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In the electron transfer (ET) quenching reactions of electronically excited in acetonitrile an*Ru(bpy)32`
increase of the rate constant is observed in the series of 2-methyl-, 1-chloro-, and 1-nitro-anthraquinone askq
quenchers. If alkali salts are used as supporting electrolytes the radical anions are found to form speciÐcAQ~~
associates with the alkali cations. In the presence of non-associating tetraalkylammonium salts the system
follows the predictions of Marcus theory. Numerical methods are developed which allow the determination of
the rate constants of the conventional reaction scheme. This analysis shows that the quantum yield of free

radical anion formation is governed by the interplay of forward, reverse and back ET. NegativeAQ~~
activation enthalpies are found for the activation controlled quenching reactions. From the numerical analysis
of the system of rate constants it is inferred that this phenomenon is due to the elementary ET step in the
reaction sequence. We discuss the pre-equilibrium and elementary reaction models for reactions with negative
activation enthalpy and present, to our knowledge, the Ðrst example of successful discrimination between them.

1 Introduction

According to empirical formulae, e.g. that of Rehm and
Weller,1 and according to Marcus theory2 the rate constants

of photoinduced electron transfer (ET) reactions are akETfunction of the Gibbs energy of reaction *G¡ of the quenching
process. The correlation between and *G¡ has been wellkETestablished by experiment. For years much e†ort has been
invested in the Ðnally successful search3 for the ““ invertedÏÏ
*G¡ region predicted by Marcus.

In this work we concentrate on the region of nearly zero
Gibbs energy of ET. This case is interesting as the reverse ET
to the excited donor may become more relevant than the back
ET to the ground state species. Also, when approaching
*G¡ \ 0 a transition from electron transfer to charge transfer
may develop : ion pairs may be relevant at moderately and
highly negative *G¡ values, whereas exciplexes might be
formed at small *G¡ values.3c,4 However, we never found any
exciplex emission in our ET systems and thus assume electron
transfer. As we concentrate on purely kinetic considerations in
this work the nature of the Ðrst ET intermediate is not dis-
cussed in detail.

Numerous studies have been performed using the excited
state of the tris(2,2@-bipyridine)ruthenium(II) complex

which can be quenched by oxidative and(Ru(bpy)32`),
reductive ET.5 In this project we work on ET in

systems with small values of*Ru(bpy)32`Èanthraquinone
*G¡. The quenching reaction of by benzo- and*Ru(bpy)32`naphthoquinones has been the object of some reports.6,7a

A part of our results on the quenching reaction of
by 2-methylanthraquinone (MAQ) has already*Ru(bpy)32`been published.8 We reported a kinetic salt e†ect on the rate

constant of this oxidative quenching reaction. At a Ðrstkq

glance no such e†ect was expected, as MAQ is not a charged
species. Moreover, for this quenching reaction we observed
negative enthalpies of activation, which is in agreement with
the Ðndings of Tazuke et al.7 and with Kapinus and Rau.9 In
order to Ðne-tune *G¡ we performed the quenching reaction
between MAQ and at various ionic strengths*Ru(bpy)32`and with di†erent electrolytes. In the course of that work it
became clear that two e†ects contribute to the reaction : (i) the
expected change of *G¡ due to a variation of the ionic
strength, as observed with a tetraalkylammonium salt as a
supporting electrolyte and (ii) a change of *G¡ due to strong
association of the reaction product 2-methylanthraquinone
radical anion with alkali cations if alkali salts are used as sup-
porting electrolytes.

Compared to the vast data base gathered on the vs.ln kq*G¡ relation rather few experiments have been performed
testing the correlation between *G¡ and the quantum yield of
product formation in photoinduced electron transfer reac-
tions.4d,10 Therefore, we expand our previous work8 in this
paper (a) by the determination of the quantum yields of the
anthraquinone radical anions ; to this end we determined the
absorption coefficients of the radical anions and devel-AQ~~
oped a new method for the calculation of the concentration of
excited by the laser Ñash, (b) by determining theRu(bpy)32`values of all relevant rate constants in the kinetic system
(Scheme 1) ; to this end we employ a combination of a RungeÈ
Kutta procedure of solving the system of coupled di†erential
rate equations (which avoids any assumptions like k32 > kbetc.) and a least squares method and (c) by including 1-
chloroanthraquinone (ClAQ) and 1-nitroanthraquinone
(NAQ) as quenchers which due to their less negative redox
potentials have more negative *G¡ values of ET from

than MAQ.*Ru(bpy)32`
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Scheme 1

We Ðnd that, contrary to the results in other systems,4 for
these ET systems the Marcus electron transfer model is ade-
quate also in the region of *G¡ B 0, and that it is the elemen-
tary electron transfer reaction which is responsible for the
negative activation enthalpy, to our knowledge the Ðrst clear
evidence for this concept in photochemistry.

2 Experimental
2.1 Materials

MAQ and ClAQ from Fluka were recrystallized several times
from ethanol. NAQ was separated from the byproduct 2-
nitroanthraquinone and puriÐed by column chromatography
using (Fluka Typ 507 C neutral, Aktivita� tsstufe IV) andAl2O3toluene or dichloromethane as an eluent. Acetonitrile from
Roth ““Fu� r die DNA Synthese ÏÏ was used as a solvent.

2.2 Electrochemical measurements

The redox potentials of the AQs at di†erent ionic strengths
and with di†erent supporting electrolytes were determined by
means of cyclic voltammetry as reported.8 The absorption
coefficients of the radical anions were determined inAQ~~
optically transparent thin layer electrochemical cells (OTTL).
The absorbance in the 330 nm region of the AQs themselves
served as an internal standard for quantitative evaluation of
the formation of their reduction products. In short, the
OTTLs were constructed from two microscope slides, one
with a transparent, conductive indium-tin-oxide (ITO) layer
separated by etching in two areas which were contacted as
cathode and anode. The two slides were kept at 0.1 mm dis-
tance by a TeÑon spacer with two circular (1.5 cm diameter)
holes connected by a 1 mm wide channel (a pattern like a pair
of spectacles). Thus circular cathode and anode areas were
separated and could be observed separately. For monitoring
the absorption spectra of the radical anions the electrochemi-
cal cells were mounted into an HP 8452 A diode array spec-
trophotometer. The absorption coefficients of the AQs, which
serve as internal standards in the electrochemical experiments,
were determined by means of a Cary 4E spectrophotometer.

2.3 Spectroscopic measurements

Absorption spectra were taken by means of ZEISS DMR10,
Cary 4E and HP 8452 A spectrophotometers, emission spectra
with a Perkin Elmer LS50 Ñuorimeter. The experimental

details of quenching and transient absorption procedures have
been described previously.8 In short : The quenching experi-
ments were performed in the dynamic mode with excitation at
460 nm with a combination of an EMG 101 excimer laser and
FL 2000 dye laser by Lambda Physik with solutions deoxy-
genated by argon Ñushing and thermostatted between 15 and
45 ¡C. For the evaluation a SternÈVolmer analysis was
employed. Transient spectra were taken with the same excita-
tion source 1.3 ls after the Ñash in a 90¡ arrangement with a
battery-powered 250 W projector lamp as a light source and
photomultiplierÈmonochromatorÈoscilloscope (Tektronix
11302) combination whose trace was digitized and evaluated
on a computer.

3 The kinetic model
A concise introduction into the kinetics of photoinduced elec-
tron transfer reactions (ET) and the Marcus theory is given by
Bolton and Archer.11 For our systems we have to discriminate
between ET systems in solutions with supporting electrolytes
that may or may not associate with the anthraquinone radical
anion produced by ET.

as a non-associating supporting electrolyte3.1 Et
4
NClO

4

We will use reaction Scheme 1, which is commonly accepted.
Scheme 1 deÐnes the rate constants and intermediate species.

and represent di†usion controlled pro-k12 , k21 , k34 kbackcesses. These rate constants can be calculated8,12,13 and are
given in Table 1. The radii of andRu(bpy)32` Ru(bpy)33`have been taken to be equal (0.71 nm)7c and those of all the
AQs and have also been taken to be equal (0.38 nm14).AQ~~s
The dependence of viscosity on concentration isEt4NClO4taken to be the same as that for a solution.8NaClO4 k23 , k32and represent activation controlled steps and three inde-kbpendent experiments are necessary for their determination.

The Ðrst one is the determination of the macroscopic rate
constant of the quenching reaction which is related to thekqrate constants of the di†erent reaction steps.

kq\
k12 k23(kb ] k34)

k21 k32 ] k21(kb ] k34) ] k23(kb ] k34)
(1)

is determined directly from SternÈVolmer plots.kqThe second piece of information comes from the determi-
nation of the ratio which is avail-k23/k32 \ K23 \ e~*G2¡3@RT

Table 1 Di†usion controlled rate constants which were used in the various calculation procedures

c(salt)/mol l~1 k12a/109 l mol~1 s~1 k21a/109 s~1 k34b/109 s~1 kback,diffb/109 l mol~1 s~1

0.1 19.4 6.04 1.82 19.3
0.2 18.3 5.66 2.53 18.1
0.3 17.1 5.31 2.86 16.95
0.4 16.1 5.02 3.03 16.0
0.5 15.2 4.73 3.09 15.1

A detailed description of the calculation procedures is given in ref. 7a and in ref. 13.b
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able from the value of This, in turn, can be obtained*G23¡ .
from electrochemical half-wave potentials accordingE1@21,8,15to

*G23¡ \ F[E1@2(D`/D) [ E1@2(A/A~)][ E00(*D)] wp [ wr
(2)

where is the energy of the donorÏs excited state. is zeroE00 wras the AQs are neutral species and

wp\
zD zA e02 NA

4ne0 e(rD ] rA)
]

1

1 ] (rD ] rA)c
(2a)

c\
A2NA e02J ] 1000

e0 e kBT
B

(2b)

J is the ionic strength.
The third piece of experimental evidence is the quantum

yield / of the production of separated radical anionsAQ~~
which is deÐned as the ratio of c(AQ~~)max/c(*Ru(bpy)32`)¡.16

is the maximum concentration of free rad-c(AQ~~)max AQ~~
icals observed by transient absorption approximately 1.3 ls
after the laser Ñash. is the initial concentra-c(*Ru(bpy)32`)¡
tion of for its determination we developed a*Ru(bpy)32`,
convenient new method using the time proÐle of the laser irra-
diance, its Ñash energy and the absorption coefficients of

This method takes into account ground stateRu(bpy)32`.17
depletion and, if necessary, excited state absorption (which,
however, proved unimportant in the present case. The
quantum yield is also a function of all the rate constants,
but, contrary to eqn. (1) there is no simple algebraic connec-
tion between / and the rate constants. Only in the case that
the reverse ET is slow as in rather exergonic ET(k32> k23),reactions, the quantum yield of radical anions is

/\
kq cQ

1/q0 ] kq cQ
]

k34
k34] kb

(3)

being the quencher concentration. This equation yieldscQ kb ,
as can be calculated.10 But when cannot be neglectedk34 k32compared to as we Ðnd for the systems in this work, thenk23 ,
relation (3) does not hold and an extensive analysis of the rate
constants is necessary.

In order to solve the problem without any assumptions we
Ðrst varied the values of and in the vicinity of the start-k23 kbing data, calculated the values from eqn. (1) and deter-kq, calcmined the square of the deviation from the experimental
value, As starting values was taken from(kq, exp[ kq, calc)2. k23which follows from eqn. (1) under thekq\ k12 k23/(k21] k23)assumption of and was taken from eqn. (3)k32 > (kb ] k34) kbwhich holds under the condition With the same setk32> k23 .
of rate constants we solved the system of di†erential equations
of Scheme 1 by numerical integration (RungeÈKutta). These
calculations yield values of and the square of thec(AQ~~)calcdeviation of is determined. That[c(AQ~~)exp[ c(AQ~~)calc]2pair of rate constants and which minimizes bothk23 kbsquares of deviation is considered to be the correct one.

For doing these calculations we must know It waskback .
determined in separate experiments. But, as the concentration
of the free ions is of the order of 10~6 mol l~1 and as we are
looking to the Ðrst 1 to 2 ls of the reaction only, the inÑuence
of on the results vanishes. Thus all the rate constants forkbackScheme 1 are available.

3.2 Associating supporting electrolytes

The experiments were performed in acetonitrile solution with
deÐned ionic strength as only then the electrochemical values
of *G¡ can be used for reliable calculations. Reliable values
are important in the vicinity of *G¡ B 0, the region which is

investigated in this work. In the quenching systems which
contain alkali salts as supporting electrolytes we observe spe-
ciÐc salt e†ects which we attribute to association of the AQ~~
anions with the alkali cations.8 We will discuss the problem of
association in the course of the quenching reaction in a later
section (5.2).

4 Results

4.1 Redox potentials, association constants, and Gibbs
energies of reactions

The redox potential data of ClAQ and NAQ as determined by
di†erential pulse polarography at various salt concentrations
are shown in Fig. 1, the data of MAQ are of the same type,
but lower by 120 to 140 mV.8 The redox potentials measured
in this study are within the range of the published ones,18 they
can be reproduced within less than 20 mV. These variations
may be due to traces of oxygen and water in the acetonitrile
used.

Fig. 1 outlines two factors which inÑuence a smallE1@2 :
shift which is due to a change in concentration of the support-
ing electrolyte (attributed to the inÑuence of ionic strength on
the activity coefficients) and a large shift which is due to the
nature of the supporting electrolyte. This latter is rationalized
by an association of the alkali cations with the anions.AQ~~
The association constant can be calculated from19

Kass \
(e*E@25.6[ 1)

csalt
(4)

where *E is in mV. The association constants are high and
dependent on ionic strength as shown in the inset of Fig. 1 for

The observed decrease may be due to the use ofNa`/ClAQ~~.
concentrations in eqn. (4) instead of activities. For

the value of is 7650 at J \ 0.1 and 2260 forNa`/NAQ~~ KassJ \ 0.5 mol l~1. A value for of (at J \ 0.1Kass Na`/ClAQ~~
mol l~1) of 4150 in the literature19 is for DMF solution and is
in good agreement.

Three points should be emphasized : (a) The association of
alkali and ions is not a purely electrostatic one ; associ-AQ~~
ation constants calculated according to the Fuoss treatment20

Fig. 1 Half-wave potentials of Rubpy, ClAQ, and NAQ in acetoni-
trile solution vs. NHE. Rubpy3`/*Rubpy2`.É É É É L É É É É È = È

in the presence of ---- in the pres-ClAQ/ClAQ~~ Et4NClO4 , = ----
ence of in the presence ofNaClO4 . È + È NAQ/NAQ~~,

---- in the presence of The inset showsEt4NClO4 , + ---- NaClO4 .
the dependence of the association constant between and Na`ClAQ~~
as a function of the ionic strength.

Phys. Chem. Chem. Phys., 1999, 1, 3481È3490 3483
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(salt) values : Gibbs energy of the forward ET of the various combinations of *RubpyÈAQ in the presence of di†erent salts ;Table 2 *G23¡ *Gb¡values in square brackets : Gibbs energy of the back ET starting from the Cl back to the ground state molecules

AQ c(salt)/mol l~1 *G23¡ (Et4NClO4) ; [*Gb¡]/kJ mol l~1 *G23¡ (NaClO4) ; [*Gb¡]/kJ mol~1 *G23¡ (LiCLO4) ; [*Gb¡]/kJ mol~1

MAQ measured e†ectivea measured e†ectivea
0.1 9.44 [[212.2] 0.48 7.63 [[210.2] [12.55 8.22 [[210.8]
0.2 [14.34 5.65 [[208.3]
0.3 5.96 [[208.6] [3.69 2.88 [[205.5] [16.22 3.92 [[206.5]
0.5 4.23 [[206.9] [5.32 0.75 [[203.4] [19.63 1.24 [[203.9]

ClAQ measured e†ectivea
0.1 2.12 [[204.7] [14.28 1.89 [[202.3]
0.2 0.29 [[202.9]
0.3 [0.676 [[201.9] [17.27 [1.13 [[199.3]
0.5 [2.22 [[200.4] [19.59 [3.31 [[197.1]

NAQ measured e†ectivea
0.1 [15.83 [[186.6] [24.90 [15.83 [[186.6]
0.25 [17.53 [26.89 [15.83
0.5 [19.11 [29.25 [15.83 [[186.6]

a See text, Section 4.3.1.2 and Fig. 5.

Fig. 2 Spectra of the various NAQ species which are formed during
the electrochemical reduction of NAQ in optically transparent thin
layer cells. For details see text.

are of the order of 2 to 4 in acetonitrile. It is neither a purely
covalent one as in protonation where the Ðrst and second
reduction potentials in contrast to the case of Na` interaction
coincide. (b) The electrochemical results are valid for equi-
librium conditions and may not be valid for transient species.
(c) The tetraalkylammonium ion does not associate with

radical anions.19 We can conÐrm this from the match-AQ~~
ing of the transient absorption spectra of the radicalAQ~~
ions in ET-quenching experiments in salt-free solutions and
solutions which contain Et4NClO4 .

The Gibbs energies of reaction of the ET step were(*G23¡ )
calculated according to eqn. (2), they are compiled in Table 2.
For non-associating these Gibbs energies of reac-Et4NClO4tion of the forward ET are positive in the case of MAQ, close
to zero for ClAQ and decrease to considerably negative values
in the case of NAQ. The Gibbs energies of the ET reaction in
the presence of alkali as calculated according to eqn. (2) are
much lower than the ones in the presence of ButEt4NClO4 .
note that the electrochemically determined redox potentials
correspond to reaction conditions in which the equilibrium
state between free and complexed radical anions isAQ~~
reached. This equilibrium may not be established in ET quen-
ching experiments.

Table 3 Absorption coefficients of the anthraquinone radical anions and of their associates with alkali cations in AN and DMF

Species jmax/nm and (e/cm~1 l mol~1) in acetonitrile jmax/nm and (e/cm~1 l mol~1) in DMF

AQ~~ 534 to 544 (8 500 to 12 000)30,32,41h43 553 to 556 (11 200 to 14 300)33,44,45
AQ~~É É ÉLi` 530 (9 320)33
MAQ~~ 539 (10 312) 552 (11 070)
MAQ~~É É ÉNa` 515 (9 540b) 539 (10 245)
MAQ~~É É ÉLi` 505a (8 750b) 528 (9 390)
ClAQ~~ 564 (11 360) 575 (11 385)

565 to 570 (10 800)30
ClAQ~~É É ÉNa` 540a (9 650b) 567 (9 670)
ClAQ~~É É ÉLi` 552 (9 290)
NAQ~~ 548 (7 380) 560 (9 030)
NAQ~~É É ÉNa` 535a (6 060b) 556 (7 420)

a The corresponding spectra cannot be observed in OTTLs but in laser Ñash transient absorbance measurements only. b Estimated values. For
details see text, section 4.2.2.

3484 Phys. Chem. Chem. Phys., 1999, 1, 3481È3490
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Fig. 3 Normalized transient absorption spectra from laser Ñash
experiments. Spectrum of in the presence ofClAQ~~ : È = È

---- in the presence of Spectrum ofEt4NClO4 , = ---- NaClO4 .
in the presence of --- in the pres-NAQ~~ : È + È Et4NClO4 , + ---

ence of NaClO4 .

Tables 2 also include values. These values are highly*Gb¡negative, the back ET is in the Marcus inverted region, there-
fore the corresponding kinetic constants are expected tokbdecrease if becomes increasingly more negative. Data for*Gb¡will be given in section 4.3.kb

4.2 Absorption coefficients of the radical anions andAQ~—
absorption spectra of transients in the quenching experiments

The absorption coefficients of the radical anions wereAQ~~
determined by electrochemical reduction in optically transpar-
ent thin layer cells (OTTL). The results are compiled in Table
3.21

In the electrochemical experiments the various reduced
species of the AQs are formed in a consecutive way.

Fig. 4 Rate constants of the quenching reaction of by*Ru(bpy)32`AQs corrected for viscosity e†ects : MAQ in the presence ofÈ … È
--- MAQ in the presence ofEt4NClO4 , … --- NaClO4 , É É É É … É É É É

MAQ in the presence of MAQ in the presence ofLiClO4 , L
ClAQ in the presence of ---Mg(ClO4)2 ; È = È Et4NClO4 , = ---

ClAQ in the presence of NAQ in the presence ofNaClO4 ; È + È
---- NAQ in the presence ofEt4NClO4 , + ---- NAClO4 .

Fig. 5 Rate constants of the quenching reaction of by*Ru(bpy)32`ClAQ corrected for viscosity e†ects as a function of the Gibbs energy
of reaction in the presence of - -- in*G23¡ . È = È Et4NClO4 , = ---
the presence of see Section 5.2.NaClO4 . eff*G23¡

as a supporting electrolyte. With4.2.1 Et
4
NClO

4in acetonitrile (AN) or in DMF the spectra of theEt4NClO4are almost identical. In Fig. 2 the spectra of NAQ andAQ~~
its electrochemically reduced species are shown.

As far as information about absorption spectra of AQ~~
radical anions and AQ2~ di-anions is available in the liter-
ature the spectra of this work agree well with reported ones.22
This also holds for the absorption coefficients of the AQ~~
radical anions compiled in Table 3.22 No changes of the
absorbance are observed in the anodic part of the cell, the
absorption coefficients of the cation radicals which mayAQ~~
be produced in our OTTLs, are reported to be very low.23

In the presence of in electrochemical reductionEt4NClO4experiments of all AQs the formation of new absorption
bands in the 550 nm and 400 nm region is observed during
the Ðrst part of the reduction. This spectrum consequently is
assigned to the radical anion.AQ~~

In the laser Ñash experiments the transient absorption
spectra of the species can be observed in salt-free solu-AQ~~
tions and in the presence of (Fig. 3). These tran-Et4NClO4sient spectra in both solutions are identical and equal to the
spectra of the species in the electrochemical reductionAQ~~
experiments.

4.2.2 Alkali perchlorates as supporting electrolytes. In AN
the reduced AQ species appear to be not stable on the electro-
chemical time scale if alkali perchlorates are used as support-
ing electrolytes. In contrast, in DMF only a shift of the
absorbance maxima to shorter wavelengths and a decrease of
the absorption coefficients compared to those in the presence
of is observed, but the general structure of theEt4NClO4spectra during electro-chemical reduction is preserved. Obvi-
ously the associates are stabilized by DMF, which is a strong-
er solvating agent than AN.24 We have not taken e†orts to
analyze this in detail. In order to obtain absorption coeffi-
cients of the species in AN we assumed thatAQ~~. . . Na`/Li`
the relative decrease of the coefficients is the same in AN and
DMF. The data designated as estimated values in Table 3 are
calculated according to this assumption.

Contrary to the situation in electrochemical reduction, the
absorption spectra of and species inAQ~~É É ÉNa` AQ~~É É ÉLi`
AN can be observed in the laser Ñash experiments. The tran-
sient absorption spectra with ClAQ and NAQ are shown in

Phys. Chem. Chem. Phys., 1999, 1, 3481È3490 3485
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Table 4 Rate constants calculated by the iterative procedure outlined in Section 3

AQ c(salt)/mol l~1 kq/109 l mol~1 s~1 k23/109 s~1 k32/109 s~1 /(%) kback/109 l mol~1 s~1 kb/109 s~1

MAQ Without salt
0.0 0.12 (0.037) 125
Et4NClO40.1 0.22 0.0815 3.66 2.8 69.6 18.8
0.3 0.4 0.134 1.49 4.34 68.7 24.8
0.5 0.5 0.166 0.915 5.09 62.6 25.1
NaClO40.1 0.32 0.107 2.32 1.64 91.5 43.5
0.3 0.74 0.242 0.772 2.6 82.6 61.4
0.5 1.03 0.346 0.470 2.61 62.7 74.0
LiClO40.1 0.29 0.100 2.76 2.39 63.3 26.0
0.2 0.45 0.148 1.45 3.38 90.0 32.5
0.3 0.6 0.198 0.959 3.97 76.0 35.0
0.5 0.92 0.307 0.511 4.00 48.1 46.3

ClAQ Without salt
0.0 1.2 0.35 1.53 16.3
Et4NClO40.1 2.35 0.90 2.14 5.95 11.0 24.4
0.2 2.7 0.103 1.15 6.88 9.94 29.6
0.3 2.9 1.11 0.849 7.75 8.84 29.6
0.5 3.0 1.19 0.486 8.10 7.89 30.6
NaClO40.1 2.4 0.883 1.89 7.3 20.8 19.0
0.3 3.0 1.15 0.73 8.04 14.0 28.2
0.5 3.3 1.33 0.350 7.14 11.5 35.4

NAQ Without salt
0.0 6.45 (2.89)
Et4NClO40.1 5.85 2.60 4.38] 10~3 5.2 9.4 30.8
NaClO40.1 6.28 2.88 4.84] 10~3 5.8 7.2 27.9
0.5 4.73 3.33 5.59] 10~3

Fig. 3, those with MAQ are in Fig. 3 of ref. 8. In the presence
of the absorbance maxima are observed at shorterNaClO4wavelengths compared to the ones in the presence of

and this shift is larger with MAQ and ClAQ thanEt4NClO4with NAQ.

4.3 Quenching experiments
4.3.1 Rate constants. In Fig. 4 the quenching rate con-

stants corrected for viscosity changes due to varying elec-kq ,
trolyte content, are given as a function of the salt
concentration.25 In the case of MAQ the values are rela-kqtively small, of the order of 1% to 5% of the di†usion con-

trolled value. varies between 0.12] 109 l mol~1 s~1kqwithout salt and 0.5 ] 109 and 1.0 ] 109 1 mol~1 s~1 at
mol l~1 and mol l~1,c(Et4NClO4) \ 0.5 c(NaClO4) \ 0.5

respectively, thus showing a relative increase by a factor of up
to 8. In the case of ClAQ higher values of are observed, thekqrelative increase of is less pronounced, only a factor of 2.5kqresults and the di†erence between the e†ect of andEt4NClO4almost disappears. In the case of NAQ the value ofNaClO4approaches the limit of di†usion control and no inÑuencekqof the ionic strength or of alkali ions is observed.

is dependent on salt concentration (Table 2). In Fig. 5*G23¡ of ClAQ is shown as a function of MAQ andln kq gr *G23¡ ,

Table 5 Activation parameters determined from 1/T plotsln(kq/T ) vs.

Substance, salt,
c(salt)/mol l~1 *HE/kJ mol~1 *SE/J K~1 mol~1 *GE/kJ mol~1

MAQ, Without salt
[13.1^ 4.6 [137 ^ 15 27.6 ^ 9.2

MAQ, Et4NClO40.1 [17.6^ 1.0 [142 ^ 2 25.3 ^ 1.2
0.5 [16.5^ 1.0 [134 ^ 2 23.6 ^ 1.8
MAQ, NaClO40.5 [6.7^ 1.6 [95 ^ 5 21.7 ^ 2.1
MAQ, LiClO40.5 [0.3^ 0.7 [75 ^ 24 22.0 ^ 1.5
MAQ, Mg(ClO4)20.5 [9.8^ 1.2 [108 ^ 4 22.5 ^ 2.4
ClAQ, Et4NClO40.1 [11.3^ 1.7 [102 ^ 6 19.1 ^ 3.3
ClAQ, NaClO40.1 [12.4^ 1.0 [106 ^ 3 19.3 ^ 1.9
0.5 [5.4^ 0.6 [80.5^ 2 18.6 ^ 1.2
NAQ, Et4NClO40.1 6.3^ 1.1 [36.5^ 3.6 17.2 ^ 2.2
NAQ, NaClO40.1 3.8^ 0.8 [44.5^ 2.6 17.2 ^ 1.6
0.5 7.9^ 1.0 [39 ^ 3.5 20.0 ^ 2.0
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NAQ show an analogous behavior. When the kind of electro-
lyte is changed from to the Gibbs energyEt4NClO4 NaClO4of reaction (calculated according to eqn. (2) from the*G23¡redox potentials) becomes more negative, but only a minor
(Table 4, MAQ up to 100%) increase of is observed.kq

4.3.2 Activation parameters. The activation parameters of
the quenching reaction of some reaction systems were deter-
mined from Eyring plots vs. 1/T ), using the experi-(ln kq/Tmental data. For an activation controlled reaction thekqtemperature dependence is determined by that of Thek23 .
results are compiled in Table 5.

The most striking information in Table 5 is that in the case
of MAQ and ClAQ negative enthalpies of activation are
observed. The positive activation parameters for NAQ charac-
terize the viscosity e†ect as the quenching reaction with NAQ
is close to di†usion control. In our systems negative enthalpies
and energies of activation occur only if is positive or*G23¡slightly negative.

5 Discussion
5.1 The system with as a supporting electrolyteEt

4
NClO

4

With the entries in Tables 1 and 4 all the rate constants are
available. The back ET reaction to the ground state is far in
the inverted region (Table 2), is still high. However, highkbvalues of are not unusual.3c A feature which is importantkbfor the assessment of negative activation enthalpies (vide infra)
is that the values of and, of course, of are higherkb (kb] k34)than those of In Table 4 this is clearly visible, note thatk32 .
for ClAQ the results of the iterative solution of the set of rate
equations are close to those arrived at with the assumption

which, as mentioned, was used for selectingk32 > (kb ] k34),the starting values for the iteration.
If we compare the values of and with as ak23 kb Et4NClO4supporting electrolyte (Table 4) as a function of and*G23¡ *Gb¡(Table 2), respectively, we realize that with decreasing an*G23¡increase of but with decreasing a decrease of isk23 , *Gb¡ kbobserved. This indicates in a qualitative way that Marcus

behavior is followed. The counter-movement of these ET rate
constants is prima facie evident from the fact that the quantum
yields of AQ formation do not follow the increase of whenk23is decreased by the choice of di†erent ionic strengths or*G23¡quenchers. The increase of must be partially compensatedk23by an increase of According to the Marcus equation thekb .
data for MAQ and ClAQ are Ðtted to (because of the narrow
span of not very accurate) parabolas (Figs. 6 and 5).*G23¡

5.2 The system with associating alkali perchlorates as
supporting electrolytes

The data are calculated from values which are*G23¡ E1@2obtained in equilibrium electrochemical experiments accord-
ing to eqn. (2). When the values in the presence ofkq NaClO4values are plotted vs. these (Fig. 5) they are not on the*G23¡Marcus parabola represented by the plot for butEt4NClO4 ,
about an order of magnitude smaller. However, the series of
points for di†erent concentrations can also be ÐttedNaClO4by a parabola.

As pointed out in Section 4.1 the association constant of
alkali cations and radical anions is determined from theAQ~~
di†erence of the redox potentials of the AQs in complexing
and non-complexing supporting electrolytes. In the Ñash
experiments the radical anion is created in the ET step,AQ~~
so prima facie ET and association are di†erent processes. It is
therefore conjectured that in laser Ñash experiments the redox
potentials of the non-associating electrolytes should be used
also for the quenching reaction in solutions containing associ-
ating electrolytes. Therefore, we project the data for associ-kqating electrolytes on the Marcus parabola of the non-

Fig. 6 Rate constants of the forward and backward elec-(k23) (kb)tron transfer of MAQ as a function of the e†ective Gibbs energy of
reaction.

associating electrolyte and deÐne an e†ective as showneff*G23¡in Fig. 5. The values in Fig. 6 characterized by open symbols
have been determined with these eff*G23¡ .

However, the independence of ET and association seems
not to be complete. The values for the same concentrationskqof complexing and non-complexing electrolytes vary up to
100% (Table 2). If we determine the rate constants with

for the quenching systems in associating electrolyteseff*G23¡by the procedure outlined above we inevitably Ðnd larger k23values than those for non-complexing tetraalkylammonium
salt. On the other hand, if we plug the value obtained fork23quenching in the presence of into the calculationEt4NClO4the program does not Ðnd a solution to the double minimum
problem. These pieces of evidence indicate that there is some
inÑuence of alkali ions directly on ET.

5.3 Negative activation enthalpies

One of the most outstanding features of the ET system investi-
gated here is the negative temperature e†ect on emission
quenching. This is observed only for MAQ and ClAQ which
show activation controlled quenching at positive or slightly
negative values. The use of the RungeÈKutta procedure*G23¡for solving the set of di†erential rate equations provides, to
the best of our knowledge, for the Ðrst time all the rate con-
stants of Scheme 1 and the assessment of their relative magni-
tudes justiÐes a deeper rooted discussion of the problem of
negative activation.

It is common knowledge that chemical reactions are accel-
erated on heating. This is rationalized by the concept of an
activation barrier and expressed in the Arrhenius (5) and
Eyring (6) equations

k \ A e~Ea@RT (5)

k \
kBT

h
e~*GE@RT \

kBT
h

e*SE@R e~*HE@RT (6)

There are, however, reports on a small number of reactions
which are decelerated on heating. Formally, this requires
negative activation energies or enthalpies in eqns. (5) or (6).
Among these reactions are gas phase reactions26 and reactions
in solution9,27h33 of very di†erent types : some DielsÈAlder
reactions,27 radical reactions,28 proton29 and electron transfer
reactions,7h9,15a,30,31 addition of carbenes32 to oleÐns and
others.33 Some theoretical papers have appeared.34
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Negative temperature e†ects on reaction rates have been
rationalized by the postulate of a kinetic intermediate XY
according to

X] Y E8F

k~1

k1
XY ÈÈÈÕ

k2
Z (7)

which is engaged in two competitive reactions and(k~1 k2).There is no doubt that this may be a good explanation when
the existence of the intermediate is experimentally proven, e.g.
by (transient) absorption or exciplex emission or a scavenging
reaction. However, negative activation energies sometimes are
considered as compelling evidence for the existence of an
intermediate27,28a even if no other piece of evidence exists.
Highly speculative structures have been invented for these
intermediates like hydrogen bonded radicals with adjacent
radical sites,28b n- complexes of radicals,29 or di†erent confor-
mations of catenanes.33f These intermediates by chemical
intuition should be very unstable and this, of course is the
reason for their evasiveness. However, if these intermediates
are short-lived they should disturb heavily or destroy the
equilibrium, thus causing an erosion of the basis of the kinetic
““pre-equilibriumÏÏ model. There seems to be the need for an
alternative.

In order to rationalize the zero and small negative activa-
tion enthalpies observed in the oxidation of hydrated Fe2` by
Ru(II) polypyridine complexes by Braddock and Meyer,30b
Marcus and Sutin34c,d,g have pointed out that the Marcus
parabolas represent free enthalpy vs. polarization and that for
the temperature dependence the formulae of thermodynamics
can be used.35

*H* \ [T 2
L(*G*/T )

LT
(8)

*S* \ [
L*G*

LT
(9)

For cross reactions, like the ones of Braddock and Meyer, the
activation enthalpy *H* consists of two terms which may
have opposite signs and thus may become negative. Eqn.
(10)34g shows the concert of reaction enthalpy *H¡ and reac-
tion entropy *S¡. It is evident that *H* may become negative
if the reaction entropy is highly negative.

*H* \
(j ] *H¡)2

4j
[

(T *S¡)2
4j

(10)

In eqn. (10) j is the reorganization energy.2 Marcus and Sutin
demonstrated also a quantum chemical approach.34c Negative
activation enthalpies may evolve if the spacing of quantum
states of the product state of an elementary reaction is wider
than that of the reactants accompanied by a lesser reactivity
of the more energetic states of the activated complex. This
also corresponds to a negative reaction entropy.

After not being able to Ðnd a stable n-complex as an inter-
mediate in halocarbene addition to an oleÐne by calculation36
Houk and Rodan considered the free enthalpy, the enthalpy
and the entropy surfaces of an elementary reaction34b in order
to rationalize the negative temperature e†ect observed in these
reactions. These ideas allow one to abandon the must of pos-
tulating an intermediate, but obviously they have not been
generally considered in the newer work. Indeed we ourselves
came across HoukÏs paper34b only in the preparation of a
publication on the same concept. We are going to compare
the ““pre-equilibriumÏÏ and ““elementary reactionÏÏ models in
the light of the results for the system. Eqn.*Ru(bpy)32`/AQ
(7) is in essence included in Scheme 1 and(PC ]̂ CI ] FI
ground state).

Both models for rationalization of negative activation ener-
gies can be considered as limiting cases of the reaction scheme
(7). The rate constant of disappearance of X may be calculated

under steady state conditions of to bedcXY/dt \ 0

k \
k1k2

k~1] k2
(11)

Steady state conditions may be reached if either the equi-
librium is established (i.e. or if the rate constantk2 > k~1) k2is much larger than In the frame of the Arrhenius treat-k~1.ment (5) these two limiting cases are

““pre-equilibriumÏÏ : k2 > k~1 :

k \
k1k2
k~1

\
A1A2
A~1

e~*Ea(k1)~Ea(k~1)`Ea(k2)+@RT

\
A1A2
A~1

e~**H]`Ea(k2)+@RT (12)

““ elementary reactionÏÏ : k2? k~1 :

k \ k1\ A1e~Ea(k1)@RT (13)

There are thousands of reactions which proceed according to
scheme (7). What is the special feature of the few ones which
have negative temperature e†ects? In the pre-equilibrium case
the e†ective activation energy of the disappearance of X or Y
may be negative if *H¡ is negative and larger in absolute
value than (Eqn. (12) and Fig. 7). This means thatEa(k2). Ea(k2)must be smaller than Again this type of potentialEa(k~1).energy surface is abundant. However, in order to keep the
condition of the preexponential factor has tok2> k~1 A(k~1)be larger than and this case is rare. As the magnitude ofA(k2),the preexponential factor is tied to the activation entropy and
thus in most cases to the reaction entropy, a large increase in
entropy of the back reaction is required or, at the samek~1token, a large decrease of the reaction entropy in the forward
reaction of the equilibrium is required.(k1)If *H¡ is very negative the entropy e†ect in the pre-
exponential factors and is no longer expected toA(k1) A(k~1)compensate for the di†erence in activation energies Ea(k~1)and to maintain the condition and thus theEa(k2) k2> k~1,elementary reaction case is reached with SimpleEa B Ea(k1).simulations conÐrm this scheme. Note that in this Arrhenius
treatment a trajectory on the potential energy surface is used
as a reaction coordinate and that all elementary reactions in
eqn. (7) have positive activation energies.

In EyringÏs (and MarcusÏ) treatment the reaction coordinate
R of an elementary reaction is deÐned as a trajectory on the
surface of the free enthalpy G, and the transition state is at the
saddle point conÐguration, i.e. at the locus of the reaction
coordinate with maximum free enthalpy.37 Thus is*GE

always positive, when the reactants are stable chemical
species. As G(R) \ H(R) [ T S(R) the G surface is connected

Fig. 7 Arrhenius reaction diagram for reactions with negative reac-
tion enthalpy *H¡ leading to negative activation energies for
X] Y] Z.
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Fig. 8 Schematic diagram demonstrating the possibility for negative
activation enthalpy for an ““ exchange reaction ÏÏ (*G¡ \ 0). G(R) is
taken arbitrarily as parabolic, T S(R) is arbitrarily linear. Note that for
less negative reaction entropy is positive.*HE

with two others, the H and the S (or T S) surfaces. Fig. 8 is a
demonstration for the special case of *G¡ \ 0 which is close
to our system, consequently *H¡ \ T *S¡. For G(R) a para-
bolic form is assumed and T S(R) is taken to be a linear func-
tion of the reaction coordinate, a situation close to the one
treated by Sutin and Marcus in ref. 34g. In this case H(R) and
G(R) are very di†erent and the maximum of H is far from the
conÐguration of the transition state of the maximum of G. At
this conÐguration H is lower than the enthalpy of the reac-
tants, consequently *H* is negative.

Such large di†erences between G and H are observed only
when large entropy e†ects exist in the reaction. If in Fig. 8 the
reaction entropy and thus T *S¡ were less negative, *H*
might be positive as one can easily derive from this Ðgure. In
real reactions the form of the G, H and T S surfaces may di†er
widely from those of Fig. 8.38 For the vast majority of reac-
tions and T S¡ is small compared with *H¡ (and T S*G¡ D 0
is not a linear function of the reaction coordinate). Then the G
and H surfaces are close and very similar in shape, the
maximum of the H surface is near the transition state conÐgu-
ration : *H* is positive.

The pre-equilibrium case is easily recognized if an interme-
diate species can be detected. If no intermediate can be seen a
numerical estimation of the conditions ork2? k~1 k2 > k~1is necessary in order to discriminate between the pre-
equilibrium and elementary reaction cases. In the

system the CI (Scheme 1) cannot*Ru(bpy)32`Èanthraquinone
be seen. The numerical results demonstrate that kb ] k34?

(corresponding to and thus in this system thek32 k2 ? k~1)negative activation enthalpy has to be attributed to the ele-
mentary reaction. To the best of our knowledge this is the Ðrst
example of an excited state reaction where this conclusion can
be based on experimental evidence.

Tazuke et al.7 have found very similar results in comparable
systems. They preferred the equilibrium explanation for the
interpretation of their Ðndings, however on the more conven-
tional argumentative basis. We believe that their systems also
are examples of elementary reactions with negative activation
enthalpies, but as the quantum yield measurement is missing
in their publication we cannot decide the question.

It has been argued4 that for ET reactions near *G¡ \ 0 a
reaction scheme like eqn. (7) should be used rather than reac-
tion Scheme 1 as in this energy region an exciplex interme-
diate should be formed directly in a bimolecular reaction from
the reactants. Exciplex formation according to eqn. (7)
requires considerable coupling of the locally excited and elec-

tron transfer states, potential energy curves of continuous
charge transfer with continuously established solvent reaction.
Scheme 1 is based on the Marcus assumption of vanishing
coupling of the locally excited and electron transfer states, of
potential energy curves with non-relaxed solvent polarization
and of a well deÐned complete electron transfer step. This
gives justiÐcation to treat the precursor and successor com-
plexes as individual species. We could not detect any exciplex
emission in the systems whichRu(bpy)32`Èanthraquinone
means that radiationless deactivation and dissociation to free
ions of a possible exciplex would be so fast that the elemen-
tary reaction case is a better description of the system.

6 Conclusion
In this work we show how all the rate constants of the con-
ventional ET Scheme 1 can be determined. These data are
evidence for the concept of negative activation enthalpy in an
elementary reaction in the excited state. Thus a reaction with
negative activation enthalpy may but need not proceed via an
intermediate species. Added salts inÑuence the rate constants
and quantum yields of free radical ions in an ET system.
Alkali ions associate with the anthraquinone radical anions
and seem to inÑuence the ET from excited toRu(bpy)32`anthraquinones directly.
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