible for the formation of the
photoproduct. The ¯uorescence quenching of 3-(N,N-dimethylamino)-2H-benzo-
pyran-2-one by halomethane solvents in cyclohexane has been studied, and it was
found that CHCl3 exhibits a different quenching effect. This behavior was explained
by hydrogen bond formation of the solvent with the organic molecule [23]. Figure 5

Fig. 5. Correlation between the hydrogen bond donation (�) of the solvents and the rate constants at

different temperatures; ^: 20�C, *: 25�C, ~: 30�C, &: 35�C
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shows the correlation between the rate constants and � at different temperatures. As
can be seen, increasing HBD enhances the rate constant remarkably.

As the excited state of C-540 is more basic than the ground state [24±28], it is
involved in charge transfer interactions with chloromethanes through exciplex
formation. The lower energy of the C-Cl bond and the low activation energy of the
dissociative process of electron attachment promote the chemical reactivity of
chloromethanes [6]. Thus, the following reaction scheme can be proposed to
explain the photoreactivity of C-540 in chloromethanes:

C� h� ! 1C�

1C� � CHnCl4ÿn � 1�C�� � � � �ÿCHnCl4ÿn��

1�C�� � � � �ÿCHnCl4ÿn�� ! �C�� � � � �ÿCHnCl4ÿn�
�C�� � � ��ÿ CHnCl4ÿn� ! �C�� � � � �ÿCl � � �CHnCl3ÿn� Contact ion pair

�C�� � � � �ÿCl � � �CHnCl3ÿn� !C�� � Cl�ÿ � _CHnCl3ÿn

Photoproducts formed in solvent cage

According to this scheme, an initial diffusion of the excited singlet C-540 �1C��
into the solvent cage forming a transient exciplex, is proposed. The involvement of
the excited state charge transfer exciplex in the reaction is supported by the higher
negative values of �S# as mentioned previously. This is followed by formation of
an ion pair, which ®nally gives a C-540 radical cation and chloride ion. The
formation of Clÿ was con®rmed by appearance of a white precipitate when an
ethanolic AgNO3 solution was added to the irradiated dye solution. Thus, it can be
concluded that C-540 undergoes photo-oxidation upon irradiation at 254 nm in
halomethane solvents. The photo-oxidation of some aromatic and aliphatic amines
in CHCl3 has also been reported [18]. A similar scheme was proposed to account
for the photoreaction of carbolines in CHCl3 and CCl4 [19].

Chemical oxidation

To obtain further information about the chemical stability of C-540, its oxidation
by peroxodisulfate anions has been studied. The oxidation reaction was carried out
under pseudo-®rst-order conditions with a large excess of [S2O2ÿ

8 ]. The decrease in
the absorbance at �max � 468 nm with time was found to be very slow (data not
shown). It has been reported that the oxidation of some aromatic secondary and
tertiary amines using S2O2ÿ

8 is slow unless a suitable catalyst is present. The
standard catalysts are transition metal ions such as Ag�, Cu2�, and Mn2� [29±34];
therefore, Ag� ions were incorporated in the reaction mixture. The effect of [Ag�]
was examined at constant concentrations of the substrate and the oxidant, and the
kinetics of the catalyzed reaction were investigated. The reaction followed a
pseudo-®rst-order law; the absorbance vs. time data were introduced in the ®rst-
order plot, and the rate constants were calculated. A plot of the pseudo-®rst-order
rate constant vs. [Ag�] is shown in Fig. 6. The linear relation between the pseudo-
®rst order rate constant and [Ag�] indicates ®rst-order dependence on its
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concentration. The ordinate intercept represents the rate constant of the un-
catalyzed reaction (ko) that takes place simultaneously with the catalyzed one. The
plot thus obeys the relation k � ko � kc � �Ag�� where kc is the second-order rate
constant for the catalyzed path and represents the slope of the plot. Introducing the
values of catalyzed and uncatalyzed rate constants into the above relation affords
k � 0:004� 16:8 � �Ag��. Although both terms contribute to the rate constants, the
larger contribution is due to the term kc � [Ag�], which proves the weakness of the
oxidation process observed in the absence of the catalyst.

The effect of temperature on the reaction rate has been investigated in the 30±
50�C range, and it is safe to infer that the spontaneous decomposition of the
peroxodisulfate within this range was undetectable. The activation energy was
determined from an Arrhenius plot. The other activation parameters were
calculated using Eqs. (1)±(3) and are summarized in Table 2.

Fig. 6. Variation of the rate constant as a function of [Ag�]; [C-540] � 3.3�10ÿ5 M, [S2O2ÿ
8 ] �

3.3�10ÿ2 M, T � 30�C

Table 2. Rate constants and activation parameters for the oxidation of C-540 by peroxodisulfate

anions; [C-540]� 3.3�10ÿ5 M, [S2O2ÿ
8 ]� 3.3�10ÿ2 M, [Ag�]� 1.67�10ÿ4 M

T

(�C)

k�102

(sÿ1)

E#

(kJ/mol)

�H#

(kJ/mol)

�G#

(kJ/mol)

�S#

(J/mol �K)

30

35

40

45

50

0.65

1.13

2.90

6.10

11.90

122.1

(�0.11)

119.67 86.13 ÿ100
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The order with respect to [S2O2ÿ
8 ] was determined at constant concentrations of

the dye and the catalyst, while the concentration of S2O2ÿ
8 was varied. The plot of

the pseudo-®rst-order rate constant (kobs) vs. [S2O2ÿ
8 ]o is linear which is a good

evidence for the ®rst-order kinetics with respect to [S2O2ÿ
8 ] (Fig. 7). The slope is

considered as the second-order rate constant and equals 0.27 Mÿ1 �minÿ1 at 30�C.
In view of these ®ndings, the current oxidation reaction may proceed via two

parallel pathways according to the following equation:

ÿd�C ÿ 540�=dt � ko�C ÿ 540��S2O2ÿ
8 � � kc�Ag���C ÿ 540��S2O2ÿ

8 � �4�
This kinetic behavior is supported by several analogous rate laws reported for the
oxidation of organic substrates with this oxidant [29±32].

Since the non-catalyzed oxidation of C-540 dye has not been considered in
detail, only an overall mechanism accounting for the catalyzed reaction can be
suggested. Numerous data have been accumulated [30±32] which con®rm the
accelerating effect of Ag� and give insight into the mechanism of the catalytic
activity of this ion. Based on the above results it is concluded that the ®rst step in
the oxidation process involves the reaction between S2O2ÿ

8 and Ag�, whereby SO�ÿ4
and Ag2� are formed. An electron transfer follows between Ag2� and the -N-(Et)2

moiety of the substrate to yield the -N��(Et)2 radical as an intermediate. This
intermediate is then further oxidized and undergoes an intramolecular rearrange-
ment to give the ®nal product. The mechanistic scheme shown below can thus be
envisaged to be similar with that reported in Refs. [30, 33]. Also, the mechanism is
consistent with the fact that the reaction is ®rst-order with respect to the
concentrations of the substrate and the oxidant.

Fig. 7. Variation of the rate constant as a function of peroxodisulfate concentration; [C-540]� 3.3

�10ÿ5M, [Ag�]� 3.3�10ÿ4 M, T� 30�C
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Experimental

Materials

Coumarin-540 (Aldrich) was used as received. Chloromethanes and acetonitrile were puri®ed as

described in the literature and kept in the dark over a molecular sieve [35]. Water of low conductivity

was used. Potassium peroxodisulfate (Merck) was recrystalized twice from distilled water and then

dried in vacuum over P2O5. Fresh solutions of peroxodisulfate were prepared when requred in order

to avoid self-decomposition. The solution of dye used for chemical oxidation was prepared in a 25%

(v/v) acetonitrile/water mixture due to solubility requirements, and its concentration was less than

5�10ÿ5 mol/dm3 to avoid molecular aggregation [36]. Other chemicals were of analytical grade

quality; their solutions were prepared with double distilled water immediately prior to

measurements.

Photochemical oxidation

Steady state irradiation of coumarine solution (1.2�10ÿ5�mol/dm3) at 254 nm in halomethane

solvents was performed in a thermostatted 3 cm3 stoppered quartz cell using a 30 W medium
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pressure Hg-lamp (DESAGA). The irradiated cell was transferred to the thermostatted cell holder of

a spectrophotometer where the absorption spectra were recorded. Kinetic runs were performed by

monitoring the absorbance of the photoproducts at �max � 515; 514, and 500 nm in CHCl3, CH2Cl2,

and CCl4, respectively. The absorption spectra were recorded on a Shimadzu UV-3101 PC

spectrophotometer operating with a Shimadzu data acquisition system. A Shimadzu electronic

temperature controller kept the reaction temperature constant within �0.1�C.

The reactions were carried out under pseudo-®rst-order conditions with an excess of

halomethanes. Pseudo-®rst-order rate constants were obtained from the slopes of linear regression

plots according to Eq. (5)

ln�A1 ÿ At� � lnA1 ÿ kt �5�
A1 is the maximum absorbance obtained at reproducible irradiation times, and At is the absorbance

of the photoproducts at different irradiation times t.

Chemical oxidation

Kinetic runs were followed spectrophotometrically by monitoring the absorbance of the non-reacting

C-540 in the reaction mixture at 468 nm with time. Uncatalyzed reaction carrid out under pseudo-

®rst-order conditions in solutions containing an excess of S2O2ÿ
8 ([S2O2ÿ

8 ]� 1000�[dye]) was slow

(data not shown). In order to accelerate the reacton, Ag� ions were added as a catalyst, and the

pseudo-®rst-order rate constant of the catalyzed reaction (kobs) was obtained from Eq. (6).

ln�Ao ÿ At� � lnAo ÿ kobst �6�
Rate constants obtained from duplicate runs were reproducible within �3%.
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