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Abstract

The electron transfer from an optically excited donor (hematoporphyrin) to an acceptor (metronidazole) has been investigated by 532 nm

laser ¯ash photolysis in water, in organic solvents (alcohols, acetonitrile, formamide, N-methylformamide, N,N-dimethylformamide and

dimethylsulfoxide) and in binary mixtures of these solvents with water. The electron transfer is characterized by the quenching of the donor

triplet±triplet transient absorption by metronidazole. The quenching constant has a maximum value of 2.1 � 109 Mÿ1 sÿ1 in water. This

constant decreases according to an exponential function as the water content of the binary water±cosolvent mixtures decreases. In neat

organic solvents, the electron transfer has only been observed in methanol and formamide, but at a rate three orders of magnitude lower than

that in water. The changes in the rate constants and activation parameters of the electron transfer in going from water to neat solvents are not

compatible with Marcus' theory. The water-induced electron transfer is analyzed in terms of speci®c solute±water interactions. # 1998

Elsevier Science S.A. All rights reserved.
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1. Introduction

Photoinduced electron transfer (ET) is one of the most

important primary processes encountered in many chemi-

cal and biochemical reactions and is the subject of a

large body of experimental and theoretical investigations

[1±3].

The most extensive researches in this area deal with the

ET theory for systems of donors and acceptors which are

randomly distributed in space and in ®xed positions [4±6].

This theory has also been extended to solid liquids to include

diffusion of the reactants [7,8]. However, because of the

complexity of the problem of forward and back transfers in

systems undergoing molecular diffusion, there are serious

dif®culties in applying this theory to liquid solutions [9,10].

In particular, the forward transfer parameters obtained from

the solid and liquid samples are virtually identical, while the

back transfer parameters obtained from solid solutions are

able to reproduce the liquid solution's back-transfer data

only when the high-frequency dielectric constant is used.

Existing ET theories describing diffusion-controlled reac-

tions in liquid solutions are generally based on dielectric

continuum of medium [1,11,12]. They are in good agree-

ment with experimental data when the in¯uence of none-

lectrostatic terms and effects of speci®c solute±solvent

interaction on the rate of reactions or quantum yields are

negligible [1,13,14]. In the case of photochemical reactions

accompanied by extensive structural reorganization within

the reactive species [15] or directly induced by solvent

molecules [16±18] experimental data, as a rule, are opposite

to those predicted by standard dielectric continuum theories.

There is, thus, considerable current interest in the search and

study of ET systems showing pronounced structural effects

to better understand the application limits of existing the-

ories. In addition, new experimental data about these type of

reactions and their mechanisms should help to improve the

ET theory.

In this work, we have investigated the solvent effects on

the kinetic and activation parameters of the electron transfer

from the hematoporphyrin triplet state (3HP�) to metroni-

dazole (METRO) a nitroimidazole derivative. To this end,

the quenching of the 3HP� transient absorption by METRO

was studied in water, various organic solvents and their

binary water±cosolvent mixtures.
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2. Experimental details

2.1. Materials

Hematoporphyrin (HP) and metronidazole (METRO)

were obtained, respectively, from the Sigma and Janssen

Chimica (Beerse, Belgium). Alcohols of the purest available

grade were provided by Merck or by Fluka. Formamide, N-

methylformamide (NMF), N,N-dimethylformamide (DMF),

dimethylsulfoxide (DMSO) were purchased from Merck

whereas Janssen Chimica provided acetonitrile. All these

solvents were used without further puri®cation. Water was

bidistilled in a quartz still from Quartex (Paris, France).

Aqueous solutions were buffered with sodium phosphate

(100 mM, pH 7.4).

2.2. Measurements

Flash photolysis experiments were carried out with a

Quantel YG44 Nd : YAG laser using 532 nm as the excita-

tion wavelength. The optical cell, the excitation path-length

and analyzing light conditions are the same as those used by

Bazin et al. [19]. Transient species generated by absorption

of light from the 6 ns duration pulses were monitored at

�max � 440 nm (corresponding to the maximum of the HP

triplet±triplet absorption [20]) or at �max � 690 nm (corre-

sponding to the maximum of the HP radical±cation absorp-

tion [21]). Five to ten shots were taken into account for each

measurement, depending on the signal/noise ratio. Kinetics

were then averaged and analyzed by means of computerized

least square ®tting procedures using the Hewlett-Packard

98820 statistical library. The temperature of the cell holder

was adjusted with a thermostated bath (Huber, Germany).

Temperature measurements were carried out with a YSI-401

thermistor (Yellow Springs Instrument, USA) attached to the

optical cell (accuracy: �0.58C). All the experiments were

carried out in argon-saturated solutions.

3. Results and discussion

3.1. Solvent effect on the quenching of 3HP� by

metronidazole

Table 1 shows that in argon-saturated water and a variety

of neat solvents, the hematoporphyrin triplet state (3HP�)
formed upon 532 nm laser ¯ash photolysis decays by ®rst-

order kinetics with a rate constant k0
T � 5� 2� 104 sÿ1. In

the presence of metronidazole (METRO), in water and in

binary water±cosolvent mixtures, a slow decay correspond-

ing to a transient absorption with a maximum in the 690 nm

region follows the initial and fast 3HP� transient decay.

Fig. 1 shows typical kinetics observed at 440 nm (Fig. 1(A);

transient 1) and at 690 nm (Fig. 1(A); transient 2) in a n-

propanol±water mixture. Transient 2 (Fig. 1) can be attrib-

uted to the formation of the HP radical-cation (HP
��) by

electron transfer from 3HP� to METRO [21]. The METRO

radical-anion transient (METRO
�ÿ) has a maximum in the

500 nm region, but it also weakly contributes to the transient

absorption at 440 nm [22]. Furthermore, in the presence of a

constant METRO concentration, the rate constant of the
3HP� triplet decay (kT) and the rate constant (kR) of the HP

��

formation decreases as the water content of the binary

water±cosolvent mixture decreases. However kT and kR

remain correlated (Fig. 1(B)). Furthermore, the decay rate

of the 3HP� depends, as expected, on the METRO concen-

tration (Fig. 2), according to the relationship:

kT � k0
T � kQ�METRO� (1)

where kQ is the quenching constant. The quenching of 3HP�

by METRO is clearly a dynamic process. However, the value

of kQ is dramatically decreased in neat solvents as compared

to that in water. Thus, among the neat solvents investigated,

the dynamic quenching by METRO was observed only with

methanol and formamide (Fig. 2; Inset) with kQ values three

orders of magnitude less than that in water (Table 1).

Table 1

Rate constant (k0
T) of the 3HP� deactivation, bimolecular rate constant (kQ) for the quenching of the 3HP� by ArNO2 in water and neat solvents, and 
 value

corresponding to solvents used in binary water±cosolvent mixtures (see Eq. (2))

Solvent "t
a k0

T (sÿ1) kQ (Mÿ1 sÿ1) 


Waterb 78.5 1 � 104 2.1 � 109 ±

Methanol 32.6 5 � 104 1.2 � 106 7.87

Ethanol 24.3 ± no 19.7

1-Propanol 20.1 ± no 39.3

1-Butanol 17.1 ± no 74.1

Formamide 109 3 � 104 1.9 � 106 6.03

NMF 182 2 � 104 no 17.8

DMF 36.7 3 � 104 no 36.6

Acetonitrile 35.9 3 � 104 no 16.2

DMSO 46.5 3 � 104 no 32.6

a Dielectric constant of neat solvents at 258C.
b 0.01 M sodium phosphate buffer (pH 7.4).
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Fig. 3 depicts for two examples the dependence of kQ with

the mole fraction of water (MFwater) in the mixture. These

curves can clearly be approximated as exponentials. They

are described by the following equation:

kQ � kT ÿ k0
T

�METRO� � kw
Q expfÿ
�1ÿMFwater�g (2)

where 
 is a proportionality coef®cient depending on the

kind of solvent in the mixture. The 
 values listed in Table 1

have been calculated as the slope of ln kQ as a function of

MFwater (Fig. 3; Inset). In all cases the regression coef®cient

was r2 > 0.97.

All these experimental data strongly suggest that water

plays a key role in the electron transfer between 3HP� and

METRO. It may be proposed that the including effect of

water on the ET reaction implies that the water molecule(s)

directly participate(s) in the reorganization of the collision

complex into a con®guration which allows the irreversible

electron transfer through the formation of an activated

complex (exciplex). In neat solvents, with the exception

of methanol and formamide, the electron transfer either does

not occur or is completely reversible, i.e. the collision

complex dissociates into 3HP� and METRO since, in the

presence of METRO, the natural lifetime of 3HP� (�T � 1/

k0
T) is about the same in neat solvents as it is in water in the

absence of METRO (Table 1). It must be noted that in

methanol and formamide, where the electron transfer takes

place, the inducing effect of these two solvents is much

weaker than that of water.

Fig. 1. (A) Decay kinetics of the 3HP* transient and kinetics of HP
� �

transient formation observed at 440 nm and 690 nm, respectively, after

532 nm laser flash excitation in the presence of 0.63 mM metronidazole in

argon-saturated 1-propanol±water 30% v/v mixture. Solid lines are

exponential fit of the kinetics. (B) Rate constants of the 3HP* decay (kT;

*) and HP
� � formation kR; *) in the presence of 0.85 mM of METRO as

a function of the mole fraction of water in 1-propanol±water mixtures.

Fig. 2. Stern±Volmer plots for the quenching of 3HP* by METRO in

0.01 M sodium phosphate buffer, pH 7.4 (1), in methanol±water 20% v/v

mixture. Inset: Stern±Volmer plots in formamide (1) and methanol (2).

Fig. 3. Variation of the quenching constant (kQ) of 3HP* by METRO as a

function of the mole fraction of water in methanol±water mixtures (1; *)

and acetonitrile±water mixtures (2; *). Inset: Variation of ln kQ as a

function of the mole fraction of water in methanol±water mixtures (1; *)

and acetonitrile±water mixtures (2; *).
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3.2. Kinetic analysis of the quenching of 3HP� by

metronidazole

On the basis of the above data, the electron transfer from
3HP� to METRO can be described by the following scheme

(Eqs. (3)±(5a) and (6)):

HP� hv!1 HP� !3 HP� !k
0
T

HP (3)

3HP� �METRO !kdiff �METRO��3HP� � � �METRO�
collision complex

3�HP� � � �METRO�!kCT 3HP� �METRO!k
0
T

HP�METRO

(5a)

3�HP� � � �METRO�!kCE 3�HP � � �METRO��

exciplex formation (5b)

3�HP � � �METRO�� !kR
HP

�� �METRO
�ÿ radical pair (6)

The kinetic analysis of reactions Eqs. (3)±(5a) and (6) leads

to the following expression for kT

kT � k0
T � kdiff p�METRO� (7)

where p � kCE/(kCE � kCT) is a probability factor for the

transition from the collision complex state to the exciplex

state, kCE and kCT are the rate constants characterizing the

number of transitions per time unit resulting from the

evolution of the collision complex state to the exciplex state

and triplet state, respectively. kdiff is the diffusion-controlled

rate constant.

The extent to which kQ is affected by changes in kdiff

(Eq. (7)) in going from water to neat solvents was studied in

water±methanol mixtures for two reasons. First, among neat

solvents, the electron transfer only takes place in neat

methanol and formamide (Table 1) and, secondly, the

physico-chemical properties of methanol are very close

to those of water. To calculate kdiff, we used Debye's

equation [23].

kdiff � 2

3�
RT
�a1 � a2�2

a1a2

106�Mÿ1sÿ1� (8)

where � (cP) is the viscosity, R (8.31 J/molÿ1 Kÿ1) is the gas

constant, T is the absolute temperature (293 K, under our

experimental conditions), a1 and a2 are the hydrodynamic

radius of solutes. It is evident that the hydration of reactants

by molecules of a given liquid increases their radius and

leads to a change in their density to values closer to that of

the liquid. The average hydrodynamic radius of HP and

METRO in solution may be expressed as

a �
������������
3M0

4�N�

3

s
� 108 �A (9)

where M0 (g molÿ1) is the mole weight of the solute, �
(g cmÿ3) is the density of the liquid, and N is Avogadro's

number. Indeed, the hydrodynamic radius determination by

this way seems to be as correct as calculation of density of

reactants from X-ray crystallography data [24]. For exam-

ple, using a value of 1.23 g cmÿ3 as the density determined

by three-dimensional X-ray diffraction of tetrapyrrols

[25,26], the average radius of HP is found to be 5.8 AÊ as

compared to 6.2 AÊ obtained by Eq. (9). In water using both

radius values, the calculated kdiff differ by no more than

2%. It can therefore be deduced that this formula allows

the calculation of reasonable values of the hydrodynamic

radius of solutes in going from water to methanol. As a

consequence, values ranging from 4.1 to 4.4 AÊ and from

6.2 to 6.7 AÊ were used as hydrodynamic radius of METRO

and HP, respectively, for the calculation of kdiff listed in

Table 2.

As can be seen from Table 2, in water, kQ is nearly three

times less than kdiff, i.e. one third of the collisions only lead

to electron transfer. In neat methanol kdiff is twice greater

than it is in water, but kQ is a thousand-fold smaller. In

methanol, the limiting factor governing the `preparation' of

the optimal con®guration of the collision complex for ET is,

probably, the lifetime of 3HP�. Thus, practically , changes in

kdiff have virtually no in¯uence on the linear character of

ln kQ plots as function of MFwater (Fig. 3).

Table 2

Rate constants and activation parameters of the quenching of 3HP� by metronidazole in binary water±methanol mixtures

Mole fraction of

methanol in water

kQ (Mÿ1 sÿ1) kdiff (Mÿ1 sÿ1) kact (Mÿ1 sÿ1) Ea (103 J molÿ1) �S�ws ÿ�S�w
(J molÿÿ1 Kÿ1)

�F�ws ÿ�F�w
(103 J molÿ1)

� (103 J molÿ1)

0.00 2.1 � 109 6.8 � 109 3.0 � 109 29 0 0 81

0.04 1.6 � 109 5.6 � 109 2.2 � 109 24 ÿ20 0.8 80

0.10 9.6 � 108 4.5 � 109 1.2 � 109 23 ÿ30 2 79

0.16 6.0 � 108 4.0 � 109 7.0 � 108 17 ÿ52 4 79

0.23 3.5 � 108 3.7 � 109 3.9 � 108 12 ÿ75 5 78

0.40 9.1 � 107 3.9 � 109 9.3 � 107 5 ÿ108 9 76

0.51 3.9 � 107 4.4 � 109 3.9 � 107 7 ÿ109 11 75

0.64 1.4 � 107 5.4 � 109 1.4 � 107 2 ÿ133 13 75

1.00 1.2 � 106 11.6 � 109 1.2 � 106 0.8 ÿ159 19 73
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3.3. Activation parameters of the quenching of 3HP* by

metronidazole

The activation energies (Ea) of the quenching of 3HP� by

METRO in methanol±water mixtures and in various water±

cosolvent mixtures listed in Tables 2 and 3 were calculated

from Arrhenius plots: ln kQ versus 1/T. In water, the value of

Ea is about 30 kJ molÿ1 and is close to the value expected for

diffusion-controlled processes. However, in binary mixtures,

as kQ is decreased the activation barrier of the quenching is

not increased (Fig. 4; curve 1), but, on the contrary, it is

decreased. In neat methanol, where kQ is a thousand-fold

smaller than it is in water, the activation barrier of the

quenching is about 1 kJ molÿ1. According to the activated

complex theory [27] this situation can take place when the

rate of reaction is not governed by the heat of activation but

rather by the change in the free energy of activation. More

speci®cally, if the solvent effect is accompanied by a large

decrease in entropy then, in spite of the low barrier of

activation, the rate is small.

Tables 2 and 3 report the values of the changes in entropy

of activation (��S*) for water±methanol mixtures and

various water±cosolvent mixtures. The ��S* values were

calculated from the relationship [15,27]

��S� � �S�ws ÿ�S�w � R��ln kws
Q � Ews

a =RT�
ÿ �ln kw

Q � Ew
a =RT�� (10)

Subscripts `w' and `ws' correspond to water and water±

cosolvent mixtures, respectively. Curve 2 in Fig. 4 suggests

that the decrease in kQ correlates with the decrease in the

entropy of activation in binary water±cosolvent mixtures.

Moreover, the contribution of the changes in Ea to Eq. (8) is

practically negligible. These data support the view that it is

the reorganization processes within the collision complex

and/or the activated complex that affect the quenching rate

in going from water to neat solvents.

According to Marcus' theory [1,11] the changes in dielec-

tric properties are expected to affect the reorganization of

solvent molecules around the reactant and activated com-

plex. While the macroscopic dielectric properties of water

and methanol are not very different, the water±methanol

mixtures exhibit marked structural and dielectric changes

[28,29] which are probably related to the thousand-fold

decrease in the kQ values observed in going from water

to methanol. Accordingly it may be supposed that the

microscopic properties of water and other alcohols as well

as their mixtures are essentially different. Consequently,

depending on the solvent under consideration, the organiza-

tion of solvent molecules around the reacting species may

differ.

Classically, the thermodynamics of the outer-sphere reor-

ganization processes during the electron transfer can be

estimated from the Marcus theory. It is therefore interesting

to study whether, in the 3HP�±METRO system, the kinetics

and activation parameters are relevant to Marcus' theory.

According to this theory, for water±methanol mixtures the

changes of the free energy of activation (��F*) can be

calculated (Table 2) from the relationship [1]

��F� � �F�ws ÿ�F�w � RT�ln kw
act ÿ ln kws

act� (11)

where kact is the constant of activation. Here, we suppose

that the number of collisions in the solutions does not

practically change in going from water to methanol. The

value of kact listed in Table 2 can be obtained from the

relationship [1]

1=kobs � 1=kdiff � 1=kact (12)

In our case, kobs corresponds to kQ. From Marcus' theory it

follows that �F* is related to �, the outer-sphere reorgani-

zation energy, to �F0, the standard free energy of reaction in

the prevailing medium, and to W, the difference in work of

bringing together the reactants and separating the products

of reaction [1]

�F� � W � �
4

1��F0

�

� �2

(13)

The value of W can be neglected in comparison with � and

�F0 since METRO is uncharged. The outer-sphere reorga-

nization energy � can be expressed as [1]:

� � 1

2aD

� 1

2aA

ÿ 1

aDA

� �
1

Dop

ÿ 1

Ds

� �
k��z�2e2 (14)

where Ds and Dop are the static and optical (square of

refractive index) dielectric constants of the liquid, aD and

aA are the radii of electron donor and electron acceptor

molecules, aDA is the effective radius of the reaction, �z is

the number of electrons transferred, and k � N/4�"0

Fig. 4. Activation energies (Ea; curve 1) and changes in entropy of

activation (�S�w ÿ�S�ws; curve 2) as a function of logarithm of the

quenching constant (ln kQ): * and &, correspond to the values in

methanol water mixtures listed in Table 2; * and & correspond to the

values in various cosolvent±water mixtures listed in Table 3.
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("0 � 8.85�10ÿ12 Jÿ1 C2 mÿ1 is the vacuum permittivity).

The values of � for water±methanol mixtures were calcu-

lated using the values of aD, aA whereas aDA � aD � aA was

used for calculation of kdiff. From Eqs. (11) and (13) it

follows that the kact must increase with decreasing � in going

from water to methanol. However, the changes in the kact

value (Table 2) are in disagreement with this prediction. As

a consequence, the lack of correlation between the macro-

scopic polarization properties of the medium and the para-

meters characterizing the solvent effect rather suggests that

the change in the microscopic properties in the vicinity of

the reacting species plays a key role in determining the

irreversibility or the reversibility of the electron transfer

(reactions Eqs. (5a) and (5b)).

From our experiment data it is evident that the electron

transfer becomes practically irreversible only when water

molecules are present within the collision complex. Thus, in

the solvent reorganization preceding the electron transfer,

the speci®c solvation of the collision complex by water may

become the determining factor of the irreversibility of the

electron transfer. Studies on organic molecules in aqueous

solutions indicate that they are surrounded by solvent mole-

cules sequestered by hydrogen bonds [2]. For methanol±

water mixtures, it is known that hydrogen bond formation is

stronger in water than in methanol because it takes more

energy to break the structure of water than that of methanol.

Moreover, even if the mole ratio in the bulk is the same as in

the solvent shell, hydrogen bonding with the solute prefer-

entially occurs with methanol [30]. Thus, the decrease in the

activation barrier is going from water to methanol (Fig. 4)

takes probably place because the breaking of the medium

structure facilitates the transition of reactants from the

collision complex to the activated complex state. On the

other hand, the preferential solvation of the collision com-

plex by methanol hinders the access of water molecules to

the collision complex and also decreases the rate of reaction.

In this regard it is interesting to note that an increase in the

size of the solvent molecules in the alcohol and formamide

families leads to an increase in the 
 parameter (Table 1)

which is linked to kQ via Eq. (2). Furthermore, the tendency

of Ea to decrease in parallel to kQ observed in water±

methanol mixtures (Fig. 4) is also found for other binary

water±cosolvent mixtures (Table 3). We can therefore sug-

gest that the mechanism we propose here on the effect of

methanol on the kinetics and activation parameters of the

water-induced electron transfer from 3HP� to METRO is the

same for all the solvents investigated. The study of a possible

general correlation linking 
 to the empirical parameters

characterizing solvents [31] such as a, b and �* is under

way.
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