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The Rehm–Weller Experiment in View of Distant Electron Transfer
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Introduction

Since the pioneering works of Rehm and Weller[1,2] the free-
energy dependence of photo-induced electron-transfer reac-
tions has attracted the interest of many scientists.[3–12] In
fact, a multitude of so-called Rehm–Weller plots has ap-
peared since then and stimulated the progress of electron-
transfer theories and their interplay with diffusion phenom-
ena.[13–19] Although it is a subject of ongoing controversy, the
original results of Rehm and Weller have been reproduced
frequently for similar systems and have posed three para-
doxes: 1) no observation of the Marcus inverted region in
photo-induced charge-separation reactions; 2) the lack of re-
versibility at small driving forces, DGet�0 eV; and 3) the be-
haviour in the diffusional “plateau”.

In detail, the predicted Marcus inverted region is often
unobservable, with the quenching rates at large driving

forces approaching a plateau value set by the diffusion rate
constant. Although the observation of the inverted region in
bimolecular charge-separation reactions has been postulated
various times,[20–24] a decisive answer is still to be awaited.
This behaviour is frequently modelled by a phenomenologi-
cal law proposed by the original authors on the basis of the
encounter complex approach in combination with an empiri-
cal model for the elementary electron-transfer reaction. The
latter, unfortunately, is not derived from first principles. Sev-
eral ways of overcoming the apparent “failure” of Marcus
theory to consistently model Rehm3s and Weller3s original
data, have since then been invoked.[15,25–29] Among them, the
contribution of the electronically excited state of the ion-
pair product is one of the most frequently argued mecha-
nisms. This behaviour has recently been found to apply to
the perylene/TCNE system.[30] Furthermore, the inclusion of
the high-frequency vibrational modes is known to hamper
the fall-off of the Marcus parabola in the inverted
region.[31,32] This point will only give rise to a slight prolon-
gation of the plateau region, without suppressing it com-
pletely. Indeed, the inverted region is clearly observed for
charge recombination reactions with an energy gap larger
than 1.5 eV, for which multichannel electron transfer is ex-
pected to contribute in just the same manner.[32–35] A great
deal of recent experimental work focuses on the distance
distribution of the reaction partners.[36–40] Upon increasing
the reaction exergonicity, the reaction layer changes from
contact to remote, whereby a high reaction rate is retained.
In a recent publication, Burshtein and Ivanov[19] have point-
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ed out that the consideration of this fact suffices to explain
the lack of the inverted region if only a proper matrix cou-
pling element is chosen.

The second paradox, which, however, has not received as
much attention as the former, is the lack of reversibility at
DGet�0 eV. As a result, the Stern–Volmer constants are
much higher than expected at low driving forces. As a
matter of fact the reversible transfer does not work as a
quenching mechanism unless an additional decay channel
annihilates the reaction products. Rehm and Weller intui-
tively realised this issue and introduced a decay channel,
which is constant with free energy and does not obey the
energy-gap law. Recently, the coherent conversion to the
triplet radical ion pair and its recombination to the triplet
excited state of the fluorophore has been suggested as a pos-
sible mechanism for the depletion of the radical ion-pair
population.[17,41] It should be noted that although this effect
has not yet received experimental confirmation it allows the
application of differential encounter theory (DET) to model
Rehm–Weller plots consistently.[42] This is because DET is
only applicable to irreversible reactions. It is interesting to
note that irreversibility has also been found in systems
which do not possess lower-lying triplet states.[43] Charge re-
combination without spin conversion can be invoked in this
context.[41] This does not necessitate the recombination to
the triplet state. Reversibility of the ionisation process has
been proposed to be at the root of multiple Rehm–Weller
plots, which were first observed by Jacques et al.[44] and re-
cently by Porcal et al.[45] Integral encounter theory can suc-
cessfully be applied in these cases.[17, 41] In exciplex-forming
systems, reversibility might also be more relevant than pre-
viously assumed, as recently established by magnetic field
effect measurements.[46]

In this paper we focus on the plateau region of the
Rehm–Weller plot, which poses the third paradox. This
aspect has not previously attracted any particular interest.
The research efforts have been guided by the idea that non-
contact electron-transfer processes will give rise to a steady
ascent over a wide range of DGet values instead of an actual
plateau. In fact, this feature is neither accounted for in
Rehm3s and Weller3s interpolation model nor can it be ex-
plained by a contact reaction. Instead we will make use of
the most advanced theory for irreversible diffusion-assisted
reactions: the encounter theory in its differential version. By
analysing several Rehm–Weller plots, including the original
data, we show that the absence of an actual plateau consti-
tutes a general feature, which is not unique to a particular
set of data. In addition we present data for a new chemical
system that holds two crucial advantages compared to previ-
ous systems: firstly, a single fluorophore is used to monitor a
relatively wide diapason of exergonicity and, secondly, only
quenchers of the nitroarene type are employed in the pla-
teau region. These two factors promise a comparatively
small scatter and analysis in terms of a single set of parame-
ters for electron transfer and diffusion is better justified.

This paper is not aimed at giving a definite explanation
for the lack of the Marcus inverted region, but is intended

to explain the steady increase in the region formerly re-
ferred to as the diffusional plateau.

Theory

Differential encounter theory : Differential encounter theory
predicts that the concentration of the excited fluorophore,
N ACHTUNGTRENNUNG(c,t), obeys Equation (1), in which t denotes the fluores-
cence lifetime, c the quencher concentration and k(t) is the
time-dependent quenching rate. This last parameter com-
prises the combined effect of mutual diffusion and the ele-
mentary quenching process.

Nðc,tÞ ¼ exp
�
� t

t
�c
Zt
0

kðt0Þdt0
�

ð1Þ

It is related to the auxiliary quantity nACHTUNGTRENNUNG(r,t) by Equa-
tion (2):

kðtÞ ¼ 4p

Z1
s

wðrÞnðr,tÞr2dr ð2Þ

Here w(r) is the distance-dependent electron-transfer
probability,[47] s denotes the contact radius, and nACHTUNGTRENNUNG(r,t) is the
solution of the diffusion-reaction equation [Eq. (3)]

@nðr,tÞ
@t

¼ L̂ðrÞnðr,tÞ�wðrÞnðr,tÞ ð3Þ

The operator L̂ðrÞ is defined by Equation (4) in which
v(r) denotes the effective potential due to the solvent struc-
ture (in units of kBT), and D(r) is the mutual diffusion coef-
ficient which is a function of the interparticle distance due
to hydrodynamic hindrance.[40]

L̂ðrÞ ¼ 1
r2

@

@r
r2DðrÞexpð�vðrÞÞ @

@r
expðvðrÞÞ ð4Þ

Equation (3) is subject to the Boltzmann initial condition
nACHTUNGTRENNUNG(r,0)=g(r)=exp(�v(r)), the outer boundary condition
[Eq. (5)] and the reflecting inner boundary condition
[Eq. (6)].[48]

nðr!1,tÞ ¼ 1 ð5Þ

�
@nðr,tÞ
@r

þ nðr,tÞdvðrÞ
dr

�����
r¼s

¼ 0 ð6Þ

The steady-state fluorescence intensity is proportional to
the integral of N ACHTUNGTRENNUNG(c,t) over time, which allows the relative
fluorescence intensity to be written as Equation (7)
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I
I0
¼

R1
0

Nðc,tÞdt

R1
0

Nð0,tÞdt
¼ ð1þ ckðcÞtÞ�1 ð7Þ

For low concentrations of the quencher we obtain Equa-
tion (8) with k0 given by Equation (9).

I
I0
¼ ð1þ ck0tÞ�1 ð8Þ

k0 ¼
~kð1=tÞ

t
ð9Þ

Here k̃ denotes the Laplace transform of k(t), which is a
function of the Laplace transform of n ACHTUNGTRENNUNG(r,t), ñ ACHTUNGTRENNUNG(r,s). For ñ ACHTUNGTRENNUNG(r,s),
Equations (3), (5) and (6) yield Equation (10)

~nðr,sÞ ¼ ðsþ wðrÞ�L̂ðrÞÞ�1nðr,t ¼ 0Þ ð10Þ

Equation (10) can be solved numerically by discretising the
r domain by using finite difference techniques. While the
inner boundary condition can be implemented by using the
particle preservation requirement, for the outer boundary
we truncate the domain at finite r and make use of the
asymptotic solution given in Equation (11)

~nðr,sÞN1=sþ const: � expð�r
ffiffiffiffiffiffiffiffiffi
s=D

p
Þ=r ð11Þ

A highly efficient computational procedure ensues, which
yields the discretised ñ ACHTUNGTRENNUNG(r,s) as a solution to a tridiagonal
linear system.

Hydrodynamic effect and solvent structure : In the present
study the diffusion operator, L̂(r), includes a distance-de-
pendent diffusion coefficient, D(r), and a potential, v(r), ac-
counting for the solvent structure (cf. Figure 1). The r-de-
pendence of the diffusion coefficient is attributed to the hy-
drodynamic effect, which is a consequence of the mutual
hindrance of approaching donor and acceptor molecules.
For small interparticle distances the diffusion coefficient is
reduced substantially. The model of Deutch and Felderhof[49]

gives an estimate of the effect for two solutes of equal size
(s/2), which are much larger than the solvent molecule
[Eq. (12)]. In this equation D=D(1) is the bulk diffusion
coefficient.

DðrÞ ¼ D
�
1� 3s

4r

�
ð12Þ

The donor–acceptor pair distribution function g(r), on the
other hand, accounts for the microscopic structure of the
condensed phase. For the low concentrations of quenchers
used, quencher–quencher excluded volume effects[39] are
negligible and g(r) parallels the solvent density distribu-
tion.[40,50] The inclusion of the solvent structure leads to an
increased population of quenchers in the immediate vicinity
of the photo-excited fluorophore. The radial distribution

function of the solvent was evaluated solving the Percus–
Yevick equation.[51]

Electron transfer : The intrinsic electron-transfer reaction of
the quenching process is described by using Marcus
theory.[52,53] For the data under investigation, which cover a
wide range of free energies, the multichannel version is ap-
plied. It considers the electron transfer to numerous vibron-
ic sublevels of the reaction products. Provision has to be
taken of the saturation of the ionisation rate at short inter-
particle distances. In the case of extremely efficient cou-
pling, the limiting step for the electron transfer can become
the diffusional motion of the system along the reaction coor-
dinate to the crossing point.[54–56] This so-called “dynamic
solvent effect” is accounted for by including tL, the longitu-
dinal relaxation time of the solvent polarisation.[57] The reac-
tion probability for the electron transfer, w(r), is then given
by[30]

wðrÞ ¼
X1
n¼0

UðrÞe�SSn
n!þUðrÞtse�SSn

exp
�
� ðDGetðrÞ þ lðrÞ þ �hwnÞ2

4kBTlðrÞ

�

ð13Þ

where S = lq/(�hw), with w denoting the frequency and lq

the reorganization energy of the quantum mode.

UðrÞ ¼ V2
0

�h
exp
�
� 2ðr�sÞ

L

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

lðrÞkBT

r
ð14Þ

and

Figure 1. a) The spatial dependence of the relative diffusion coefficient,
D(r)/D(1), using the Deutch and Felderhof expression; b) the solvent
structure, g(r), obtained from solving the Percus Yevick equation.
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tS ¼ 4tL

ffiffiffiffiffiffiffiffiffiffiffiffi
pkBT
lðrÞ

s
ð15Þ

The distance dependencies of both the free energy, DGet,
and the outer sphere reorganisation energy, l, are taken into
account: see Equations (16) and (17) in which rc=
e2/ ACHTUNGTRENNUNG(4pe0ekBT) denotes the Onsager radius.

DGet ðrÞ ¼ DGetðsÞ�kBT
�
rc
r
� rc

s

�
ð16Þ

DGet ðsÞ ¼ Eox
1=2ðFÞ�Ered

1=2ðQÞ�E00�
kBTrc

s
ð17Þ

Monte Carlo simulations have shown that the classical
Marcus expression does not only overestimate l(s), but also
results in a different distance dependence.[58] Henceforth we
will use an approximation for l(r) [Eq. (18)] similar to the
one which has already been successfully applied by Matsuda
et al.[16]

lðrÞ ¼ lð1Þ� d
r

ð18Þ

in which l(1) takes on the value of the Marcus outer-
sphere reorganisation energy at infinite fluorophore quench-
er separation [Eq. (19)], and d is a variable parameter ac-
counting for the fact that generally the reorganisation ener-
gies at contact are found to be overestimated by the Marcus
expression.

lð1Þ ¼ e2

2peos

�
1
n2
D

� 1
e

�
ð19Þ

The parameter d was set to 10.5 NeV, giving rise to 61% of
the contact value if Marcus theory was applied, which is in
good agreement with previous observations.[58,59]

Results and Discussion

Figure 2 shows the steady-state quenching rate dependence
on the reaction free energy for several experimental data
sets (see also Table 1). Besides the data obtained in this
study, we have included Rehm3s and Weller3s original data[1]

and a representative study by Niwa et al.[60] Niwa3s data
spans a range of more than 2.5 eV. It is clearly observed that
all three data sets follow a common trend, which is typical
for this type of experiment. As expected, the scatter for the
2,5-bis(dimethylamino)-1,3-benzenedicarbonitrile
(DMBCN) data is indeed smaller than that for Rehm3s and
Weller3s original data for the reasons indicated above. Note
that all data sets are characterised by a steady increase of
the rate constant in the range up to approximately �2 eV,
and do not level off and give rise to a plateau at a rate
equal to the diffusion rate, kdiff=4psD. This observation is
evident when represented on a linear scale, as seen in Fig-

ure 2b. It should be noted that this feature has not yet at-
tracted particular interest in the scientific literature, proba-
bly due to the fact that it conflicts with the predictions
posed by the Rehm–Weller empirical model. In fact, the

Figure 2. k0 versus DGet for the original Rehm–Weller data, the data of
Niwa et al. , and our data. The lines show the result of fitting Weller3s
data with his contact model (grey line) and fitting all data simultaneously
using DET with Marcus multichannel (black line), the hydrodynamic
effect and the solvent structure. Additionally, the stationary rate con-
stant, k1, is given as a black dashed line. a) The well-known semi-loga-
rithmic presentation, which focuses on the ascending branch in the kinet-
ic regime. b) An alternative linear anamorphosis emphasising the diffu-
sional pseudo-plateau.

Table 1. Free-energy changes for the electron transfer fluorescence
quenching of 2,5-bis(dimethylamino)-1,3-benzenedicarbonitrile by aro-
matic quenchers, DGet, the quencher reduction potentials, Ered

1=2 and the
low concentration fluorescence quenching rate constants, k0, in acetoni-
trile at 298.2 K.

Quencher[a] Ered
1=2

[b] Ref. DGet k0

[V] [eV] [109m
�1 s�1]

14DNB �0.67 [94] �1.42 26
4NBN �0.87 [94] �1.22 20
13DNB �0.89 [94] �1.20 25
3NBA �1.02 [95] �1.07 20
Cl4NB �1.06 [94] �1.03 20
NB �1.14 [94] �0.95 21
34MNB �1.23 [95] �0.86 16
23MNB �1.30 [94] �0.79 14
26MNB �1.40 [95] �0.69 12
14AB �1.56 [96] �0.53 12
Qui �1.70 [97] �0.39 12
23MQui �1.80 [95] �0.29 6.5
BP �1.82 [94] �0.27 7.5
44MBP �1.92 [98] �0.17 6.0
4ClAP �1.97 [99] �0.12 5.3
44MoBP �.05 [98] �0.04 0.9
AP �2.13 [99] 0.04 0.2
4MAP �2.24 [99] 0.15 0.01

[a] For an explanation of the abbreviations of the quenchers, see the Ex-
perimental Section. [b] The data from the different references have been
corrected to refer to SCEaq in acetonitrile.

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6213 – 62216216

G. Grampp et al.

www.chemeurj.org


latter anticipates an actual plateau with an invariant quench-
ing rate equal to the diffusion rate. It should be pointed out
that Rehm3s and Weller3s equation is merely an empirical
model that is not based on first principles. Instead it ap-
peared to be “the most reasonable function” for a monoto-
nous dependence of the free energy of activation, DG*, on
the reaction free energy, DGet, according to the original au-
thors. Qualitatively it appears as if the quenching rate con-
stant, k0, was faster than the diffusion rate, kdiff, over a wide
range of driving forces. In a simplistic contact model this is
tantamount to an increase of the effective quenching radius.
Within the differential encounter theory employed here the
phenomenon is not at all surprising and can be rationalised
by a shift of the initial distribution of ions,[37,42] m0(r), away
from contact. This behaviour is a direct consequence of the
intrinsic distance dependence of the electron transfer rate,
w(r), and the diffusive approach of the reactants. In fact,
w(r) assumes its maximum at contact for small values of
DGet, although there are peaks at distances larger than the
contact distance for driving forces larger than 1.2 eV (see
Figure 3). In Figure 3, the maximum of w(r) is indicated by
a thick solid line. This fact can also be appreciated from the
contour plot. In combination with the diffusive nature of the
encounter, w(r) determines the location of the electron
transfer and thus the initial distribution of ions. It is evident
from Figure 4 that an appreciable number of ions is born at
distances as large as s+6 N. The functional dependence
closely mirrors the actual quenching rate as is obvious from
a comparison of Figures 2b and 4. Because the three data

sets compiled in Figure 2 show the same overall trend we at-
tempted a simultaneous fit using differential encounter
theory and the rate model introduced in the section above
on electron transfer. This approach is guided by the idea of
working out a common basis that is more significant than
the variation between the systems. While the necessity to in-
clude the solvent structure and the hydrodynamic effect in
the theoretical models has been demonstrated clearly for
highly viscous solvent systems,[37,50] these issues have not at-
tracted attention in the analysis of Rehm–Weller plots. In
order to evaluate the impact of these refinements of the the-
oretical model we analysed the quenching data including:
1) solvent structure and the hydrodynamic effect; 2) only
the hydrodynamic effect; 3) only the solvent structure;
4) neither the solvent structure nor the hydrodynamic effect.
For all models only the coupling matrix element, V0, and its
characteristic decay length, L, were adjusted. In addition,
the following parameter values were adopted:

s=6.5 N D=300 N2ns�1

h=0.28 ssolv=3.62 N
lq=0.42 eV �hw=0.186 eV
S=2.26 tL=0.17 ps
e=35.9 nD=1.344

The parameters e and nD were taken from reference [61].
The value of 0.186 eV (corresponding to 1500 cm�1) for the

Figure 3. Plot of the reaction probability for electron transfer, w(r), as a
function of the free energy of electron transfer, DGet, and the interparti-
cle distance, r�s. The lower panel shows the contour plot of the data.
The contour levels are equally spaced on a logarithmic scale. The thick
solid line marks the position of the maximum as a function of DGet.

Figure 4. Plot of the normalised initial ion distribution, 4pr2mo(r), as a
function of the free energy of electron transfer, DGet, and the interparti-
cle distance, r�s, at a quencher concentration of 5S10�3m. The lower
panel shows the contour plot of the data. The reaction changes from
being totally contact in the kinetic regime (DGet>�0.5 eV) to totally
remote in the diffusion regime (DGet<�0.5 eV). The thick solid line
marks the position of the maximum as a function of DGet.
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energy of the quantum mode, �hw, has previously been found
to be applicable.[62–64] This parameter corresponds to the
mean value of the high frequency quantum mode contribu-
ting to the electron-transfer reaction. For aromatic com-
pounds similar to those used here, it has been argued to be
close to the C=C stretching mode in the ring. lq was estimat-
ed as the mean overall inner reorganisation energy calculat-
ed on the basis of Nelsen3s method.[65] The value of the elec-
tron-phonon coupling strength, S, has been calculated as lq/
(�hw),[66] and yields a value corresponding to a middle-strong
coupling, in accordance with Levich[67] and many
others.[16,30, 68,69] tL=tDn

2
D/e, in which the value for tD was

taken from reference [70]. The solvent diameter, ssolv, was
taken from reference [71] and the packing fraction, h =

p1ms3
solvNA

6Mw
, calculated from the mass density 1m, and the

molar weight, Mw, where NA denotes Avagadro3s number.
The diffusion coefficient used is in perfect agreement with
those used in other works employing the same solvent.[16,19,30,63]

However, other choices of electron-transfer parameters
are frequent in the literature and do not give rise to substan-
tially different results. In the Supporting Information some
of these parameter sets are presented and rationalised. The
reader should note that a comparison of many different sys-
tems is inherent in the Rehm–Weller plot and thus the pref-
erence for one parameter set over the other is difficult to
argue. Nevertheless, the conclusions obtained in this work
are to a large extent independent of the actual parameters
used, always assuming that these are chosen within the
bounds of physical reasonability.

In Figure 2 we also included the stationary rate constant,
k1. This is the rate attained for the steady-state pair distri-
bution of the quenchers about the excited fluorophore. It is
evident that for all rates in the diffusion regime, k1 underes-
timates the low concentration Stern–Volmer constant, k0. In
particular, at large driving forces the quenching is governed
by the transient term (non-stationary diffusion). From this it
is inferred that treatments that base their analysis on k1, as,
for example, those derived from the closure approximation
by Tachiya, can not be applied to steady-state data like
ours.[72] Furthermore, the relative contribution of the non-
stationary quenching does depend on the fluorophore life-
time. For this work we took t=22 ns (DMBCN). However,
using 14 ns, which is more appropriate for the data by Niwa
et al. , yields very similar results. In contrast, significantly
shorter lifetimes may give rise to an underestimation of k0

with respect to that calculated here.
Table 2 summarises the fit results obtained for the four

models. Note that the inclusion of the hydrodynamic effect
gives rise to a significant improvement of the fit as judged
from the relative residual norm. The fits that do not account
for the hydrodynamic effect overshoot the experimental
data in the range from �0.5 to �1.0 eV. Thus its inclusion is
clearly justified. The goodness of fit alone does not substan-
tiate the inclusion of the solvent structure. However, only by
including these two effects simultaneously can a simulation
with quite a small value of the effective coupling matrix ele-

ment, Veff=V0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e�SSn=n!

p
,[73] be achieved. Not accounting for

these effects, on the other hand, gives rise to a large cou-
pling matrix element, which renders the applicability of the
electron-transfer model questionable.[74] Indeed, making use
of large Veff, Matsuda et al.[16] obtained results similar to that
of model 4, in which the solvent structure and the hydrody-
namic effect are not taken into account. In summary,
model 1 provides the most consistent description of the ex-
perimental trends, while simultaneously obeying the limita-
tions of the applied electron transfer model. Actually, the fit
parameter L is typical for this kind of system and agrees
well with the values suggested in references [75] and [76].
Note that the decay length deduced from the Marcus rate
expression is expected to exceed that determined on the
basis of an exponential model,[77,78] as has been shown in ref-
erences [75,79]. Note that V0 and L are certainly slightly
correlated, as can be appreciated from the error surface
given in the Supporting Information. The deviation from
Marcus3 proposal for the distance dependence of l is man-
datory to reproduce the experimental data in the range
above �0.5 eV. A similar result could be obtained by includ-
ing an additional reaction channel at low exergonicities, as
has been shown in reference [80].

Experimental Section

2,5-Bis(dimethylamino)-1,3-benzenedicarbonitrile (DMBCN, Eox
1=2=

0.73 V,[81] E00=2.76 eV[82] , t=22 ns) was synthesised and purified as de-
scribed in reference [81]. 1,4-Dinitrobenzene (14DNB, Aldrich, 98%), 4-
nitrobenzonitrile (4NBN, Fluka, 98%), 1,3-dinitrobenzene (13DNB,
Schuchardt), 3-nitrobenzaldehyde (3NBA, Aldrich, 99%), 1-chloro-4-ni-
trobenzene (Cl4NB, Aldrich, 99%), quinoxaline (Qui, Fluka, 97%), 2,3-
dimethylquinoxaline (23MQui, Aldrich, 97%), 4,4’-dimethylbenzophe-
none (44MBP, Fluka,>98%) and 4,4’-dimethoxybenzophenone
(44MoBP, Schuchardt, 98%) were purified by sublimation. Nitrobenzene
(NB, Fluka, 99.5%), 2,3-dimethylnitrobenzene (23MNB, Aldrich, 99%),
2,6-dimethylnitrobenzene (26MNB, Aldrich, 99%), 4-chloroacetophe-
none (4ClAP, Fluka, 97%) and 4-methylacetophenone (4MAP, Fluka,
95%) were purified by distillation. 3,4-dimethylnitrobenzene (34MNB,
Aldrich, 99%), 1,4-diacetylbenzene (14AB, Aldrich, 99%), benzophe-
none (BP, Fluka,>99%) and acetophenone (AP, Fluka, 99%) were used
as received. Acetonitrile (Merck, isocratic grade) was dynamically dried
over a molecular sieve (3 N).

Absorption spectra were recorded on a Shimadzu UV-3101PC UV-VIS-
NIR spectrophotometer. Fluorescence spectra were recorded on a Jobin–

Table 2. Comparison of the four models used to describe the three sets
of quenching data. The fitting parameters were the coupling matrix ele-
ment, V0, and its decay length, L. The maximal effective coupling matrix
element, Veff, is additionally given. The optimisation criterion (opt. crit.)
was evaluated from �i((k0,i�k0,fit,i)/k0,i)

2, in which k0,i denotes the experi-
mental value and k0,fit,i its theoretical counterpart.

hydrodynamic solvent L V0 Veff opt.
hindrance structure [N] ACHTUNGTRENNUNG[meV] ACHTUNGTRENNUNG[meV] crit.

1 yes yes 2.0 52 27 6.6
2 yes no 1.6 117 60 6.5
3 no yes 1.1 53 27 10.9
4 no no 0.2 1000[a] 520 10.7

[a] The value corresponds to the upper bound allowed in the optimisation
procedure.
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Yvon Spex FluoroMax-2 spectrofluorimeter. Time-resolved measure-
ments were performed using a home-built single-photon timing setup de-
scribed in reference [83], with a 450 nm LED (Picoquant, FWHM 0.7 ns)
as the excitation light source.

The measurements were carried out in septa-sealed quartz cuvettes
(10 mm Suprasil glass) and the solutions were purged with Ar for 15 min
prior to measurement. The sample invariability with respect to changes
in concentration in this procedure was checked by recording absorption
spectra before and after the procedure. The concentration of the fluoro-
phore was chosen such that the absorption at the excitation wavelength
(430 to 440 nm) did not exceed 0.1, corresponding to a maximum concen-
tration of 3S10�5m. The quencher concentrations were chosen such that
the observed Stern–Volmer plots did not show deviations from linearity,
thus being smaller than 10�2m for the diffusion limited reactions. All ex-
periments were performed at (25�1)8C.

Conclusions

By using a single fluorophore (DMBCN) a Rehm–Weller
plot has been constructed. The ascending behaviour in the
“plateau region” has been analysed in detail and shown to
be universally observable by comparison to previous data.
In particular, Rehm3s and Weller3s original data have been
revisited and found to show analogous behaviour. The DGet

dependence of the quenching rate originates from the dis-
tance dependence of the intrinsic electron-transfer rate in
combination with diffusion in the effective potential due to
the solvent structure. Unlike previous studies that tried to
explain this kind of experiment, we achieved a fit using a set
of parameters that are within the limits of applicability of a
physically grounded theoretical model.

We note that the individual parameter values are not es-
sential, but rather the general shape of the intrinsic rate of
electron transfer, w(r). Evidently there are several physically
reasonable parameter sets that give rise to approximately
the same functional dependence. This paper is not intended
to provide a parameter set, or to establish a value of any of
them as the best one. This paper is about the ability of a ki-
netic model that includes several well-grounded physical
phenomena to explain a series of experiments.

By taking into account the solvent structure and hydrody-
namic hindrance, the extracted electron-transfer parameters
do not exceed the limit of applicability of the electron-trans-
fer model. More precisely, the coupling matrix element
obeys VeffkBT. The solvent structure allows the realisation
of large rates in the kinetic regime without pushing the
limits of the applied model too far. The non-plateau behav-
iour is recognised as a feature of the interplay of the individ-
ual distance dependences of the solvent reorganisation
energy, the driving force, the diffusion coefficient and the
solvent structure. These distance effects are clearly shown to
influence the quenching process, even though the viscosity is
low and non-Markovian effects are not expected to have as
much relevance as in more viscous solvents.[76] On the other
hand, interpolation equations, which are based on rather ar-
tificial relations between rate constant and driving force, as,
for example, Rehm3s and Weller3s original model, as well as
contact models, are recognised as being inappropriate. Un-

fortunately, these unphysical models continue to be in wide-
spread use.[84–88] Indeed, the assumption of a distant elec-
tron-transfer process is mandatory to rationalise the Rehm–
Weller plot from first principles.

The reader should note that the distant electron-transfer
model employed here is not at all in contradiction with the
observation of ultrafast charge recombination of the ions, as
has been suggested by Vauthey et al.[89,90] Indeed, at the
large quencher concentration employed by these authors the
majority of the ions are formed through static quenching at
contact. In fact, the distribution of ions then mirrors the
combined effect of the solvent structure and the intrinsic
rate with a large portion of ions being generated at contact.
This has also been shown by Weidemaier et al.[91]

Despite these achievements one issue about the Rehm–
Weller experiment remains open: the ascending branch has
been rationalized assuming total irreversibility; that is, re-
combination to the excited state has been neglected explicit-
ly. This is equivalent to considering a fast deactivation chan-
nel of the ions, which, however, cannot be specified any fur-
ther in the present study. Two possible channels are rational:
fast charge recombination to the ground state, even in the
inverted region, or recombination to the triplet state follow-
ing spin conversion.

The former channel has some precedents when contact
complexes are considered. The first (static) quenching stage
can be extraordinarily fast due to a very large matrix cou-
pling element, Veff, of dynamic nature, which is favoured by
a structure existing prior to excitation.[92,93] This proposition
could explain two of the Rehm–Weller paradoxes: the very
fast deactivation channel in the ascending branch of the RW
plot, as well as the large rate constant of the quenching at
very large driving forces.

The latter channel is feasible for the present organic sys-
tems, since the reaction proceeds from a singlet excited
state, higher in energy than the triplet. As a consequence
the ions in the low exergonicity region will lie above the
triplets as well. Note that the present analysis accommo-
dates without restraints even the points at extremely nega-
tive DGet values, that is, the tetracyanoethylene (TCNE)
points of the original data set. The only exception is the
point at largest driving force (naphthalene/TCNE), which,
however, does not follow the trend of the other points at
comparable driving forces. Our analysis does not assume an
effective coupling matrix element that significantly exceeds
kBT, contrary to references [16] (Veff at contact equals
64 meV in channels 2 and 3) and [72]. Additionally, it is not
required to include the excited state of the reaction prod-
ucts, as has been done in reference [30] and has already
been suggested by Rehm and Weller. While this cannot be
viewed as definite proof against any of these suggestions, it
again sheds light on the inclusion of the solvent structure for
this kind of analysis.

Almost forty years of debate have led to several models
explaining the DGet dependence of photo-induced electron-
transfer reactions involving freely moving particles in solu-
tion. However, the issue cannot at all be regarded as con-
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cluded. Even the availability of kinetic methods able to
follow chemical reactions in real time, or the theoretical de-
duction of theories for diffusion influenced reactions from
physical principles, have thus far not been capable of resolv-
ing all the paradoxes posed by this ancient experiment. It is
surprising, nearly forty years after the original experiment,
so many questions remain open.
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