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Abstract

Bimolecular electron transfer quenching of the metal-to-ligand charge transfer (MLCT) excited state of Re(CO);(4-phenylpyri-
dine)s(F,CSO;) by amines was studied in acetonitrile at room temperature. The quenching rate constants (k;) vary from 1.8X 107 to
2.5% 10" M~! s~ (diffusion limit). Moreover, the radical recombination reaction (back electron transfer) was also studied by flash
photolysis. The back electron transfer rate constants range from 2.8 X 10° to 70X 10° M~' s~ ', lying below the diffusion-con*solled limit.
The rate constants show an inverse dependence on the driving force in the inverted region. All the data points can be fitted using a semiclassical

model. © 1997 Elsevier Science S.A.
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1. Introduction

More than three decades ago, Marcus predicted that there
should be an inverted region for electron transfer [1]. Elec-
tron transfer theory, formulated classically or by time-
dependent perturbation theory, results in the electron transfer
rate constant being the product of three factors: electronic
factors, changes in vibrational displacement and a tempera-
ture-dependent solvent distribution. In the classical limit, for
reactions in condensed media, theory predicts a bell-shaped
Gibbs energy-rate relationship: rate constants are expected
to be small for weakly exothermic reactions, increase to a
maximum for moderately exothermic reactions (the ‘‘normal
region’’) and decrease for highly exothermic electron trans-
fer reactions in the so-called *‘invertedregion’’. Confirmation
of the “*inverted effect’” took about 25 years [2]. Since then
the “‘inverted region’’ has been observed experimentally in
many electron transfer systems [3-8]. However, very few
examples of bimolecular electron transfer reactions showing
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more than ‘‘vestiges’” of the ‘‘inverted effect’” have been
found [9]. In this paper, we report a bimolecular electron
transfer reaction in solution which displays inverted
behaviour.

2. Experimental section
2.1. Materials

fac-[Re(CO);(4-phenylpyridine) ;1 (F;CSO;) was pre-
pared according to a literature procedure [10]. The amine
quenchers purchased from Aldrich were of the hig:est purity
available. When required they were purified by distiliation.
The pure amines were handled under nitrogen. Tetrabutylam-
monium hexafluorophosphate from Aldrich was recrystalli-
zed from ethanol and vacuum dried before use. Acetonitrile
(OmniSolv) from EM Science and tetrabutylammonium
iodide from Aldrich were used as received.

2.2. Quenching measurements
Samples for quenching measurements in acetonitrile con-

tained Re(CO);(4-phpy)s (5X10~°>M) (4-phpy, 4-phen-
ylpyridine) with the appropriate concentrat:on of added
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quencher. In a typical experiment, solutions containing five
to ten different concentrations of quencher were placed in a
gas-tight quartz cell. The solutions were deaerated by bub-
bling with oxygen-free nitrogen for 15-30 min. Emission
measurements were made using an SLM 4800 spectrofluo-
rometer or the total fluorescence accessory of a Cary 3 spec-
trophotometer. Mo differences were observed in the results
obtained using this equipment.

2.3. Flash photolysis

Flash photolysis experimen.s were carried out on solutions
which had been deacrated witt. O,-free purified nitrogen. The
solutions contained Re(CO);(4-phpy);y (5.0X107° M)
and amine (1.0X 10~3 M). The wavelength region above
320 nm was isolated by means of a cut-off filter (acetone).
The modified Xenon Co. flash spectrophotometer used has
been described elsewhere [11].

2.4. Electrochemical measurements

Cyclic voltammetric measurements on the amine quench-
ers and rhenium complex were performed in acetonitrile solu-
tions at a glassy carbon working electrode with 0.1 M
tetrabutylammonium hexafluorophosphate as supporting
electrolyte. The compound concentration was kept at
1.0X 1073 M in all the experiments. The ferrocene/ferricin-
ium couple was used as the standard for all the experiments.

Table 1 lists the E,,, values of the oxidation potentials vs.
SSCE for the amines. It is important to note that most of the
compounds present no reversible redox couple (see Sec-
tion 3). However, our results are in good agreement with
those reported in the literature [12-15]. The rhenium
complex is a reversible one-electron couple with E,,,=
-1.61V.

3. Results and discussion
3.1. Forward electron transfer

The reductive quenching of the rhenium complex metal-
to-ligand charge transfer (MLCT) excited state by amines
produces the oxidized form of the amine and the reduced
radical of the rhenium complex [ 16-18]

[Re(CO);(4 —phpy)s 1* +amine

iq
—Re(CO);(4—phpy)s+amine* (1)

The results of the quenching experiments are shown in
Table 1. The data were plotted according to the Stern-Volmer
equation

Iy/I=1+k,7,[ amine]) (2)

where k, is the experimental quenching rate constant, 7, is
the excited state lifetime of {Re(CO);(4-phpy); 1* and ],
and [ are the luminescence intensities in the absence and
presence of quencher respectively. The plots were linear over
the range of quencher concentrations used and the intercepts
were unity as expected (Fig. 1). The &, values were deter-
mined from the slopes of the lines using 7,=2.2 ps for
[Re(CO);(4-phpy); 1* in acetonitrile [ 16].

3.2. Back electron transfer

The rate constant k., for the back electron transfer
reaction
Re(CO);(4 —phpy): +amine*
—Re(CO);(4—phpy); +amine (3)

was determined by flash photolysis experiments. It is known
[16,17] that the rhenium radical produced by quenching of

Table 1

Rate constants for the excited state quenching reaction of Re(CO) 3{4-phpy); with amines

Quencher E,(V)* m(A)® kg (M™'s71) Kpace (M™'s™")
Tetrakis(dimethylamino )ethylene -0.63 50 1.1x10'

1.4-Phenylenediamine 034 45 2.6x 10"

p-Benzidine 0.56 6.6 1.6x10'°

DABCO 0.56 36 14x10' 7.0x10°
NNN'N'-Tetramethylethylenediamine 0.87 49 3.7x10° 1.0x 10°
N N-Diisopropylethylamine 0.88 46 92x10°

Tripentylamine 0.89 84 6.6X 10° 8.0 10°®
Triethanolamine 0.90 438 1.9%10° 13x 107
Triethylamine 0.99 43 2.7x10° 46X 10°
NN-Dimethylethylamine 1.05 39 1.9%x10°

N.N.N' N'-Tetramethyldiaminomethane 1.06 45 75x%10% 1.4%107
Anllme 1.08 4.1 2.8x10° 14x107
Plpe.ndme ) ) i.3¢ 3.7 8.2x 168 2.8x10°
4-Dimethylaminopyridina 145 4.4 1.8x107

* Oxidation potential of quencher vs. SSCE in CH,CN.
® Quencher radius in angstrom,
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Fig. 1. Stern-Volmer kinetics of the luminescence que;xching of
{Re(CO),(4-phenylpyridine); 1* with amines: DABCO (®), tri-
pentylamine (), triethylamine (A ) and piperidine (¥ ).
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the MLCT excited state with amines in acetonitrile sclution
disappears by reactions (3) and (4)

Re(CO),(4 — phpy); — products 4)

The curve-fitting analysis of the radical decay at 560 nm
is consistent with competition between first-order and sec-
ond-order kinetics. All the rate constants reported in this
paper for the back electron transfer reaction were calculated
using software designed in our laboratory for non-linear mul-
tiparametric kinetic analysis [ 19] assuming the mechanism
of Egs. (3) and (4). In these experiments, the initial concen-
tration of the amine was 1X 10~2 M. The second-order rate
constants were not affected by the flash intensity (i.e. the
initial concentration of the radicals) within experimental
error while varying the capacitor voltage between 4 and 9 kV
and the capacitances between 5 and 20 pF. Experiments
carried out at different initial concentrations of the amine
quencher (between 7% 10™*and 1X 1072 M) showed that
e second-order rate constants remained almost unaffected.

To obtain the actual second-order rate constant Ki,y, the
rhenium radical extinction coefficient must be determined.
For this purpose, acetonitrile solutions containing
Re(CO);(4-phpy); (1X107* M) and tetrabutylammon-
jum iodide (1X10~3 M) were flash photolysed using
acetone as a cut-off filter. Taking into account literature
reports [20], the events occurring after the flash can be sum-
marized as follows

Re(CO),(4~phpy); +hv

= [Re(CO);(4~phpy);"1*  (5)
[Re(CO);(4~phpy)3 1*+1~

—Re(COj;(4—phpy);+I (6)

I+1" 2l @)
I+I-1 (8)
I+1; =15 (9)
I+ - +1° (10)
Re(CO)3(4 —phpy); — products (1D

Rhenium radical and I; spectra (Fig. 2) present absorp-
tion maxima at different wavelengths. At 560 nm, the radical
decays by first-order kinetics and I; shows a second-order
decay at 750 nm. The spectra were extrapolated to =0 using
a fitting program developed in our laboratory. It is reasonable
to assume [20] that the magnitudes of the individual bimo-
lecular rate constants for reactions (7)—( 10) are comparable,
and since under our conditions the iodide ion concentration
(1X 1073 M) is several powers of ten larger than the con-
centration of I and I; (approximately 1 X107 M), itis a
good approximation to assume that the rates of the reactions
which establish equilibrium are much larger than the rates of
the reactions by which I and I,” disappear. Indeed, the equi-
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Fig. 2. Determination of the rhenium radical extinction coefficient: (a)
difference spectrum obtained in flash photolysis experiments using aceton-
itrile solutions of Re(CO);(4-phenylpyridine);” (1X 10~% M) and tetra-
butylammonium iodide (1X 103 M) with acetone as cut-off filter; (b)
spectrum of I; species [20].
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librium constant for I; formation is very large, with a value
of 1.1 X 10° M~ [21]. As a result, the initial concentration
of I;’ will not differ substantially from the initial concentra-
tion of I (which is equal to the initial concentration of
Re(CO),(4-phpy); from Eq. (6)), since the equilibrium
will be strongly displaced to the right in Eq. (7). As the initial
concentrations of both intermediates are nearly equal and the
extinction coefficient for1; is (750nm) =4741M " 'cm ™!
[20], the corresponding rhenium radical extinction coeffi-
cient can be obtained, €,(560 nm) =13 800M ™! cm~!. The
values of k. are listed in Table 1. It is important to note
that I; does not react with the Re radical as shown by the
first-order decay. This provides further evidence that the
second-order process observed in the presence of the amine
corresponds to reaction (3).

3.3. Spectral analysis

In order to obtain the zero—zero energy difference (Ey,),
the corrected emission spectra [22] of the rhenium complex
were fitted according to Eqs. (12) and (13) {23]

I(v) =’ii[(l’oo"UM"M“l’l.”l.)/"oo]4

X [(S%) /vm!]

X [(SE) /v ]

Xexp{ —4(In 2) [ (v — voo + Uy

+ov)/Avy)?) (12)
Ln(0) Mo (Vi) =N X I(v) (13)

where L., (¥) and I, (7., ) represent the observed emission
intensities at frequency v (incm ™ ') and v,,,, (the frequency
of the emission maximum) respectively. In Eq. (12), vy and
v are the vibrational quantum numbers for high-frequency
(vm) and low-frequency (»,) vibrational progressions of
the acceptor modes. In the band shape equation, /(») is the
intensity of the v =0, v =0 to vy =ny, v, =n, transition
relative to the intensity of the v =0, v =0to vy, =0, . =0
transition, the so-called 0-0 transition, vy, The summation
was carried out over six levels of vibrations vy and »,
(bm=0-5andv, =0-5). Sy and S, are the electron vibra-
tional coupling corstants for the high- and low-frequency
modes respectively and A v, ,, is the full width at half-maxi-
mum of the C-0 vibrational component of the emission. N is
a constant introduced in the fitting equation due to the shift
between vy, and vg,. Thus the fitting process involves the
determination of seven parameters, namely vy, ¥m, Vs S
Si» A vy /2 and N. For the purpose of spectral fitting, the emis-
sion spectra were converted from having an abscissa linear
in wavelength, which is characteristic of the emission spec-
trometer used, to an abscissa linear in energy by the method
described in the literature [23]. The results of the fitting
process for room temperature (RT) and 77 K emissions are
shown in Fig. 3 and Table 2.
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Intensity
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Fig. 3. Spectral analysis of the roora temperature (a) and 77 K (b) corrected
emission spectra of the rhenium complex. The open circles represent the
experimertal emission data and the full lines the calculated fits according to
Egs. (12) and (13) using the spectral parameters in Table 2.

3.4. Estimation of the free energy (AG)

The energy balance of the forward electron transferis given
by

AG=E, —E.y—Ey—c*/er (14)

where E,, is the donor (amine) oxidation potential, E_, is
the acceptor reduction potential, Ey, is the energy of the
excited state, e is the charge of an electron, € is the static
dielectric constant of the solvent and r is the distance between
the two reactants. The last term (- e?/ €r) represents the
static attraction energy of the products. In the same way, the
energy balance for back electron transfer is given by

AGback= md"on+ez/€r (15)

In both cases, the Coulomb term can be neglected because
one of the reactants has no charge.

3.5. Relationship between the rate constants and AG

InFig. 4, RT In k; (j =g, back) is plotted against AG. For
the forward reaction, the rate constants increase as the driving
force becomes less positive (normal region). However, when
—AG=09 eV, k, reaches the diffusional value k4 and, at
more negative values (~AG=1.95 eV), it shows “‘ves-
tiges’’ of inverted region behaviour. The k, value is not appre-
ciably lower than k,, a situation often encountered in studies
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Table 2
Emission spectral fitting parameters for Re(CO);(4-phpy); 2

vy (cm™")

Ey (cm™')

Temperature v (cm™!) Sm S. Avy, (cm™) N
77K 21890 422 1357130 500+ 300 1924008 0.22+.15 1250 + 70 0.56 4:0.03
Room temperature 2133056 1420 £ 24 5004173 242+0.07 0.20+£0.008 1810+ 70 0.26 ; 0.01

 Based on a seven parameter fit using Egs. (12) and (13).

of bimolecular electron transfer reactions at high exotherm-
icities. The system goes into the inverted region when
AG=—A, ie. for the present case at approximately
— 1.1 eV (see below). As in the electron transfer quenching
reaction, the chemical redox energy stored is considerable
and back electron transfer is highly favourable (—AG°>A)
and falls deeply in the Marcus inverted region. In this case,
ky.cx decreases as — A G increases as predicted theoretically.

3.6. Classical treatment

The usual mechanism can be considered for the forward
and backward reactions

ka ke kp
A**+D2A**—— — —DeA- - —-D*>A+D*
k-a k-e

where k, is the diffusion rate constant, k _ 4 is the dissociation
rate constant, k. and k_ . are the forward and backward elec-
tron transfer rate constants and k,, is the rate constant for pair
separation. Under the assumption that k, is much larger than
k_., the overall rate constant is written as [24]

ki=ka/ (1+k_y4/k,) (16)
Rewriting ; as a function of AG, we obtain [25]
ki=ka/ {1+ (ko/ kvnKy) expl (A+AG)*/4ART]}  (17)

where « is the transmission coefficient of electron transfer,
vy is the frequency factor, K, is the equilibrium constant of
the encounter complex (Ky=k4/k_4) and A/4 is the activa-
tion free energy when AG =0 (intrinsic barrier). Here A is
considered to be the sum of the inner-sphere (A;) and solvent
(Aoy) reorganization energy

A=A+ A, (18)

According to literature reports [26], the factor vy varies
from the order of 10'? to 10'* s~'. We approximate it to be
of the order of 10'* s~'. The solvent reorganization energy
A, 18 estimated by [27]

Aow=€[1/2rp+1/2r,— 1/rapl [1/n?—1/€] (19)

where ry, and r, are the radii of the donor and acceptor, rap
is the distance between the doner and acceptor in the encoun-
ter complex, n is the refractive index of the solvent (1.34 for
acetonitrile at 298 K [28]) and € is the solvent dielectric
constant (37.5 for acetonitrile at 298 K [29]). Then, A, is

estimated to be 0.674 eV. The radii of the amines have been
estimated using a molecular modelling program which gives
the geometry of minimal energy. For the complex, r,=8.1 A
was calculated using the interatomic distances obtained for
fac-Re(CO);(quinoline),Cl [ 30] and the radius of 4-phen-
ylpyridine. The radii for the amines rp, are shown in Table 1.
To calculate A,,,, a mean value of rp, was taken for the amines.

The diffusion rate constant (k,), calculated according to
Smoluchowski [31] for non-charged molecules, has a value
of 20X 10" M~'s~! (since, for this system, the term &2/ er
can be neglected, no distance effect on k; was taken into
account). However, the value 2.5X 10" M ! s~ ! has been
used in this work, which is the maximum value for k,. This
value has already been used previously {9]. K, was estimated
following the Fuoss and Eigen equation [32], leading to the
value of 5.44 M~ '. By fitting the experimental data points to
the full curve shown in Fig. 4, the values of A;=0.46 ¢V and
x = 1 are obtained. These results indicate an adiabaticeleciron
transfer mechanism. Aithough the classical model reproduces
the experimental results fairly well, the data were also ana-
lysed by a semiclassical treatment (see below).

65

RT Ink;/KJ

AG/eV
Fig. 4. Plot of RTIn k; vs. AG for [Re(CO)3(4-phenylpyridine);” ] *~amine
system. The open circles represent the forward electron transfer (j=q) and
the open squares represent the back electron transfer (j=back). The full
line represents the best-fit correlation of the experimental data in both the
normal and inverted regions according to Eq. (17). For A,,,=0.674 eV, the
values obtained from the fitting are k=1 and A;=0.464 eV.
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Plots such as that given in Fig. 4 are difficult to make, since
it must be assumed that both the reorganization energies and
the electronic coupling of the reactants are the same or very
similar (see Scott et al. [32]). In the present example, the
reorganization barriers should not be very different due to the
fact that the sizes and charges of the reactants for the excited
state reaction are similar to those of the ground state reaction.
The electronic coupling terms are also similar because the
orbitals involved in both reactions are the n orbital from the
amine and the r orbital from the 4-phenylpyridine ligand.

3.7. Semiclassical treatment

A semiclassical treatment of electron transfer has been
given [33] and discussed in detail [ 34] elsewhere. The semi-
classical expression for the thermally weighted Franck-
Condor et 38

G=(2mAhv coth y) ~ '/
Xexp[ —(AG+A)%/(2Ahv coth )] (20)

The variables in Eq. (20) are the same as those in Eq. (17),
and Ahv coth y is an abbreviation for Z/.,Av; coth v;,
where v; is hv;/2kT. v; are the frequencies of the vibrational
modes of the acceptor and donor involved in the process. The
vibrational modes associated with A, for the aromatic amines
are commonly chosen between 1000 and 1500 cm ™' which
are typical of in-plane carbon-carbon skeletal vibration [ 12].
In the case of tertiary amines, the C—N stretching mode can
be considered to be active (1000-1300 cm™'). As in the
present case the amines are mostly tertiary, a value of 1100
cm ™! has been used. For the rhenium complex, the two vibra-
tional modes used (500 and 1420 cm ~ ') were those obtained
from spectral fitting. However, when the rate constants were
fitted (see below) using the three frequencies, the A; values
associated with the 500 cm~' (complex) and 1100 cm™!
(amine) modes became zero. Then the best fitting was
obtained by considering only the 1420 cm™' vibrational
mode of the complex and a 200 cm ™! vibrational mode for
the solvent. To calculate the rate constants, we used Egs.
(21) and (22)

kTt =kt E! (21)
k.= xZ(4mkTA)"'*G (22)

where G is given by Eq. (20) and A=3__ A, is the sum over
the inner- and outer-sphere A values. Z, the collision fre-
quency in solution, is usually assumed to be approximately
10" M~ s~ . However, a more realistic value can be cal-
culated by Eq. (23) [35]

Z=gy(0)4mor*v/a (23)

Using the values of go() =1, v=10"%s~! a=2.6 A-!
(see Ref. [35]) and o= (rp+rp) =129 A, a value of
Z=48x10'2M"!s! is obtained. This result can be com-
pared with the gas phase hard sphere collision frequency
Z*=(87kT/p)"?0* for molecules of reduced mass
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Fig. 5. Plot of RT In k; vs. AG for [Re(CO) ;(4-phenylpyridine); ] *-amine
system. The open circles represent the forward electron transfer (j=q) and
the open squares represent the back electron transfer (j=back). The full
line represents the best-fit correlation of the experimental data in both the
normal and inverted regions according to Egs. (20), (21) and (22). The
vibrational frequencies used in the fitting were 1420 cm ™! for the rhenium
complex and 200 cm™! for the solvent. For A,,,=0.674 eV, the values
obtained from the fitting are k=0.27 and A,=0.40 eV.

#=110, which equals 8 X 10" M~' s~! at 298 K. The «
values obtained (by fitting the experimental k; values with
Eqgs. (21) and (22)) with these collision frequencies are 0.27
and greater than unity respectively. This indicates that the
hard sphere model is not a good approach. In any case, the
electron transfer reaction shows very weak non-adiabaticity.

As can be seen in Fig. 5, the semiclassical model repro-
duces the experimental electron transfer rate constant
satisfactorily. However, the k., values (inverted region)
present some scattering. This can be attributed to the fact that,
to calculate A G, the peak oxidation potentials for the amines
must be used instead of the reversible redox potential.

The adiabaticity of the electron transfer reaction is influ-
enced by the extent of spatial orbital overlap between the
donor and acceptor. Modified extended Hiickel calculations
[18] performed on CIRe(CO);(4-phpy), show that,
although some high-energy occupied molecular orbitals are
linear combinations constructed with even contributions from
the Re, Cl, CO and pyridine orbitals, the low-energy unoc-
cupied molecular orbitals are mainly localized in the pyri-
dines. This implies that, when an electron is transferred to the
Re complex, it should localize on the pyridine ligand. In this
regard, it should be noted that the spectrum of the
Re(CO);(4-phpy); radical resembles that of the MLCT
excited state [16], suggesting structural similarities. As a
result, the degree of interaction with the amine cation radical
should te important and the reaction should show poor non-
adiabaticity.
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The value A, =S hv, + Syhvy=0.44 eV, obtained above
by fitting the emission spectra, is very close to that found
from a semiclassical fitting of the experimental electron trans-
fer rate constants, A; =0.40 eV. These results suggest that the
amine does not contribute to the inner-sphere reorganization
energy. This can be rationalized by considering the electron
to be transferred from the non-bonding amine orbital in the
forward electron transfer and to that orbital in the backward
electron transfer.

The most important feature of the data in Figs. 4 and 5 is
the experimental evidence of inverted behaviour. A number
of effects can thwart the observation of an inverted region in
bimolecular solution reactions [36]:

1. masking by diffusion control;

2. theexistence of an alternative mechanism, suchasreaction
via exciplexes, atom transfer or the formation of an elec-
tronically excited product, which reduce the magnitude of
AG for the elementary step.

Here, masking by diffusion control is not evident; no devia-
tion from Stern—-Volmer behaviour is observed in quenching
experiments, no atom transfer is expected and no low-lying
excited states seem to be available. On the other hand, nuclear
tunnelling due to the very high-frequency modes involved is
significant, but does not produce a lack of inverted behaviour.
In the unique case in which inverted behaviour is clearly
observed for a bimolecular reaction [9], the quenching rate
constant (forward electron transfer) remains diffusion lim-
ited at highly negative AG values. However, a paper recently
published [37] presents the reaction between cytochrome
and the excited states of Ru complexes showing a modest
inverted region effect. In our case, the forward electron trans-
fer seems to decrease slightly as the driving force becomes
highly exothermic. In an attempt to observe this behaviour
more clearly, further studies on single electron transfer reac-
tions involving Re complexes are currently underway in our
laboratory.
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