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Influence of redoxinert counterions on photoinduced intermolecular electron
transfer rates in dichloromethane
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Abstract

Rate constantskq of the fluorescence quenching of 9,10-dicyanoanthracene by bromide and chloride ions and of 9-cyanoanthracene by
bromide ions were determined in the low polar solvent dichloromethane with a series of tetra-alkylammonium counterions. Cation size
dependent electron transfer rate constantsket were derived fromkq, and were fitted to a nonadiabatic electron transfer model equation.
Because of ion pair formation in dichloromethane electrostatic interactions of the redoxinert countercations during electron transfer were
considered. Accordingly, the position of the countercation within the precursor complex had to be described.

The electronic coupling matrix element derived by fitting of the experimental data is in satisfactory agreement with results of simple
quantum chemical calculations. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction and theory

Recent studies of Piotrowiak et al. show the influence
of specific ion pairing effects on intramolecular electron
transfer rates [1–3]. Similar effects can be expected in
intermolecular electron transfer which were observed in
[1] but not studied and discussed in detail. Other authors
found that redoxinert countercations may influence rates
of anion-anion electron transfer [4,5] and the change of
the rate controlling step from one typical inner-sphere and
outer-sphere reorganization to one of anion migration [6].
Specific salt effects on the excited-state electron transfer
quenching reactions of ruthenium(II)-diimine photosensi-
tizers were studied by Hoffman et al. [7–9]. Marcus dis-
cussed ion-pairing mainly with respect to intramolecular
electron transfer rates [10]. In a preliminary paper [11] we
have shown, that the rate constantskq of the electron trans-
fer quenching of singlet excited 9, 10-dicyanoanthracene
(DCA) and 9-cyanoanthracene(CA) by bromide anions
are dependent on the size of the redoxinert (‘innocent’)
tetraalkylammonium countercations in the low polar sol-
vent dichloromethane, but not in well solvating media as
acetonitrile or acetonitrile/water 1 : 1 (v : v).

In common electron transfer theory, only the interactions
between isolated donor and acceptor molecules and sol-
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vent molecules are considered. This is sufficient, if the re-
actants are neutral and/or the reaction takes place in good
solvation media (Fig. 1a). However, if electron transfer re-
actions between charged reactants are investigated in badly
solvating media, the corresponding counterions become a
part of the precursor, and successor complexes, respectively.
In this case, multipolar interactions between reactant ions
and counterions occur. This is illustrated in Fig. 1b. In the
case of isolated donor and acceptor molecules, the precur-
sor structure is sufficiently described by the distance be-
tween the reactants. There are no orientational effects. But
if ion pairing is important, the microscopic electron trans-
fer rates should depend on the mutual orientation of the re-
actants and the counterion. This is illustrated schematically
in Fig. 1c. In addition to the donor-acceptor distance, also
the relative position of the counterion determines the pre-
cursor structure. In the upper part of Fig. 1c the counterca-
tion is placed between the reactants. This leads to favourite
coulomb interactions in both precursor and successor com-
plexes. However, the overlap between the wave functions
of donor and acceptor molecules is diminished due to the
interference by the counterion. In the lower part of Fig.
1c, the donor and acceptor molecules are placed in contact,
maximizing the overlap. However, in this extreme case, the
electron is transferred away from the cation. This leads to
a very unfavourable coulomb term. Therefore, the position
of the countercation is quite important for the microscopic
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Fig. 1. Schematic description of electron transfer in the absence (a) and presence (b, c) of ion pairing, see text.

electron transfer rate constant. This holds also for our ex-
ample of cyanoanthracenes and halides in dichloromethane.

Moreover, in fluid media the ions and molecules in the
precursor complex fluctuate with respect to their mutual po-
sitions, and the electron transfer may occur from different
distances with different probability. Fitting the parameters of
the precursor structure to the electron transfer rate constants
in this paper means therefore to estimate mean distance
parameters between cyanoanthracene, halide and tetraalkyl
ammonium cation during electron transfer.

Electronically excited cyanoanthracenes (1∗DCA/CA)
are effectively quenched by an electron transfer mechanism
[12] with a following fast thermal back reaction. Due to
ion pair formation between halide anions (X−) and the
tetra-alkylammonium cations (TRA+) in dichloromethane
[13] the cations may influence the forward electron transfer
rate. Applying the usual simplified kinetic scheme for elec-
tron transfer to our example, the relation betweenkq and
the diffusion rate constantskdiff , k−diff , and the electron
transfer rate constantket gives Eq. (1).

1∗DCA/CA + {TRA+, X−} kdiff⇔
k−diff

[1∗DCA/CA + {TRA+, X−}]
precursor complex

ket→

[1∗DCA/CA·−, {TRA+, X ·}]
successor complex

k−et→ DCA/CA

+{TRA+, X−} kq = ketkdiff

ket + k−diff
(1)

As the anthracene acceptor molecules are neutral, we as-
sumed the stability constant of the precursor complex to be

kdiff

k−diff
= 4πNAd3

3
(2)

with the Avogadro constantNA andd= rA + rD + rK, where
rA, rD, rK means the radius of the anthracene acceptor, halide
donor and cation, respectively.

The electron transfer constants were determined as

ket = 3

4πNAd3

1

((1/kq) − 1/kdiff )
(3)

Taking into account that ion pairs exist between halide and
cations,kdiff was calculated from Eq. (4).

kdiff = 2kBT NA

3η

(
2 + rA

rD + rK
+ rD + rK

rA

)
(4)

The anthracene acceptor radii were approximated as ellip-
soids with the semiaxisa> b> c andrA ≈ (a+ b+ c)/3 [14].
rA(DCA) = 309 pm,rA(CA) = 283 pm derived from geometry
optimized bond lengths of an AM1 calculation, the crystal-
lographic radiirD(Cl−) = 181 pm,rD(Br−) = 196 pm, and vis-
cosityη = 0.43 cP were used.

The electron transfer rate constantsket decreased expo-
nentially and more strongly than the quenching constants
with increasing radius of the cationsrK and were fitted to
the model Eq. (5)

ket,na = 1

1 + (4πV 2/~λ)τl

2π

~

1√
4πλRT

V 2

×exp

(
− (1Get + λ)2

4λRT

)
(5)

with the longitudinal relaxation time,τ l = 0.4 ps for
dichloromethane, the electronic coupling matrix element
V, the reorganization energyl, the free energy of electron
transfer1Get· h means Planck constant , andkB Boltzmann
constant. The cation size has influence on the donor ac-
ceptor distancedDA during electron transfer, on the solvent
reorganization energyλS, the electronic coupling matrix
elementV, and the work termEwork in 1Get.

λS = 14.41

(
1

2rA
+ 1

2(rD + rK )
− 1

dDA

) (
1

n2
− 1

εS

)
(6)

n= 1.424 is the refractive index andεS= 8.93 the relative
dielectric permittivity.

The electronic coupling matrix element depends exponen-
tially on the donor acceptor distancedDA in the precursor
complex, which is connected with the other geometric pa-
rameters, Figs. 2, Eq. (7)

dDA =
√

(rD + rK )2 + d2
KA − 2(rD + rK )dKA cos(α) (7)

V = V0exp

(
−

(
β

2

)
(dDA) − (rD + rA)

)
(8)

HereV0 is the electronic coupling matrix element at contact
distance (rD + rA), andb is a constant characteristic for the
decay of electronic interaction with distance, see e.g. [15].
The free energy of the electron transfer between precursor
and successor complexes1Get could be estimated from the
redox potentials of the donor halidesE0(D+/D) and acceptor
anthracenesE0(A/A−) as follows.

1Get = E0(D+/D) − E0(A/A−) − E0–0 + Ework (9)
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Fig. 2. Simplified model of the precursor structure, weredKA is the
distance between the tetra-n-alkylammonium cation and the acceptor,dKD

the distance between the tetra-n-alkylammonium cation and the donor,
and a the angle between acceptor, cation and donor.

E0–0 means the singlet excitation energy, andEwork the dif-
ference in coulomb stabilization energy between precursor
and successor complex.

The work termEwork results essentially from the differ-
ence of coulomb stabilization of the ion pair in the precur-
sor complex and the cation/reduced acceptor ion-pairs in the
successor complex. It can be obtained by

Ework = 14.41

ε

(
1

rD + rK
− 1

dKA

)
[eV ] (10)

According to Fig. 2,dDA is connected withdKA by Eq. (7).
dKA and α as unknown geometric parameters andV0 and
β are the parameters to fit theket values according to Eq.
(5). As the coulomb stabilization of the NR+

4 X− ion pairs
is certainly much larger than any interaction with the neu-
tral anthracenes, we assume that the donor cation distance
dKD = rD + rK does not change.

With experimental data for cyanoanthracenes and bro-
mide given in [11] and new experimental values ofkq for
1DCA∗ + chloride we carried out refined calculations by
means of equations given above, in particular with redox
potentials corrected for the solvent dichloromethane. As the
radii of the cations seem to be important input parameters
in order to calculateket from quenching constantskq, we
compared the results using cation radii calculated by molec-
ular modelling as in [11], and using crystallographic radii
[16]. We will show, that different consistent sets of cation
radii give similar fitting parameters. Quantum chemical cal-
culations of the electronic coupling matrix elementV are
compared with the values derived from electron transfer rate
constants.

2. Procedures

2.1. Materials and fluorescence measurements

Chemicals and stationary fluorescence equipment were
the same as described in [11], time resolved fluorescence
data were obtained by means of a single photon counting

apparatus (Edinburgh Instruments).kq was derived from the
slope of linear Stern–Volmer plots with at least five different
quencher concentrations, error limits are standard deviations.

2.2. Calculations

As we could not find a complete set of experimentally
determined radii of the tetra-alkylammonium cations in the
literature, one set of cation radii was obtained by molecu-
lar modelling with the Cerius2 packet of Molecular Simu-
lations. All-trans conformation of the alkyl chains was as-
sumed and the radius was determined by averaging over the
three space directions. For an estimation of the inner-sphere
reorganization energy bond lengths and force constants of
the excited anthracenes and anthracene radical anions were
calculated by means of AM1 (Hyperchem for Windows, Hy-
percube.). As the inner-sphere reorganization energy proved
to be negligible (≈0.01 eV), only the solvens reorganization
energyλS was considered in the equations given above. The
coefficients of the wave functions of reactants in Eq. (13)
were calculated by means of PPP-SCF-CI calculations. Sat-
isfying results can be expected with this method as in test
calculationsE0–0 = 3.15 eV for DCA was obtained in excel-
lent agreement with the experimentally determined 3.12 eV
from LIF spectra of jet-cooled DCA molecules [17]. The
relevantE0–0-value in dicloromethane is expected to be be-
tween the latter and the experimental value of 2.89 eV [18]
in acetonitrile, which was used in our calculations.

3. Results and discussion

In Table 1 rate constantskq of stationary and time resolved
measurements are summarized. The time resolved data are
less precise but in reasonable agreement with those of the
stationary experiments. The electron transfer rate constants
ket were therefore calculated from the data of the stationary
experiments by means of Eqs. (1)–(3), see Table 2.

In Fig. 3 the electron transfer rate constantsket for quench-
ing of 1∗DCA by Br− and Cl− are plotted against the cation
radius. It is surprising that there is not much difference be-
tween the electron transfer rate constants (all within factor
two for a specific cation) in quenching of1∗DCA by Br−,
and Cl−, respectively, as in quenching1∗DCA or 1∗CA by
Br− [11]. In water containing solvent mixtures a difference
of factor 8 was found as expected from the redox potential
differences between1∗DCA, and Br− and Cl−, respectively
[20].

By means of Eq. (11) andεS= 8.93 and 35.7 for
dichloromethane and acetonitrile, respectively, the redox
potentials of anthracenes and halides in acetonitrile from
the literature were corrected for the lower solvation energy
in dichloromethane, Table 3. In Eq. (11),z is the number
of electrons transferred,e the elementary charge, andr the
ion radius.



98 T. Kluge, H. Knoll / Journal of Photochemistry and Photobiology A: Chemistry 130 (2000) 95–100

Table 1
Fluorescence quenching constantskq/109 dm3 mol−1 s−1 of 1∗DCA by
bromide and chloride in dichloromethane

Counterion Br− Cl−

Stationary [3] Time resolved Stationary

N+(C2H5)4 7.54± 0.08 7.5± 0.3 5.77± 0.16
N+(C3H7)4 7.29± 0.09 6.6± 0.3
N+(C4H9)4 6.60± 0.09 6.1± 0.3 4.88± 0.23
N+(C5H11)4 6.67± 0.03 5.9± 0.3
N+(C6H13)4 6.26± 0.12 5.8± 0.3 3.96± 0.10
N+(C7H15)4 6.27± 0.07 5.6± 0.3
N+(C8H17)4 5.97± 0.13 5.8± 0.3
N+(C16H33)4 5.41± 0.17 5.3± 0.3 2.87± 0.37

Table 2
Electron transfer rate constantsket/109 s−1 of 1∗DCA by bromide and
chloride, and1∗CA by bromide in dichloromethanea

Counterionb rK /pm ket/109 dm mol−1 s−1

rK,cal rK,cryst
1∗DCA + Br− 1∗DCA + Cl− 1∗CA + Br−

N+(C2H5)4 202 400 17.0 11.2 11.4
N+(C3H7)4 320 452 9.27 5.53
N+(C4H9)4 413 494 5.63 3.32 3.49
N+(C5H11)4 480 529 4.52 2.75
N+(C6H13)4 560 559 3.15 1.74 2.00
N+(C7H15)4 640 588 2.49 1.54
N+(C8H17)4 720 1.85 1.23
N+(C16H33)4 900 1.03 0.49 0.76

a Calculated by means ofrK,cal,
b The crystallografic radiirD,Br− = 196 pm andrD,Cl− = 181 pm were

used [19].

Fig. 3. Electron transfer rate constantsket for quenching of1∗DCA by
Br− (squares) and Cl− (triangles) versus cation radii (rK,cal, see text).
Lines connect fitted values.

Table 3
Redox potentials in acetonitrile and dichloromethanea

Reactant E0(D+/D) (V) E0(A/A−) (V)

Acetonitrile Dichloromethane Acetonitrile Dichloromethane

DCA −0.98 −1.18
CA −1.58 −1.80
Cl− 1.86 1.52
Br− 1.47 1.16

a Calculated according to Eq. (11) and the Faraday constant.

1Gsolv = −NAz2e2

8πε0r
(1 − 1/εS) (11)

The four fit parameters of Eq. (5) given in Table 4 have to
be considered as averages. They are compared for the two
different sets of cation radiirK,cal, andrK,cryst, respectively.
Between the third and fourth, and between the fifth and sixth
column of Table 4, respectively, the differences of less than
20% show, that the absolute values of these radii are not
critical for the results as far as consistent sets of data were
used.

We estimate an uncertainty of 100% of the fit parameters
due to the limited set of experimental data. Therefore, we
restrict ourselves to two qualitative issues.

We consider theV0-values of<10 cm−1 obtained as clear
evidence for a nonadiabatic electron transfer.

The fitted cation-acceptor distancedKA during the elec-
tron transfer is below the sum ofrA + rK. The correspond-
ing dKA -values for electron transfer between1DCA∗ and
Br− could be explained considering the smallest semiaxes
of the anthracene and some penetration into the alkyl ‘ten-
tacles’ of the cation. ThedKA -values calculated for the less
exergonic electron transfer steps between1DCA∗ + Cl− and
1CA∗ + Br− with less than 200 pm, however, are too low. If
it is assumed that no screening by the solvent occurs, an in-
creasing work term results applying Eq. (12) [21]. It would
allow electron transfer from a something larger distance with
dKA -values which are given in the last three columns of
Table 4.

Ework = 14.41

4

(
1

rD + rK
− 1

dKA

)
(12)

Applying this latter calculation on the1DCA∗ + Br− case
however results indKA -values which are too large.

According to Grampp and Jaenicke [14] the electronic
coupling matrix element can approximately be determined
by means of a HMO quantum chemical calculations accord-
ing to Eq. (13).

V = ~
2

me

∑
r

∑
s

cjrcks

drs

(
cos2ξ

1σ
Sσ

0 exp

(
−drs − d0

1σ

)

−sin2ξ

1π
Sπ

0 exp

(
−drs − d0

1π

))
(13)

Hereindrs, me, cjr , cks, is the mutual distance of atomsr and
s, the mass of the electron, and are the coefficients of the
wavefunctions of the reactants. The angleξ determines the
mutual orientation of donor anion and acceptor, see Fig. 4.
S0 and1 are atom parameters ofσ - andπ -bonds, andd0
is the van der Waals’ distance of the atoms. The parameters
1, S0, and d0 can be found in tables [22], except those
for halides. Therefore, the data for oxygen were used, as
calculations in that paper show, that parameters for different
atoms do not vary much. Accordingly the same values for
σ - andπ -bonds were applied.cjr -values were calculated by
a PPP-SCF-CI method.
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Table 4
Comparison of the fitting parameters for Eq. (5) using the two different sets of cation radii of Table 2a

1∗DCA 1∗CA 1∗DCA 1∗CA

Cl− Br− Br− Cl− Br−

rK,cal rK,cal rK,cryst rK,cal rK
,
cryst rK,cal rK,cal rK,cryst

dKA /pm 185 441 498 146 183 413 313 342
α/◦ 147 74 81 164 173 59 70 120
V0/cm−1 6.6 6.8 7.4 7.5 6.7 4.5 4.7 6.7
β/pm−1 35 44 40 29 35 45 27 50

a Fitting of chloride values was performed with four rate constants determined experimentally and three interpolated values (linear interpolation with
respect to rate constants and cation radii). Fit parameters in the last three columns were calculated using Eq. (12), see text.

Fig. 4. Mutual orientation (angleξ ) of halide donor X−in a plane with fixed
distance of 3 Å from the1∗DCA donor plane for calculations according
to Eq. (13).

In calculations ofV by means of Eq. (13) the donor posi-
tion was stepwise changed in a plane with a fixed distance
of 300 pm from the acceptor plane. The coupling matrix
element valuesV calculated are shown as a contour map in
Fig. 5. They cover 0–18 cm−1 depending on the orientation
of donor and acceptor and reflect the molecular symmetry

Fig. 5. Contour map of the calculated electronic coupling matrix elements
V (cm−1) for the electron transfer reaction1∗DCA + Br− → DCA−• + Br•
using geometry of Fig. 4 (axis scale 10 Å, contour line difference 1 cm−1).
As a gide for the eyes, strong contour lines for 5, 10, and 15 cm−1 (from
outside to inside) are given.

Fig. 6. Histogram of the calculated values of the electronic cou-
pling matrix element V (cm−1) for the electron transfer reaction
1∗DCA + Br− → DCA−• + Br•. The data correspond to equidistant posi-
tions of the donor anion on a sphere surface at a fixed distance of 500 pm
from the center of the acceptor molecule.

of DCA. These data illustrate, that contrary to the simpli-
fied assumptions of the model in Eq. (8), the value of the
coupling matrix element is dependent on distance and ori-
entation of donor and acceptor. Moreover the coupling ma-
trix element was calculated for equidistant positions of the
donor anion on a sphere surface around the center of the
acceptor molecule in a distance of 500 pm. Molecular sym-
metry of DCA allows to restrict to a quarter of the sphere
surface. The histogramm in Fig. 6 shows, that only about
6% of the 408 values of the coupling matrix element are in
the range between 1 and 10 cm−1, which are comparable to
the mean value ofV0 derived from the fit to the experimen-
tal rate constants. The countercation could not be included
in these quantum chemical calculations.

4. Summary

Rate constants of fluorescence quenching of cyanoan-
thracenes by chloride and bromide anions with a set of
tetra-alkylammonium cations decrease with increasing alkyl
chain length in dichloromethane. This is due to ion pair for-
mation in dichloromethane and therefore varying ‘sterical
hindrance’ by the redoxinert counterions of increasing size
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in the electron transfer step. However the counterion may
also act as a ‘catalyst’ in stabilizing the successor complex
electrostatically. Electron transfer probability is highest in
an optimal position with respect to donor, countercation and
acceptor. The sphere symmetry of electron transfer prob-
ability is then no longer valid. Instead some ‘microstruc-
turing’ of electron transfer probability governs the electron
transfer rate. This may explain surprisingly high values of
quenching by chloride with respect to the weak exergodicy
of the electron transfer calculated without considering the
countercation. Our model illustrates that the countercation
may contribute to a more favourite energetics. Due to our
experimental model system with a neutral molecule as an
acceptor and a charged atom as a donor, simple quantum
chemical calculations may support our neglection of the in-
ner reorganization energy and the order of magnitude of the
electronic coupling matrix element confirming nonadiabatic
electron transfer. Our study shows that in low polar media
the distance and orientation of redoxinert counterions with
respect to donor and/or acceptor may finetune the rate of
electron transfer steps. The idea of the influence of electro-
static interactions in electron transfer between proteins was
currently discussed [23] and might generally be of impor-
tance in complex biological systems.
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